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Abstract: Induction welding is a promising fusion bonding technology for carbon fibre reinforced 

thermoplastic composites. In this process, an alternating electromagnetic field induces eddy 

currents in a composite susceptor. The amount of resultant heat generated is governed by the 

electrical conductivity of the carbon fibre network, making accurate determination of this 

orthotropic property important for physics-based process simulations. This work focusses on 

characterisation of the conductivity in unidirectionally reinforced PAEK using the six-probe 

method. Special attention has been given to the distribution of the current density in the 

specimens during each characterisation experiment. Acquired resistance data was subsequently 

interpreted either analytically or numerically, depending on the current distribution detected. 

The longitudinal component of the conductivity tensor was found in agreement with the rule of 

mixtures and the transverse and through-thickness conductivities matched earlier 

characterisation attempts where a conventional two-probe analysis was employed.    

Keywords: Characterisation; Electrical conductivity; Six-probe method; Induction welding 

1. Introduction 

Thermoplastic composite (TPC) parts are increasingly used as structural components in modern 

aircraft. Initially, their application was limited to clips and brackets to connect the metal or 

thermoset composite aircraft skin to its stiffening frame. These successful early adaptations 

have paved the way for application on a larger scale. Nowadays, both skin and stiffeners are 

considered candidate for manufacturing out of unidirectional (UD) TPC tapes, mainly due to the 

automation opportunities it represents [1]. The assembly of substructures built entirely from UD 

ply-based TPCs is therefore an increasingly relevant subject.  

A key advantage of TPC substructures when compared to their thermoset equivalents, is the 

potential for assembly via fusion bonding, which can negate the need for adhesives. In essence, 

fusion bonding involves the local application of time, heat and pressure to melt and consolidate 

the joint, establishing a weld. The various welding technologies that exist as of today mainly 

differ in how sufficient heat is localised at the joint. Induction welding (IW), one of these 

technologies, is an attractive method because heat is generated directly inside the material, 

instead of being transferred via tooling or directed to the interface by introducing foreign 

materials at the joint. Additionally, the process is very suited for automation.     

The internal heat generation during IW is attained through the electrically conductive network 

of carbon fibres. This network features coil-like characteristics and is therefore receptive to 

electromagnetic flux. Application of an external electromagnetic field emitted by a welding coil 
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will therefore induce opposing current loops in the composite. These so called eddy currents 

generate heat due to the inherent resistance of the carbon fibres (Joule heating) and the 

resistive junctions present between them. It is challenging to inductively generate heat in UD 

reinforced plies. In the transverse direction (and equally true for the through-thickness 

direction) current flow is governed by the coincidence of fibre-fibre contacts caused by 

morphological phenomenon such as fibre waviness and clustering (illustrated by Figure 1) [2-3]. 

The limited number of contacts and small contact areas result in a poor transverse conductivity 

and thus acts as a barrier to the formation of significant intra-ply current loops. In actual UD ply-

based laminates, formation of eddy currents therefore relies on the ply interfaces where 

changes in stacking orientation allow the current to utilise the conductive nature of the different 

fibre directions to form an eddy [4]. Nevertheless, the contact incidence mechanisms remain of 

importance for the distribution of current to and from the ply interfaces. The magnitude and 

distribution of the resultant heat during IW thus remains, among others, a function of the 

electrical conductivity in all three principal directions.   

Despite successful applications of IW technology in industrial settings, such as the woven fabric 

reinforced rudder and elevator of the Gulfstream G650 by GKN Fokker [5], large scale application, 

let alone of UD ply-based reinforcements, has yet to take flight. In current practice, a quality weld 

is preceded by an extensive experimental investigation of the process window, matching the 

power input of the welding rig to achieved weld-line temperatures. And for UD ply-based 

components specifically, the temperature response is very sensitive to variations in material 

behaviour, as the electrical conductivity is partly governed by the amount and quality of fibre-

contacts and, closely related, the volume fraction in which the constituents are present. 

Consequently, improved process control will require quantification of and insight in the 

orthotropic electrical conductivity of UD-ply based TPCs, aiding process modelling capabilities.  

In preceding work by Grouve et al. [4] the orthotropic electrical conductivity of UD reinforced 

PEKK was determined (see Table 1) using a conventional two- and four-probe approach, methods 

typically associated with isotropic material systems. The found conductivities were used as input 

for numerical validation of induction heating experiments performed. Discrepancies between 

numerical and experimental data remained, which might be attributed to an underprediction of 

the conductivities found. The present study will therefore re-evaluate the characterisation 

procedure to gather further insight.  

 

Figure 1: Schematic of longitudinal, transverse and through-thickness current flow in an UD ply  

Longitudinal 

Transversal Through-thickness 
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Table 1: Orthotropic electrical conductivity as obtained from the work of Grouve et al. [4] 

Material Orthotropic electrical conductivity 

 Longitudinal, 𝜎1 Transverse, 𝜎2 Through-thickness, 𝜎3  

Solvay AS4D/PEKK, 59% FVF  22.9 ± 0.05 kS/m 3.37 ± 0.06 S/m 0.40 ± 0.22 S/m 

 

This work addresses the characterisation of orthotropic electrical conductivity in UD ply-based 

TPCs using a direct current (DC) six-probe method. In particular, careful attention is paid to the 

boundary conditions involved in characterisation, that is considering the validity of assumptions 

made about the uniformity of the current distribution during the experiment. For this purpose, 

two morphologically distinct and commercially available UD reinforced PAEK prepregs are 

characterised. There will be reflected on the properties found by comparing the results to 

theoretical values and the results presented in Table 1.  

2. Materials and methodology 

2.1 Six-probe method 

This work will employ the six-probe method as the basis for characterisation. A schematic of the 

method is shown in  Figure 2 in which a DC current 𝐼 is one-sidedly applied over the width 𝑤 of 

a specimen via the outer probes. This creates an electric field that is uniform across the width, 

but non-uniform across the thickness t. Four inner probes are used for sampling the voltage 

response on both sides of the specimen, 𝑉𝑡 and 𝑉𝑏. Besides the in-plane conductivity 𝜎𝑥, this 

allows determination of the through-plane conductivity 𝜎𝑧 in the same run, which can be 

deduced from the difference measured between 𝑉𝑡 and 𝑉𝑏. Additionally, the parallel 

configuration of the voltage terminals to the current flow eliminates lead and contact resistance 

from the measurement data.  

It should be noted that, depending on the distance between the probes, the specimen geometry 

and the degree of anisotropy in the 𝑥𝑧-plane, a fully uniform current can develop between the 

voltage terminals, such that 𝑉 = 𝑉𝑡 = 𝑉𝑏. In  such a case, a simplistic relation can be used to 

determine the conductivity in 𝑥-direction: 𝜎𝑥 = 𝛿𝑤𝑡 𝐼𝑉 = 𝛿𝑤𝑡 1𝑅 (1) 

Figure 2: Schematic of the six-probe method and parameters involved 
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In any other case, the six-probe method relies on assumptions regarding the current density 

throughout the coupon for determination of the anisotropic conductivity from test data. 

However, as a consequence of the heterogeneous architecture of the UD reinforcement, both 

the inherent anisotropy and distribution of the insulating polymer lead to complexities in 

satisfying the assumed current distribution. The conductivity in longitudinal direction is shown 

four to five orders of magnitude higher compared to its perpendicular components (Table 1). 

This implies that local variations in the fibrous architecture and/or poor contact between probe 

and test coupon can amount to clusters of preference paths in the fibre network, acting as a 

short-circuit. In such circumstances, the electrical conductivity will be underpredicted by the 

data analysis since most of the current density is passed through an effective cross-sectional 

area smaller than the coupon cross-section 𝑤𝑡. It is thus important to determine transversal and 

through-thickness conductivity, to the extent possible, uncoupled from current flow in fibre 

direction. This consideration is reflected in the work presented by measuring longitudinal 

conductivity in a separate set of experiments.  

2.2 The rule of mixtures for electrical conductivity 

The rule of mixtures (RoM) provides a theoretical estimate for the principal conductivity in fibre 

direction, given as 𝜎1 =  𝑓𝜎𝑓 + (1 − 𝑓)𝜎𝑚 ≈  𝑓𝜎𝑓 (2) 

in which 𝑓 is the fibre volume fraction and 𝜎𝑓 and 𝜎𝑚 the electrical conductivity of the 

constituents, respectively fibre and matrix, with the latter being negligible compared to the fibre 

conductivity. The RoM will serve as a comparison for the results presented later.  

2.3 As-received prepregs 

Unidirectionally carbon fibre reinforced PEEK (Toray TC1200) and PEKK (Solvay APC) with an 

average consolidated ply thickness (CPT) of 0.14 mm were used for this study. The pre-

impregnated (prepreg) tapes contain carbon fibre from Hexcel (resp. 12K AS4 and 12K AS4D) in 

a volume fraction of 59%, a fibre areal weight of 145 g/m2 and a fibre conductivity of 59 kS/m 

[6]. The prepregs have been selected for their prominent contrast in morphology, depicted in 

Figure 3, where it can be observed the prepregs differ in terms of uniformity of the fibre-matrix 

distribution.   

2.4 Specimen preparation 

Two sets of specimens are used in this study. For measurements of longitudinal conductivity, 10 

slender strips of both prepregs were cut from the roll, dimensioning approx. 250 × 50 mm2, with 

fibres oriented in length direction. The exact width of the strip was measured using a digital 

calliper. The high aspect ratio (length-over-thickness) was chosen for current to develop as 

uniformly as possible over the thickness of the ply. The strips were subsequently pre-treated to 

Figure 3: Micrographs of Toray PEEK (left) and Solvay PEKK (right) as-received prepregs 
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enhance the electrical contact with the current supply terminals. To this purpose, a length of 

approx. 10 mm at both tape ends was subjected to polymer burn-off using a gas torch, exposing 

the fibrous constituent, while the remaining tape was shielded using a metal heatsink (Figure 4).  

For the second category of specimens, a hot press was used to consolidate thick 12 × 12 in2 

laminates with a [0]32s and [0]16s fully UD lay-up using a picture frame mould. An overview of the 

consolidation cycles is given in Table 2. From each laminate, 15 specimens with in-plane 

dimensions of 65 × 45 mm2 were precision milled with the fibres oriented in width direction 

(Figure 4 and 5). The thickness of each specimen was measured with a micrometer in a 6-point 

grid. This set of specimens is used for characterisation of transverse and through-thickness 

electrical conductivity. 

Table 2: Consolidation parameters and average thickness of the parent laminates  

Material Consolidation cycle Thickness [mm] 

 Temperature Pressure Dwell Cooling rate [0]32s [0]16s 

AS4/PEEK 385 °C 20 bar 20 min 5 °C/min 8.99 ± 0.04 4.51 ± 0.04 

AS4D/PEKK 380 °C 20 bar 30 min 5 °C/min 9.15 ± 0.05 4.55 ± 0.05 

2.5 Electrical conductivity measurements  

A six-probe test fixture was manufactured following the schematic depicted in Figure 2. The 

spacing of the inner probes 𝛿 and outer probes 𝐿 were set to resp. 100 mm and 240 mm for the 

longitudinal conductivity specimens (the slender tapes) and resp. 25 mm and 55 mm for the 

transversely oriented consolidated specimens.  

Figure 5: Micrographs of Toray PEEK (left) and Solvay PEKK (right) [0]16s consolidated specimens 

Figure 4: Photograph of a slender prepreg (left) and 64-ply consolidated (right) specimen  

Polymer burn-off 

pre-treatment 
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A Tenma 72-13360 DC power supply was used to perform a pre-programmed current sweep from 

0.1 to 1 A with increments of 0.1 A. A few specimens required modification of this range due to 

power output limitations of the supply. At each increment, current was maintained for 1 second. 

Under these conditions, Joule heating in the specimens was kept at a minimum, hence 

measurements are regarded isothermal. A TiePie HS6D differential oscilloscope was used for 

continuous acquisition (at a 1 kHz sample rate) of the actual supplied current via a connected 

current clamp and the potential difference over the voltage terminals. In further analysis current 

and voltage data was taken as the average over each 1 second interval. Measurements were 

performed twice for the transversely oriented specimens, with the specimen mounted upside-

down in the second run.   

Conductivity measurements on the prepreg tapes were preceded by an analysis of the current 

distribution over the width of the specimens. The contact resistance between the current 

terminal and tape has a significant contribution to the total resistance of the circuit, thus it 

should be verified whether variations in contact resistance cause uneven insertion of current in 

the tape. To this end, tapes were subjected to a 10 A supply current first, such that the increase 

of surface temperature through resistive losses could be monitored using a FLIR A65 infrared 

camera. Such verification is regarded trivial for the transversely oriented coupons, because the 

electrical anisotropy actually promotes the sideways flow of current in this configuration. 

Determination of the electrical conductivity has been approached numerically in cases where 𝑉𝑡 

exceeded 𝑉𝑏. A 2D model of the 𝑥𝑧-plane was constructed in COMSOL Multiphysics, iteratively 

solving for the anisotropic electrical conductivities 𝜎𝑥 and 𝜎𝑧. The data measured with both 

voltage terminals was defined as the objective for the solver for a given supply current as 

boundary condition. With an educated first guess, this approach can be remarkably fast.  

3. Results and discussion 

3.1 Lateral current homogeneity  

Figure 6 shows the thermogram of the typical initial heating response of a PEEK prepreg specimen 

not subjected to the pre-treatment, loaded with a 10 A DC current. As anticipated, lateral 

uniformity of the current density is not satisfied in absence of a pre-treatment, resulting in the 

resistive heating of selective fibre clusters only. The apparent underlying variations in probe-ply 

contact resistance can be attributed to a combination of prepreg roughness and uneven 

distribution of insulating polymer at the wetted surface. The poor transverse electrical 

conductivity of the UD reinforcement is also clearly illustrated by this experiment, as the heating 

pattern does not homogenise further away from the probes. Prepreg specimens treated with 

the local burn-off procedure feature a contrastingly uniform heating behaviour upon current 

application (Figure 6). The polymer removal likely both lowers and homogenises the contact 

resistance at the line contact with the probes, such that lateral uniformity is satisfied.  

Figure 6: Surface heatmaps of a PEEK specimen before (left) and after (right) pre-treatment 

specimens 
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3.2 I-V linearity analysis and data reduction 

The current sweep performed during each characterisation experiment can be used to verify the 

isothermal Ohmic behaviour of the specimens, required for application of the constitutive 

relations involved in data analysis. Figure 7 and 8 show the typical plots of such analysis for a 

prepreg specimen and a consolidated stack respectively. Both figures show a constant 

resistance, the slope of the regression.  

For most prepreg specimens, the resistance over the top and bottom voltage terminals was 

regarded equal (see Figure 7), hence 𝑅 = 𝑅𝑡 ≈ 𝑅𝑏, such that Eq. (1) for a fully uniform current 

density distribution could be applied to determine the longitudinal electrical conductivity 𝜎1. 

The threshold for equality was set as |𝑅𝑡/𝑅𝑏| ≤ 2%, which is based on cases where a negative 

resistance difference was measured, that is when 𝑅𝑏 exceeded 𝑅𝑡 in magnitude. For a select few 

measurements the numerical model had to be employed.   

Figure 8 shows the exemplary 𝐼-𝑉 curves for a current sweep on a 64-ply transversely oriented 

specimen. It can be observed that the chosen probe configuration and specimen thickness(es) 

do accommodate the non-uniformity required in through-thickness current distribution for a 

lower voltage reading at the bottom terminals, while still being sufficiently detectable. More 

interestingly, reversing (flipping) the orientation of the specimen has a large influence on the 

voltage readings. This observation highlights the statistical nature of the fibre contact incidence 

dictating the transverse current flow. Consequently, each specimen response has been further 

homogenised by taking 𝑅𝑡 and 𝑅𝑏 as the closest fit through both measurements, represented 

by the solid lines in Figure 8. For all specimens, the numerical method was subsequently used to 

fit 𝜎2 and 𝜎3 to these averaged trends.  

3.3 Orthotropic electrical conductivity 

Figure 9 shows the characterised longitudinal electrical conductivities of both the PEEK and PEKK 

prepreg specimens. A close agreement is found with the theoretical longitudinal conductivity 

predicted by the Eq. (2) as 35 kS/m, validating its applicability. The error bars in Figure 9 

represent the standard deviation of the dataset. Especially for the PEEK specimens evident 

Figure 8: Current and voltage data of a 64-

ply PEEK consolidated specimen 

Figure 7: Current and voltage data of a PEEK 

prepreg specimen 

89/1211 ©2022 Buser et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

variance is present in the data. This could well be the result of assumptions made about the 

prepreg thickness, which was taken as the average CPT specified by the manufacturer. This lead 

to variations in prepreg thickness not being accounted for in the data processing. 

The characterised conductivities in transverse and through-thickness direction are shown in 

Figure 10. No significant effect of the ply-count is found in the dataset. Between suppliers 

however, the PEEK sample features a greater transverse conductivity compared to the PEKK 

sample. A possible explanation for this behaviour can be found in the morphological differences 

between the two prepregs. The less homogeneous distribution of the constituents in the as-

received PEKK prepreg amounts to polymer pockets that clearly remain present in the 

consolidated specimens, as can be observed in Figure 5. These pockets obstruct transverse 

current flow and, since they are typically continuous in fibre direction, might require a bypass 

via the adjacent plies. Ply-scale transverse conductivity measurements could confirm this 

hypothesis, as in absence of adjacent plies a bypass cannot be facilitated, further increasing the 

resistance.  

Two key observations are notable when comparing the six-probe test results for PEKK with the 

two-probe results (Table 1) on the same material. Regarding the longitudinal conductivity, the 

present study validated the applicability of the RoM, in contrast to the earlier work. In 

retrospect, it seems therefore unlikely that the four-probe characterisation procedure lead to 

the same quality of current uniformity as achieved by the novel pre-treatment presented, thus 

underpredicting the RoM. The transverse and through-thickness conductivities found, however, 

are in agreement with the earlier work. This result hides a remarkable observation. The two-

probe specimens tested in [4] dimensioned 16 mm in width, about three times narrower than 

the six-probe specimens. The fact that, despite this difference, the narrower two-probe 

specimens did not exhibit a significantly lower conductivity, suggests that at the scale tested the 

statistical nature of contact incidence and resulting preference paths has reached it saturation. 

Figure 9: Bar plot of the characterised 

longitudinal conductivities 

Figure 10: Bar plot of the characterised transverse and 

through-thickness conductivities 
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Further research should be performed on a range of six-probe specimen widths to verify this 

hypothesis under similar test conditions.  

4. Conclusion 

Electrical conductivity experiments were performed on UD carbon fibre reinforced PEEK and PEKK 

specimens using a six-probe method. As expected, attention to the distribution of current 

density in the specimen during the experiment is crucial for reliable characterisation of the 

intrinsic properties. The electrical conductivity in longitudinal direction is found in agreement 

with the rule of mixtures. For the transverse and through-thickness directions, a methodology 

is showcased that grants characterisation of both remaining properties in a single experiment 

which are in agreement with measurements from earlier work using a two-probe method. For 

further research, it is recommended to apply the six-probe approach presented to a broader 

range of widths for the transversely oriented specimens to intentionally adjust the degree of 

contact incidence in the fibre network.  
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