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Abstract 

Induction welding is an attractive fusion bonding technology for carbon fiber reinforced thermoplastic composites. The process relies on an 
alternating magnetic field to induce eddy currents in the composite adherents. The generation of eddy currents is difficult in unidirectionally 
(UD) reinforced plies, due to their low transverse electrical conductivity. Heating of UD ply-based composites therefore requires contact 
between plies having a different fiber orientation. Currently, process window definition for UD ply-based composites involves trial-and-error 
procedures, while moreover, the process is sensitive to small variations in material properties. Improved control of the process requires a proper 
understanding of the physical mechanisms governing heat generation, while process simulation capabilities are needed for process window 
development and optimization. This paper studies the influence of lay-up on the induction heating or UD ply-based composites. Two lay-ups 
were considered, namely a dispersed lay-up of [0/90]3s and a grouped lay-up of [03/903]s. A simulation model was implemented to model the 
heating process. The required electrical conductivities were obtained experimentally. Validation experiments showed that the model was able to 
predict the induction heating of the laminate with the dispersed lay-up rather well, while it underpredicted the heating rate of the laminate with 
the grouped lay-up.  
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1. Introduction 

Thermoplastic composites are increasingly being used in 
commercial aircraft structures. Where the initial applications 
were mainly limited to clips and brackets to connect skins, 
frames and stiffeners, the industry is currently considering 
thermoplastic composites for larger aerostructures, such as 
fuselage sections and engine pylons [1,2]. The ability to weld 
thermoplastic composites presents an advantage compared to 
thermoset composites, as it allows for the assembly of larger 
structures without the need for drilling, as required for 
fastening, or the extensive surface preparation, as needed for 
adhesive bonding.  

Many welding technologies are available for thermoplastic 
composites, all differing in the way heat and pressure are 

applied to the weld interface. Of the available technologies, 
induction welding is attractive as it does not require the use of 
a susceptor material at the weld interface. The induction 
welding process makes use of an alternating magnetic field to 
induce eddy currents in the carbon fiber reinforced adherents 
[3,4]. Heat is then generated through Joule heating in the 
carbon fibers and at the fiber-fiber contacts, and through 
dielectric heating at the fiber junctions [3-5]. The eddy 
currents are relatively easy to generate in carbon woven fabric 
reinforced composites, as the interlaced bundles provide 
electrically conductive loops. The formation of eddy currents 
in unidirectionally (UD) reinforced plies is markedly more 
difficult, due to their low transverse electrical conductivity. 
Eddy current formation in UD ply-based laminates relies on 
the contact between plies with different orientations. Heat 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia Manufacturing 00 (2019) 000–000   

     www.elsevier.com/locate/procedia 
   

 

 

2351-9789 © 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/)                                                                                                                                            
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

23rd International Conference on Material Forming (ESAFORM 2020) 

Induction heating of UD C/PEKK cross-ply laminates 
 Wouter Grouvea,*, Evan Vrugginka,b, Francisco Sacchetti b, Remko Akkermana,b  

a University of Twente, Faculty of Engineering Technology, Chair of Production Technology,  
Drienerlolaan 5, 7522NB Enschede, the Netherlands 

b ThermoPlastic composites Research Center, Palatijn 15, 7521PN Enschede, the Netherlands  

* Corresponding author. Tel.: +31 (0)53 4898018. E-mail address: w.j.b.grouve@utwente.nl 

Abstract 

Induction welding is an attractive fusion bonding technology for carbon fiber reinforced thermoplastic composites. The process relies on an 
alternating magnetic field to induce eddy currents in the composite adherents. The generation of eddy currents is difficult in unidirectionally 
(UD) reinforced plies, due to their low transverse electrical conductivity. Heating of UD ply-based composites therefore requires contact 
between plies having a different fiber orientation. Currently, process window definition for UD ply-based composites involves trial-and-error 
procedures, while moreover, the process is sensitive to small variations in material properties. Improved control of the process requires a proper 
understanding of the physical mechanisms governing heat generation, while process simulation capabilities are needed for process window 
development and optimization. This paper studies the influence of lay-up on the induction heating or UD ply-based composites. Two lay-ups 
were considered, namely a dispersed lay-up of [0/90]3s and a grouped lay-up of [03/903]s. A simulation model was implemented to model the 
heating process. The required electrical conductivities were obtained experimentally. Validation experiments showed that the model was able to 
predict the induction heating of the laminate with the dispersed lay-up rather well, while it underpredicted the heating rate of the laminate with 
the grouped lay-up.  
 
© 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

 Keywords: thermoplastic composites; induction heating; experiments; simulation 

 
1. Introduction 

Thermoplastic composites are increasingly being used in 
commercial aircraft structures. Where the initial applications 
were mainly limited to clips and brackets to connect skins, 
frames and stiffeners, the industry is currently considering 
thermoplastic composites for larger aerostructures, such as 
fuselage sections and engine pylons [1,2]. The ability to weld 
thermoplastic composites presents an advantage compared to 
thermoset composites, as it allows for the assembly of larger 
structures without the need for drilling, as required for 
fastening, or the extensive surface preparation, as needed for 
adhesive bonding.  

Many welding technologies are available for thermoplastic 
composites, all differing in the way heat and pressure are 

applied to the weld interface. Of the available technologies, 
induction welding is attractive as it does not require the use of 
a susceptor material at the weld interface. The induction 
welding process makes use of an alternating magnetic field to 
induce eddy currents in the carbon fiber reinforced adherents 
[3,4]. Heat is then generated through Joule heating in the 
carbon fibers and at the fiber-fiber contacts, and through 
dielectric heating at the fiber junctions [3-5]. The eddy 
currents are relatively easy to generate in carbon woven fabric 
reinforced composites, as the interlaced bundles provide 
electrically conductive loops. The formation of eddy currents 
in unidirectionally (UD) reinforced plies is markedly more 
difficult, due to their low transverse electrical conductivity. 
Eddy current formation in UD ply-based laminates relies on 
the contact between plies with different orientations. Heat 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2020.04.112&domain=pdf


30 Wouter Grouve  et al. / Procedia Manufacturing 47 (2020) 29–35
2 Grouve et al. / Procedia Manufacturing 00 (2019) 000–000 

generation therefore strongly depends on the lay-up, the 
through-thickness ply conductivity and the ply-to-ply contact 
resistivity [6,7].  

The induction welding process is used by GKN/Fokker for 
the assembly of the (woven fabric reinforced C/PPS) rudder 
and elevator of the Gulfstream G650 [8]. Despite this 
commercial success, induction welding is not yet applied for 
UD ply-based composites or for larger volumes. Partly, this is 
because the process windows are determined through 
expensive trial-and-error procedures. Additionally, the process 
is sensitive to small variations in material properties, as for 
example caused by local variations in fiber volume fraction. 
The latter is especially true for UD-based composites, where 
the transverse electrical conductivity is governed by fiber-
fiber contacts. Commercial application of the induction 
welding process for UD ply reinforced structures requires a 
better control of the process, which in turn calls for a proper 
understanding of the physical mechanisms governing heat 
generation. Ultimately, process simulation capabilities are 
needed for process window development and optimization.  

The present work addresses the induction heating of UD 
ply-based C/PEKK composites and investigates the effect of 
the number cross-ply interfaces on the heating behavior. For 
this purpose, two lay-ups were considered, namely a dispersed 
and a grouped lay-up. Both feature the same number of plies 
in each orientation but differ in the number of 0/90 interfaces. 
Instrumented induction heating experiments were performed 
to determine the heating rate and surface temperature 
distribution. Then, a simulation model was implemented for 
the two lay-ups for which he required electrical conductivities 
were determined experimentally. The model was validated by 
comparing the results to induction heating experiments.  

 
Nomenclature 

𝑨𝑨 magnetic potential [V∙s/m]  
𝑩𝑩 magnetic induction [W/m2] 
𝑐𝑐p  specific heat [J/K] 
𝑫𝑫 electric flux density [C/m2]  
𝑬𝑬 electric field [V/m]  
𝑯𝑯 magnetic field [T]  
𝑱𝑱 current density [A/m2] 
𝒏𝒏 surface normal [m] 
𝑇𝑇  temperature [K] 
𝑣𝑣f  fiber volume fraction [-] 
 
𝜖𝜖0 absolute permittivity [F/m]  
𝜖𝜖r relative permittivity [-] 
𝜌𝜌 density [kg/m3] 
�̿�𝝀 thermal conductivity tensor [W/(K∙m)] 
�̿�𝝈 electrical conductivity tensor [S/m]  
𝜎𝜎 electrical conductivity [S/m]  
𝜇𝜇0 magnetic constant [H/m]  
𝜇𝜇r relative magnetic permeability [-]  
 
0 subscript indicating fiber direction 
90 subscript indicating in-plane transverse direction 
z subscript indicating through-thickness direction 
∞ subscript for far field 

2. Experimental work 

2.1. UD tape materials 

Unidirectionally carbon fiber reinforced PEKK (C/PEKK) 
was obtained from Solvay (Cytec APC PEKK-FC). The UD 
tape employs carbon fiber from Hexcel (12K AS4D), has a 
fiber areal weight of 145 g/m2, a fiber volume fraction of 
59%, and is based on a PEKK polymer.  

2.2. Laminate manufacturing 

A hot press was used to consolidate the laminates. Cross-
ply laminates, to be used for the induction heating experi-
ments, were consolidated in a picture frame mold that 
measured 305 x 305 mm2. Two lay-ups were considered, 
namely a dispersed lay-up of [0/90]3s and a grouped lay-up of 
[03/903]s. The two lay-ups have the same number of plies in 
each orientation but differ in the number of 0/90 interfaces. A 
thick unidirectional laminate with a [0]54s lay-up, to be used 
for the electrical conductivity measurements, was con-
solidated in a smaller picture frame mold of 100 x 100 mm2.  

The picture frames were heated in the press to a 
temperature of 375 °C, as measured using a thermocouple in 
the stack. The laminates were consolidated for 20 minutes, 
before cooling down at a rate of 4.5 °C/min to room 
temperature. A consolidation pressure of 7 bar was 
maintained during the full cycle as recommended by the 
material supplier. Non-destructive ultrasound inspection after 
consolidation showed that the laminates were free of voids 
and defects.  The thickness of the cross-ply and UD laminates 
was 1.65 mm and 14.52 mm, respectively. 

2.3. Conductivity measurements 

A water-cooled diamond-coated saw was used to cut 
specimens from the UD laminates for the conductivity 
measurements. The in-plane conductivity specimens had a 
length of 80 mm and a width of 16 mm, while through-
thickness specimens measured 16 x 16 mm2.  

Figure 1 shows a schematic illustration of the test set-up 
used for the measurement of the electrical conductivity. A 
four-probe method was used to characterize the conductivity 
in fiber direction, while the in-plane transverse conductivity 
and out-of-plane conductivity were measured using a two-
probe method. Five specimens were tested per sample and 
each measurement on a sample was performed twice. 
Following ASTM B193-16, the direction of current was 
changed in the second measurement. 

 

Fig. 1. Schematic illustration of the test set-up used for the electrical 
conductivity measurements. 



 Wouter Grouve  et al. / Procedia Manufacturing 47 (2020) 29–35 31
 Grouve et al. / Procedia Manufacturing 00 (2019) 000–000  3 

2.4. Static heating experiments 

The cross-ply laminates were cut to dimensions of 290 x 
290 mm2 and dried overnight in an oven at 160 °C prior to the 
heating experiments. Figure 2 schematically illustrates the 
experimental setup used to heat the laminates. It comprised a 
wooden base, which is transparent to the electromagnetic 
field, on which one of the cross-ply laminates was placed. The 
laminate was then vacuum bagged to ensure proper and 
reproducible contact with the base. The laminate was heated 
using a copper coil which was centered above the laminate. A 
spacer block was used to ensure a reproducible distance 
between the coil and vacuum film of 12.4 mm. The coil was 
powered using an Ambrell EASYheat 8310 LI induction 
heating system by supplying a current of 350 A (RMS) at a 
frequency 275 kHz. The copper coil itself had three full 
windings with a pitch of 6.1 mm and an outer tube diameter of 
4.8 mm. The windings of the coil were aligned parallel to the 
fiber direction of the top ply of the laminate.  

The temperature of the laminate surface directly under the 
coil was measured using an E-type thermocouple, while a 
thermal camera was used to capture the global laminate 
temperature. The laminate was heated until a temperature of 
250 °C was reached, as measured using the thermocouple, 
after which the current was switched off and the laminate was 
left to cool down to room temperature. The experiment was 
repeated four times without removing the laminate from the 
vacuum bag.  

 

Fig. 2. Schematic illustration of the heating setup for the cross-ply laminates. 

3. Experimental results 

3.1. Conductivity measurements 

Table 1 shows the electrical conductivities for the UD 
specimens. As anticipated, the electrical conductivity in fiber 
direction 𝜎𝜎0 is four to five orders of magnitude larger than the 
in-plane transverse 𝜎𝜎90 and through-thickness 𝜎𝜎z conductivity. 
For sake of comparison, the value for the in-plane 
conductivity in fiber direction can be estimated using rules of 
mixture: 

𝜎𝜎0 ≈ 𝑣𝑣f𝜎𝜎f + (1 − 𝑣𝑣f)𝜎𝜎m, (1) 

in which 𝑣𝑣𝑓𝑓  is the fiber volume fraction, 𝜎𝜎f  is the electrical 
conductivity of the fiber and 𝜎𝜎m  is the matrix conductivity, 
which is negligible compared to the fiber conductivity. Taking 

the fiber conductivity as 59 kS/m [9] and a fiber volume 
fraction of 0.59, the in-plane electrical conductivity of the 
prepreg in fiber direction is estimated as 35 kS/m, which is 
higher than the experimentally obtained value listed in Table 
1. A similar simplistic rule of mixtures approach cannot be 
applied for the transverse electrical conductivities as these 
values are mostly determined by the amount and quality of the 
fiber-to-fiber contacts in the tape.  

Table 2 shows the through-thickness conductivities as 
measured from the cross-ply laminates. The same through-
thickness conductivity was found for the two different lay-
ups. 

Table 1. Average electrical conductivities and standard deviation as measured 
on the UD specimens.  

Property Conductivity 

In-plane conductivity in fiber direction σ0 22.9 ± 0.05 kS/m 

Transverse in-plane conductivity σ90 3.37 ± 0.06 S/m 

Through-thickness conductivity σz 0.40 ± 0.22 S/m 

Table 2. Average through-thickness electrical conductivities σz and standard 
deviation as measured on the cross-ply specimens.  

Lay-up Conductivity σz 

Dispersed [0/90]3s   0.64 ± 0.31 S/m 

Grouped [03/903]s 0.65 ± 0.11 S/m 

3.2. Induction heating experiments 

Figure 3 shows the temperature evolution directly under 
the coil as measured using the thermocouple. The lay-up has a 
profound influence on the heating rate. The laminate with the 
dispersed lay-up showed an initial heating rate of 30 ± 2 °C/s, 
while a heating rate of 15 ± 1 °C/s was found for the laminate 
with the grouped lay-up. The greater number of cross-ply 
interfaces in the dispersed lay-up promotes the formation of 
eddy currents and, as such, leads to more heat generation 
compared to the laminate with the grouped lay-up.  

The temperature distributions as obtained with the thermal 
imaging camera will be elaborated and compared to 
simulations in Section 5. 

 

 

Fig. 3. Temperature of the top ply of the laminates directly under the coil as 
measured using a thermocouple. Please note that the error bars are only 
plotted for each 5th data point to improve the readability of the graph. 
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4. Finite element modeling 

4.1. Governing equations 

The equations governing the induction heating of 
thermoplastic composites will be presented below in generic 
terms. First, the electromagnetic field is calculated using the 
four Maxwell equations: 

𝛁𝛁 ∙ 𝑬𝑬 = 𝜌𝜌, (2) 

𝛁𝛁 ∙ 𝑩𝑩 = 0, (3) 

𝛁𝛁 × 𝑬𝑬 = −𝜕𝜕𝑩𝑩
𝜕𝜕𝜕𝜕 , 

(4) 

𝛁𝛁 × 𝑯𝑯 = 𝑱𝑱 + 𝜕𝜕𝑫𝑫
𝜕𝜕𝜕𝜕 , 

(5) 

with the 𝜌𝜌 the electric charge density, 𝑬𝑬 the electric field, 𝑩𝑩 is 
the magnetic induction, 𝑫𝑫  the electric flux density, 𝑱𝑱  the 
electric current density and 𝑯𝑯 the magnetic field, while time is 
denoted with t. Maxwell’s equations are complemented with 
the following constitutive relations: 

𝑫𝑫 = 𝜖𝜖0𝜖𝜖r𝑬𝑬, (6) 

𝑩𝑩 = μ0μr𝑯𝑯, (7) 

𝑱𝑱 = �̿�𝝈 ∙ 𝑬𝑬, (8) 

with the magnetic constant and relatively magnetic 
permeability represented by μ0  and μr , the absolute and 
relative permittivity by 𝜖𝜖0 and 𝜖𝜖r, and the conductivity tensor 
by �̿�𝛔.  

The temperature distribution in the laminate is governed by 
the heat equation: 

𝜌𝜌𝑐𝑐p
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 − 𝛁𝛁 ∙ (�̿�𝛌𝛁𝛁𝜕𝜕) = Q̇, (9) 

in which 𝜌𝜌  is the density, 𝑐𝑐p  the specific heat, and �̿�𝛌  the 
thermal conductivity tensor. Heat generation due to the Joule 
heating is incorporated in the right-hand side: 

Q̇ = 𝐉𝐉𝑻𝑻 ∙ �̿�𝛔−𝟏𝟏 ∙ 𝐉𝐉. (10) 

4.2. Model geometry and boundary conditions 

The outline of the model is schematically illustrated in 
Figure 4. Based on symmetry, only a quarter of the domain is 
considered in order to reduce the model size. As can be seen 
from the figure, the model features the laminate, the wooden 
base and the coil. The laminate itself was modeled as twelve 

separate plies, which measure 145 x 145 mm2 and have a 
thickness of 0.137 mm. The wooden support base measures 
175 x 175 mm2 in the model and has a thickness of 15 mm. 
The vacuum film, used to ensure contact between the wood 
and the laminate, was not modeled here, given its small 
thickness of only 50 μm. The coil was represented by wire 
circles with a diameter of 18.75 mm and a pitch of 6.1 mm. 
The laminate, base and coil were surrounded by an air box 
measuring 275 x 275 x 275 mm3.  

The following boundary conditions were applied. The 
symmetry plane perpendicular to the coil windings, was 
considered a magnetic insulator: 

𝒏𝒏 × 𝑨𝑨 = 0, (11) 

with: 

𝛁𝛁 × 𝑨𝑨 = 𝑩𝑩, (12) 

which means that the magnetic field equals zero in the normal 
direction of this plane, while the current in this plane cannot 
have a tangential component. The other symmetry plane was 
considered a perfect magnetic conductor: 

𝒏𝒏 × 𝑯𝑯 = 0, (13) 

 

Fig. 4. Model outline. 
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which represents a mirror symmetry plane for the current. The 
other outer boundaries were also implemented as magnetic 
conductors. The outer 100 mm of the domain was, however, 
meshed using infinite elements which apply a coordinate 
stretching to represent a far-field boundary. As such, the 
boundary condition on these faces was found to not affect the 
simulation outcome. Perfect electric contact was furthermore 
assumed between the different plies. 

The domain for the thermal model was limited to the 
wooden base and the laminate, i.e. the air was not explicitly 
considered but accounted for through a convective boundary 
condition: 

−𝜆𝜆n
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = ℎ(𝜕𝜕 − 𝜕𝜕∞), (14) 

with ℎ the heat transfer coefficient and 𝜕𝜕∞ the air temperature 
which set equal to room temperature, while 𝜆𝜆n represents the 
thermal conductivity along the unit normal on the surface 𝒏𝒏. 
Moreover, the perfect contact was assumed between the 
laminate and the wooden base.  

4.3. Material properties 

Table 3 lists the ply property data as well as the wood 
property data used in the simulation. Temperature dependent 
thermal properties of a generic UD C/PEEK ply were 
obtained from Yousefpour and Hojjati [11] and are shown in 
Figure 5 and 6. The electrical ply properties, other than the 
anisotropic electrical conductivity, were obtained from 
Lionetto et al [10]. The in-plane electrical ply conductivities 
were obtained in this work and are listed in Table 1. The data 
from the cross-ply laminates, as listed in Table 2, was used for 
the through-thickness conductivity, as it includes possible 
effects of the 0/90 interfaces.  

Table 3. Material property data as used in the simulations.  

Property Conductivity 

Ply thickness  0.137 mm 

Laminate surface area 145 x 145 mm2 

Wooden base thickness 15 mm 

Wooden base surface area 175 x 175 mm2 

Coil radius 18.65 mm 

Coil pitch 6.1 mm 

Coil distance to laminate 12.4 mm 

Coil frequency 275 kHz 

Coil current (RMS) 350 A 

Absolute permittivity of C/PEKK ply 8.85∙10−12 F/m 

Relative electric permittivity of C/PEKK ply 3.7 

Magnetic constant of C/PEKK ply 4π∙10−7 H/m 

Relative magnetic permeability of C/PEKK ply 1 

Heat transfer coefficient wood – C/PEKK 10 W/m2K 

Initial and room temperature 25 °C 

Wood thermal conductivity 0.21 W/m∙K 

Wood specific heat 2180 J/kg∙K 

Wood density 817 kg/m3 

4.4. Simulations 

The simulations were performed in Comsol Multiphysics® 
using the Magnetic Fields (MF) and Heat Transfer (HT) 
modules. The basic solution procedure for the implemented 
model consists of two parts. First, the electromagnetic 
problem was solved in the frequency domain to yield the 
current distribution in the laminate. Second, a transient 
thermal simulation was performed to determine the 
temperature distribution in the laminate over time. The last 
part comprised two phases. The first concerned the heating 
phase and included the effects of Joule heating via Equation 
10. The second phase starts when the top ply of the laminate 
directly under the coil reaches a temperature of 250 °C. The 
coil is switched off at this point in time, and as such Joule 
heating was not included in the second phase.  

 

 

Fig. 5. Density and specific heat of the C/PEKK ply, as obtained from 
Yousefpour and Hojjati [11]. 

 

Fig. 6. Thermal conductivity the C/PEKK ply, as obtained from Yousefpour 
and Hojjati [11]. 

5. Model validation 

Figure 7 shows the surface temperature distributions for 
the two laminates as recorded with the IR camera. The 
pictures show the distribution when the maximum 
temperature reached roughly 240 °C, which corresponds to a 
heating time of approximately 12 s and 24 s for the dispersed 
and grouped laminate, respectively. The surface temperature 
distribution seems elliptic in both cases, with the distribution 
for the grouped laminate (right figure) more stretched in the 
fiber direction. Also, the ellipses seem to be somewhat 
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Fig. 7. Surface temperature distributions as measured using the IR camera. The left image corresponds to the laminate with the dispersed lay-up, i.e. [0/90]3s, and 
was taken after heating for 12 seconds. The right image corresponds to the laminate with the grouped lay-up [03/903]s and was taken after heating for 24 seconds. 
The color bar indicates the temperature in degrees Celsius. 

  

Fig. 8. Surface temperature distributions as determined from the simulations. The left image corresponds to the laminate with the dispersed lay-up, i.e. [0/90]3s, 
after 12 seconds. The right image corresponds to the laminate with the grouped lay-up [03/903]s after 34 seconds. The color bar indicates the temperature in 
degrees Celsius, while the three black lines represent the coil. 

   

Fig. 9. Laminate temperature as a function of time directly under the coil. The dashed line represents the experimental data, while the grey line and error band 
represents the simulation data. The left and right graph correspond to the laminate with the dispersed and grouped lay-up, respectively 
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contracted transverse to the fiber direction directly under the 
coil. Figure 8 shows the surface temperature distributions for 
the two laminates as obtained from the simulations. The black 
lines in the figure indicate the position and orientation of the 
induction coil. Qualitatively, the simulated temperature 
distributions correspond well to the experimentally obtained 
distributions. Both show a heated zone that has an elliptical 
shape with a small contraction under the coil. Additionally, 
the laminate with the grouped lay-up shows a heated zone that 
is more stretched in fiber direction compared to the laminate 
with the dispersed lay-up. Like Figure 7, the pictures in 
Figure 8 show the surface temperature distribution when the 
maximum temperature reached 240 °C. For the laminate with 
the dispersed lay-up this corresponded to a simulated heating 
time of 12 seconds, which is similar to the heating time in the 
corresponding experiment. However, the simulated heating 
time for the laminate with the grouped lay-up equaled 34 
seconds, which is 10 seconds longer than was observed 
experimentally.  

The discrepancy between the simulated and experimentally 
observed heating rate for the grouped laminate is also 
illustrated Figure 9, which shows the temperature evolution 
directly under the coil. The left graph corresponds to the 
laminate with the dispersed lay-up, while the right graph 
corresponds to the laminate with the grouped lay-up. The 
shaded areas in the graphs present an estimate of the influence 
of the scatter in the measured electrical conductivities. The 
bounds were determined by performing two additional 
simulations. The upper bound was determined by using 
electrical conductivities equal to the average plus one 
standard deviation, while the lower bound used electrical 
conductivities equal to the average minus one standard 
deviation. Whereas the simulation and experimental results 
compare reasonably well for the laminate with the dispersed 
lay-up, this is not the case for the grouped lay-up. Here, the 
simulation underpredicts the heating rate rather significantly. 
It seems that the current modeling approach fails to accurately 
predict the heat generated for the grouped lay-up.  

The cause for the discrepancy between the model and the 
experiment for the grouped lay-up is at present unclear and 
topic of further research. As a possible direction for further 
analysis, it is recommended to study the influence of 
homogenizing the through-thickness conductivity into a single 
value as was done in the present work. The through-thickness 
conductance, as measured in this work, is governed by the 
through-thickness ply conductivity and the interface 
resistances. Isolating the separate contributions is not 
straightforward; especially given the large experimental 
scatter. Nevertheless, the formation of current loops is 
determined by both the ply conductivity and the interphase 
resistance. By considering these separately, the model may 
better describe eddy current formation. 

6. Conclusions and future work 

Induction heating experiments were performed on UD 
C/PEKK composites having a cross-ply lay-up. Two lay-ups 

were considered, namely a dispersed [0/90]3s and a grouped 
[03/903]s lay-up. As expected, based on the number of 0/90 
interfaces, which are required for the formation of current 
loops, the dispersed laminate showed a higher heating rate.  

A simulation model was implemented in Comsol 
Multiphysics® to predict the induction heating process. The 
required anisotropic electrical conductivities were determined 
experimentally using the two- and four-probe method. The 
model was able to predict the induction heating of the 
laminate with the dispersed lay-up rather well but was found 
to underpredict the heating rate of the laminate with the 
grouped lay-up. As a possible improvement, it is 
recommended to explicitly consider interface resistances in 
the model, as opposed to homogenizing interface and through-
thickness ply conductivities. 
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