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Summary

Carbon fibre reinforced polymer composites (CFRPs) are showing increased promise in the aerospace in-
dustry due to their excellent mechanical properties and low density. Specifically thermoplastic composites
are gaining interest because of their melt processability that provides advantages in terms of part manufac-
turing and assembly. Induction welding is one of the more attractive assembly technologies that utilizes
the melt-processability of the thermoplastic matrix. The process utilizes an induction coil to generate eddy
currents in the carbon fiber network which, as a result of their resistivity, will heat in order to melt the sur-
rounding matrix material. Although the process is already used in practice, it still relies on time-consuming
and expensive trial-and-error procedures to define processing windows. A numerical model capable of pre-
dicting the heat generation inside of a CFRP laminate during induction heating would provide significant
value and reduce the costs and time associated with process development.

One of the challenges towards process simulation is predicting and characterizing the electrical behaviour
of the bulk composite material. The aim of the present work is to design a comprehensive test method for
measuring the flow of current inside unidirectional (UD) CFRP laminates along directions that are not paral-
lel with the fibres. Numerical modelling is used to simulate, and visualize, electrical phenomena within the
composite material with the aim to design the test setup. Six line-contact electrodes are used to run current
through specimens, and simultaneously measure voltage differences at the top and bottom surfaces of said
specimen. It is found that equipotential lines form parallel to the fibre orientation of UD laminates. Along
these lines, the electric potential is constant. As a result of this, line-contact electrodes must be placed
parallel to the fibre orientation to avoid short circuits that can influence measurement data. Based on the
simulations, the test method is designed, developed, and subsequently employed to characterize three
common materials used in the aerospace industry. Significant error is found between the measured val-
ues, and the values predicted using analytical expressions. This means that physical measurements are
still necessary to determine the off-axis resistivity. Further research into the electrical behaviour of compos-
ite materials is necessary to reduce this error; and to ensure that models capable of accurately predicting
directional resistivity regardless of fibre orientation can be built.
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Chapter 1

Introduction

1.1 Background

The investment in research and development of new and existing materials and technologies is a continu-
ous trend in any industry. Common goals include, but are not limited to: improving performance, improv-
ing sustainability, and reducing costs. Composite materials have been of much interest to the aerospace
industry due to their high strength-to-weight ratio and outstanding fatigue resistance [1]. Composite air-
craft parts often have a higher initial cost when compared to their metal counterparts. However, they can
provide cost savings in the long term when considering fuel consumption and the fact that less mainte-
nance is required. Fibre reinforced polymer composites are showing the most promise in the aerospace
industry, out of the wide range of specialised composite materials available in the current market. These
composites are built from multiple stacked plies. Where each ply consists of a reinforcing fibre material
embedded inside a surrounding polymer matrix material.

Polymer composite materials can be classified in different ways. A classification by fiber length is most
natural. Short and long fiber composites feature discontinuous fibers. These materials combine good per-
formance with excellent processability. As an alternative, one can use continuous fibers. This type of re-
inforcement is typically more expensive, but can provide better performance in terms of higher: strength,
stiffness, toughness, and fatigue resistance. In the case of the latter, the fibres can be arranged in weave
patterns similar to textiles, also referred to as fabrics. The type of fibre reinforcement has a non-trivial im-
pact on certain properties of the composite material. This work focuses on unidirectional (UD) continuous
fibres, where all fibres within the same ply are arranged in the same general direction. The specific material
of both the matrix and fibres have significant influence on the properties of the bulk composite material,
similarly to the fibre reinforcement type.

Most commonly, fibres are made of strong and stiff materials. The majority of the fibres used by the aerospace
industry are: carbon, glass, and aramid or kevlar [1, 3]. Out of the three, carbon is most commonly used as it
provides a high tensile modulus, low weight, and good chemical stability. However, a case could be made
for any of the presented fibre materials depending on the application. Figure 1.1 illustrates how the fibres
are arranged in a UD ply. Additionally, the material coordinate system and its principal directions are de-
fined in relation to the ply and to the global coordinate system. The z- and 3-direction are on the same axis.
The xy-plane is thus coincident with the 12-plane. However there is an offset between the x- and 1-axis in
the form of an angle 6 which is defined as a rotation around the z-axis (or 3-axis). These principal directions
are referred to throughout the remainder of this work.
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Figure 1.1: Principal directions of a UD ply (material coordinate system) relative to the global coordinate
system. Adapted from [2].

Thermoplastics show a lot of promise, when it comes to polymeric matrix materials for aerospace applica-
tions. While thermosets have their merit in certain applications, the processing flexibility that thermoplas-
tics provide is unrivaled. Thermoplastics can be molten, or softened, to be shaped and re-shaped multiple
times in multi-step thermal processes. This allows for significantly more flexibility during the manufacturing
of parts. Due to this, thermoplastic parts can also be recycled and repurposed for new, less demanding,
applications; though the mechanical properties of the polymer do reduce each time. Furthermore, process-
ing speeds for thermoplastics can often be much higher when compared to thermosets.

One of the operations where the manufacturing flexibility of thermoplastics is considered advantageous is
the joining of parts during manufacturing of complex multi-component assemblies, such as airplanes. The-
moplastic parts can be welded, whereas thermoset parts require joining through adhesion or mechanical
fastening. Welding can create strong bonds with high speed and low manual labor in contrast to adhesion
or mechanical fastening. The most mature welding technologies for joining thermoplastic parts are cur-
rently resistance welding, ultrasonic welding, and induction welding [4, 5]. Out of these, induction welding
is showing a lot of promise due the ability to make long continuous welds without introducing any foreign
material at the weld interface.

1.2 Problem statement

Welding of carbon fibre reinforced thermoplastic composites (CFRP) through electromagnetic induction
enables rapid assembly of complex structures. Additionally, potential critical points for failure are dimin-
ished by there being no foreign material at the interface and no need for drilling or punching holes in the
parts. Parts are fused into a single, homogeneous, part. Induction welding simultaneously takes advantage
of the re-meltability of thermoplastics and the electrical conductivity of carbon fibres to create a satisfactory
bond. The weld interface is heated by means of induction. Concurrently, pressure is applied at the interface
to facilitate the fusion process; which serves to consolidate the joint interface. Additionally, when a com-
posite part is heated past the melting point of the matrix material, de-consolidation can occur between the
separate layers of the composite. Therefore, the applied welding pressure not only ensure a strong bond at
the weld interface, free of air voids, but also does this for all other interfaces between the individual layers
of the composite parts. The desired weld can then be achieved by moving the coil along the weld line. The
most important process parameters are: the strength of the magnetic field, the displacement rate of the
coil over the material, and the applied pressure at the weld interface. While the effect that these process
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1.2. Problem statement 3

parameters have on the achieved temperature at the weld ling is generally understood, finding appropriate
processing windows still largely relies on trial and error.

Generator

plate

Eddy currents (b) Dissipated heat(c)

Figure 1.2: Induction heating of CFRP plate. Taken from [2].

To further increase the viability of induction welding as a competitive joining process in the aerospace in-
dustry, the process of induction heating for CFRP’s must first be fully understood. Figure 1.2 visualizes
the steps involved. Induction heating occurs when exposing the composite parts to an alternating elec-
tromagnetic field, that is generated by an alternating current in a conductive, air-core, coil (Figure 1.2 (a)).
The magnetic field generates eddy currents in the network of electrically conductive carbon fibres within
the composite parts (Figure 1.2 (b)). The electrical resistance of the fibres causes energy to be lost as heat,
which is dissipated to the surrounding thermoplastic matrix (Figure 1.2 (c)). This causes the thermoplastic
to soften or melt, allowing for the material to be further processed.

During induction heating of CFRP's, there are three heating mechanisms that can contribute to the over-
all heating. All three are a form of resistance heating, with the difference being the element providing the
electrical resistance. Fibre heating is caused by the resistance of the fibre itself. While contact heating
is caused by the resistance of the contact interface between fibres. Dielectric hysteresis is a result of the
capacitor effect generated by a potential difference between fibres separated by a thin layer of matrix ma-
terial. This is most common at the bond interface between adjacent plies, where the matrix material acts as
a dielectric. Figure 1.3 shows an example case for a UD cross-ply laminate with a [90/0] layup. The current
can both flow along the fibres, and through fibre contacts. Because of this, the manner in which the fibres
are organized has an impact on the relative contribution of the different heating mechanisms outlined in
Figure 1.3. It must be noted that dielectric hysteresis does not occur with direct currents (DC); it can only
occur with alternating currents (AC) operating in the kilohertz (kHz) to megahertz (MHz) range. [6-12]

A numerical model capable of predicting the electromagnetic heating inside of a CFRP laminate during
induction heating would provide significant value for a process such as induction welding. Currently, trial
and error is still largely necessary to achieve good welds through induction. The repeatability of the welds
must be improved to eliminate this. Increasing the repeatability demands high predictability of the temper-
ature profile within the part. There are, however, still challenges regarding the implementation of a model
capable of accurately predicting this temperature profile. One of these challenges is simulating the electri-
cal behaviour of the complex carbon fibre network inside the polymer matrix. In the case of UD CFRP's, the
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Induced eddy current

Dielectric hysteresis

Contact heating

[ 1
Section A-A

Figure 1.3: Relevant heating mechanisms during induction heating of CFRP’s. Taken from [2].

fibre orientation in the plies is critical in determining electrical properties of the the bulk laminate. This can
ultimately affect the heating experienced by the material. Being able to predict how fibre orientation affects
electrical conductivity is thus a crucial step towards a full induction model for UD CFRP’s. In time, such a
model would be able to simulate the effect of a generated electromagnetic field on any weld geometry and
material combination. The foremost condition for this to be possible, is to build a model which is accurate
enough. This accuracy can be validated through experimental methods.

1.3 Obijective & approach

This work is meant as a contribution to the ongoing research on induction heating of composites. The ob-
jective is to develop, and outline, a reliable test method for measuring the electrical resistivity of UD CFRP
laminates with off-axis fibre orientations. In the context of this work, off-axis directions are any direction in
the xy-plane, non-parallel to the x- or y-axes. Namely, this holds for 0° < 6 < 90° (see Fig. 1.1). Litera-
ture regarding electrical measurements of UD CFRP materials is reviewed to give an overview of commonly
employed methods. This is also used as a foundation for the test method described in this work. Numer-
ical modeling is used to explore, and visualize, certain electrical phenomena that can influence measure-
ments. This is done using COMSOL Multiphysics. The insights gained regarding the electrical behaviour
of anisotropic materials, such as UD CFRP’s, are used as guidelines to design an appropriate test method.
The method is then applied to investigate three highly relevant materials in the current aerospace industry:
C/PEEK, C/PEKK, and C/LMPAEK.

The results obtained through the measurement method can be used to determine whether the directional
electrical resistivity of a UD laminate can be predicted using analytical expressions; regardless of fibre ori-
entation. The versatile test method presented in this work is a step towards better understanding of the
electrical behaviour inside the complex fibre networks of UD CFRP materials. Which, in time, can be used
to build an accurate induction heating model for UD CFRP materials.
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Chapter 2

Theory & Literature

In this chapter, essential concepts and properties related to the electrical behavior of UD CFRP materials
are put forth. This serves as a foundation for the work presented in subsequent chapters. First, the fun-
damentals of electrical resistivity are explained, together with its relation to electrical conductivity. This
understanding is then used to explain how one could measure these properties. Analytical expressions
are proposed, relating the electrical resistivity to measurable parameters. Furthermore, current literature
is reviewed to compare experimental results and reveal important measuring considerations. From this, it
is found that the behaviour of equipotentials, inside UD CFRP materials, could be a crucial consideration
often neglected by literature.

2.1 Electricalresistivity and conductivity

The electrical resistivity, sometimes referred to as volume resistivity, is an intrinsic property that signifies
the ability of a material to resist the flow of electric current. A material with lower resistivity allows for easier
passage of current. In this work, resistivity is denoted by p, and is given in its SI units of [Q2m]:

RA
_ 4 2.1
p="5 (2.1)

where R[] is the electrical resistance of the material, § [m] is the length of the material, and A [m?] is
the cross-sectional area of the material normal to the direction in which § is defined. Figure 2.1 illustrates
how these characteristics relate to the material. One can imagine the resistive material as a wire with elec-
trical contacts on each end. At first glance it seems that the resistivity decreases as the wire increases in
length. However, this is not the case. A way to interpret this is that the wire is part of a closed loop electri-
cal circuit. The resistance (R) is a variable which depends on the geometry of the wire in this case. As the
wire increases in length, the resistance of this circuit grows proportionally. Therefore, the resistivity (p) is
independent of the form or length of the wire.

Electrical é Section C-C

contact  Resistive
material

Figure 2.1: A material of arbitrary volume (6 x A) subjected to an electric current (T).

On the other hand, the electrical conductivity signifies the ability of a material to conduct electric current,
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and is defined as the reciprocal of resistivity. In this work conductivity is denoted by ¢, and is given in its Sl
units of [S/m]. The simple relation between p and o implies that they can be used interchangeably. How-
ever, one must be careful with the usage of this relation when it comes to CFRP materials.

Resistivity and conductivity are in fact directional properties. This means that the resistivity or conductivity
of a material take the form of a second order tensor (see Equations 2.2 and 2.3). In its basic form, the off-
diagonalterms are zero, and the diagonal terms represent the property in the given principal directions. For
isotropic materials, such as metals, this tensor can be reduced to a single value. This is because all diago-
nal terms are equal to each other; in other words, the resistivity or conductivity is the same in all directions
inside the material. However, for anisotropic materials, such as CFRP’s, the diagonal terms take on different
values. The simple relation between p and o holds for isotropic materials. In the case of anisotropic mate-
rials, a similar, but crucially distinct, relation holds: the conductivity in a principal direction is the reciprocal
of the resistivity in the same principal direction. For example: p; = 1/07.

In the context of this work, it is useful to consider both p and ¢ in terms of a generalized form of Ohm's
law. To achieve this, two vector quantities must be introduced: the Electric Field (£ [V/m]) and the Current
Density (.J [A/m?]). These can be related to each other using p and o. Furthermore, because this work
deals with UD CFRP’s, which are anisotropic materials, both p and o take on the form of a second order
tensor. This is to account for the fact that the conductivity in the fibre direction is significantly higher than
in the directions transverse to the fibres. In this work, a tensor quantity is indicated by a bar added above
the character. Considering p and & in terms of the material coordinate system results in the tensorial form
of Ohm'’s law:

E, p1 0 O Iy Iy opr 0 O E,
E,2=10 p2 O Jy (2.2) Jyop =10 o2 0 E, (2.3)
Ez 0 0 pP3 JZ JZ 0 0 g3 EZ

where the subscripts 1, 2, and 3 refer to the principal directions of the material coordinate system and the
subscripts z, y, and z refer to the principal directions of the global coordinate system. Both of which are
defined in Figure 2.2. One can tell from the units of E' and J, that these expressions are closely related to
the more well known form of Ohm’s law: ”V = I R”. E represents a voltage over a certain distance (i.e. a
potential difference). J, as can be inferred from its name, represents how much current is flowing through
a plane; in the direction normal to said plane. In the case of p, the diagonal terms give an indication of the
magnitude of the electric field generated in a principal direction by a current density applied in the same
direction. On the other hand, the off-diagonal terms indicate the magnitude of the electric field generated
in a principal direction by a current density applied along another direction. Note that all off-diagonal terms
are zero. This is the case when the material coordinate system and global coordinate system are fully par-
allel: 6 = 0°.

To define the tensors in terms of the global coordinate system, they must be generalized to account for
the possibility of § % 0°. For this, a rotation matrix is used to perform tensor rotation about the z-axis. In
this work the 3- and z-axes are always assumed parallel, and rotation is only possible about the z-axis. This
means that the off-diagonal terms relating the 3-direction to any other direction are always zero. However,
the off-diagonal terms relating the 1- and 2-direction to each other are not necessarily zero. Furthermore,
the principal 3- and z-terms are not influenced by the rotation; they remain constant regardless of the 6. The
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Material:

1 Longitudinal,

2 In-plane transversal,
3 Through-thickness

Global:
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2 1
i X

7,3 Longitudinal In-plane transversal Through-thickness

Figure 2.2: Conductivity along the three principal directions inside a UD CFRP ply. Adapted from [2].

general form of p then becomes:

c —s 0l |pr O O c s 0
po=1s ¢ 0 0 p2 O —s ¢ 0
0 0 110 0 p3 0 O 1: (2.4)
C2P1 + 52P2 cs(pr+p2) 0 Pre Pzy 0
= |es(pr+p2) o1+ pa 0| = |poy pyy O
0 0 p3 0 0 pz

where c and s denote cos @ and sin # respectively. The in-plane resistivity of a UD CFRP ply for any fibre
orientation (0) is thus defined. Note that when 8 = 0°, the tensor simplifies back to Equation 2.2. Also,
when 6 = 90°, p1 and p2 switch position in Equation 2.2 because the 2-axis is now aligned with the x-axis.
Note that 54 will be structured similar to the generalised resistivity tensor, as a result of applying the same
rotation matrix

To develop electrical models of CFRP materials, the electrical conductivity of the given material must be ac-
curately measured. The electrical conductivity of a UD CFRP ply depends on the electrical conductivity of
the carbon fibres and the fibre volume fraction of the composite. The latter is especially relevant for the in-
plane transversal conductivity (o), and the through-thickness conductivity (o3). Here, one could assume
that the electrical conductivity is zero, because the plastic matrix insulates the conductive fibres. However,
when tested experimentally, this is not the case. The slight electrical conductivity transverse to the fibres
is caused by fibre-to-fiber contacts. The fibres inside the material are not perfectly straight and parallel to
each other. In actuality, fibres can be wavy and come in contact with neighbouring fibres. Current is then
able to flow from one fibre to the next, thereby resulting in an electrically conductive circuit. However, the
electrical resistance encountered at fibre contacts is higher than the resistance inside the fibre.

The fibre network inside the composite can be thought of as an electrical circuit with many parallel paths
of varying resistances. A current flowing through this parallel circuit would distribute itself over the circuit
as a function of resistance encountered along the given path. Meaning that high resistance paths, where
there are many fibre-to-fibre contacts for example, will have less current flowing through them. On the
other hand, low resistance paths, which consist of mostly continuous fibres, will have more current flowing
through them. This is analogous to the statement that “current always flows through the path of least resis-
tance”. Note that this statement is used throughout this work, and refers to this behaviour.
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8 Chapter 2. Theory & Literature

Essentially, Current flow through fibre contact is only favored when there is no direct path to a ground
provided by continuous fibres. Increasing the fibre volume fraction can increase the number of contacts,
thereby facilitating current flow in the 2- and 3-direction. The number of contacts largely depends on man-
ufacturing process used and are distributed stochastically inside the material.[13-18]

Typically, the longitudinal electrical conductivity (o) of CFRP's is determined through the Rule of Mixture
(RoM):

01 = 0fVf + OpUm R O Uy (2.5)

where o [S/m] represents an electrical conductivity, v [-] represents a volume fraction, and the subscripts
f and m refer to the fibre and matrix respectively. The simplification is a result of the assumption that the
polymer matrix is an electrical insulator (i.e. o,,, = 0). This provides a relatively fast and accurate manner to
estimate 1. However, this is not enough to accurately determine the conductivities transverse to the fibres.
These differ from the longitudinal conductivity because they depend highly on the underlying structure of
the material as well as the material itself.

2.2 Measuring electrical conductivity

One way to determine the transverse conductivities, o9 and o3, is to directly measure them through exper-
imental methods; or to measure the respective resistivity. Typically, this is done by attaching electrodes
to a specimen and introducing a direct current (DC) to flow from one electrode to another. The voltage
difference measured between two electrodes is then used to determine the electrical resistance (R) of the
specimen in the tested direction through Ohm'’s law.

2.2.1 Experimental methods

In this work, a basic electrical contact is referred to as an electrode. A distinction is made between three
types of electrical contacts: a terminal, a ground, and a probe. The terminal is the electrode from which the
current is introduced into the material. The ground is the electrode through which the current exits the ma-
terial. Probes come in pairs and are simply two electrodes used to measure a voltage difference between
two points. Furthermore, because of the anisotropic electrical properties of the material, it is also crucial to
clarify the idea of a 'test direction’. In this work, the x-axis of the global coordinate system coincides with
the test direction. This is the general direction in which the current flows, and the direction in which the
voltage differences are measured. An electrical property that is calculated directly from this data, is said to
be directional and is denoted with a subscript x. This, for example, makes it possible to determine a unique
px for any angle 6 (see Figure 2.2).

There are many test methods used to measure voltage differences, among which: two-probe method, four-
probe method, and six-probe method. The name ’six-probe’ is somewhat deceiving when considering the
manner in which probes are defined in this work. In actuality, a ‘six-probe’ method uses six electrodes,
amounting to only two probes. Figure 2.3 visualizes a potential six-probe setup, where the two probes are
shown as V; and V.. To reduce that setup to a four-probe one, the V}, probe can be removed. Alternatively,
Figure 2.1 gives an example of a two-probe setup. The main drawback of the two-probe method, is that the
terminal and ground also act as the probe. Essentially, they supply the voltage and measure the resulting
current simultaneously. This can reduce the accuracy of the measurement. The largest issue lies in the
fact that the resistance of the contacts is in series with the resistance of the material, and it can be difficult
to separate the two contributions. The four-probe method gets rid of this issue by separating the voltage
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2.2. Measuring electrical conductivity 9

probe from the terminal and ground, and placing it in parallel. Finally, the six-probe method goes one step
further and adds another voltage probe; one on the top surface of the specimen and one on the bottom
surface. This way, it can be checked whether there is a difference in the recorded voltage difference, and
material inhomogeneities across the thickness of the specimen can be accounted for.

DC
Terminal il V3 Ii Ground
Ddev 8)(
T X ~——> CFRP

Y T2

Figure 2.3: Potential setup for siz-probe method on a CFRP specimen using direct current (DC). A two-
probe method would only include the terminal and ground. An example four-probe method could
get rid of the Vi, probe.

In current literature, the four-probe method is most commonly used for CFRP materials. Athanasopoulous
& Kostopoulos [13] measured the electrical resistivity of dry UD carbon fibre preforms with varying fibre ori-
entations, aspect ratios (see Figure 2.5), and thicknesses. In all cases, two braided copper electrodes were
attached at both ends of the specimen (top and bottom) and connected to a precision multimeter to mea-
sure the electrical resistance of the specimen. In subsequent work, Athanasopoulos et al. [19], measured
the electrical resistance of dry UD carbon fibre preforms with varying number of layers and under several
uniform pressure distribution. A similar method was used with two electrodes on both edges. Alternatively,
different methods can be used to measure different directional conductivities. Park et al. [20] measured the
electrical anisotropy of UD CFRP specimens by employing a six-probe method for the through-thickness
conductivity, and a four-probe method for the transversal conductivity.

T Surface

Point

Line

Figure 2.4: Different types of electrode contacts used for electrical measurements.

Independent from the number of electrodes used, is the type of contact the electrode has with the spec-
imen: surface, point, or line. Firstly, a surface contact covers a face of the specimen, either partially or
entirely. These are most commonly used for two-probe methods as shown in Figure 2.1 where both ends
of the specimen are fully covered. In the case of UD CFRP specimens, placing a surface electrode on part of
the top or bottom surface of the specimen could result in short circuits and unreliable data. Further causes
and effects of short circuits are discussed in the following chapter. Secondly, a point contact is essentially
a surface contact but much smaller. This gets rid of the issue of short circuits. However, when using point
contacts the contacts must be precisely aligned on the specimen; all must have matching y-coordinates.
For UD CFRP specimens this is even more crucial due to a phenomenon unique to anisotropic materials.
This is discussed in Section 2.2.3. Lastly, a line contact covers a rectangular, or oval, area where length
> width. This can also avoid the issue of short circuits; however, special precautions must be taken as

TPRC | Proprietary & Confidential



10 Chapter 2. Theory & Literature

outlined in Section 2.2.3. While not explicitly stated by the authors what type of contact is used for the
electrodes, from the schematics provided in [13, 19, 20], it can be assumed that all electrodes form line
contacts. Figure 2.4 summarises the different contact types found in literature.

2.2.2 Conductivity datafound in literature

When it comes to principal conductivities or resistivities, longitudinal and in-plane transversal are by far the
most reported on in literature. Through-thickness conductivity is often left out of the scope of the study.

Table 2.1: Experimental results for directional electrical conductivity of UD CFRP materials and dry UD
CF tows reported in literature. For exact values see reference.

Material Method v; [-] o1 [S/m] o2 [S/m] o3 [S/m] Reference
AS4/3501-6 16-probe  N/A 33,300 17 N/A 21]
T700SC/2500epoxy ~ 4/6-probe  0.59  N/A 5 45 120]
T700SC, Aprobe 05 31,700 38 N/A [13]
T700SC, Aprobe 05 31,600 42 N/A [22]
C/E022epoxy 2/4-probe 0.6 44,300 50 N/A 23]
AS4D/PEKK 2/4-probe 0.59 22,900 3 0.4 [24]
AS4/PEEK 16-ply 6-probe 0.59 38,300 11 1.3 [25]
AS4D/PEKK 16-ply  6-probe 0.59 36,900 4 0.7 [25]

Table 2.1 displays the electrical conductivity of UD CFRP laminates measured by several authors. Schueler
etal. [21] are the only to have used more than six electrodes and also alternating current (AC) as opposed to
DC. All reported values are averages of several specimens. In some cases, the value reported is converted
from a resistivity to a conductivity for the sake of consistency. The exact material, layup, or dimensions
are not always indicated by the authors. However, this is not required to see general trends. Similarly, the
thickness of the specimens is only relevant for o2 and o3, and this has no influence on the measured ;.
Some of the materials tested are dry carbon fibre tows, while others are consolidated laminates made of
pre-impregnated carbon-polymer tapes. While it might not be possible to directly compare results from
these specimens, they give a good indication of what amount of electrical conductivity can be expected.
The measured conductivities of the same material are not necessarily reproducible; this is also expected. It
has been shown throughout literature that the morphology of CFRP materials can vary drastically between
manufacturers, or even batches of the same manufacturer. Because the electrical conductivity is highly
dependant on the carbon fibre network inside the composite, it is logical that a different random arrange-
ment can result in a different measured conductivity. What matters is the approximate magnitude of the
directional conductivities themselves, as well as the magnitudes of the different principal directions rela-
tive to each other. For example, it is clear that oy is always measured as being several magnitudes higher
than o3 or o3. While o2 and o3 are within the same magnitude. This confirms that the fibre orientation is an
important factor for the directional conductivity of the composite material.

2.2.3 Equipotentials

The current distribution inside the material is an important consideration when measuring electrical prop-
erties. In the case of UD CFRP materials, the extremely high conductivity of the carbon fibres can result in
a non-uniform current distribution [20]. This is because the current favors flowing in the direction of the
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2.2. Measuring electrical conductivity 11

fibres, where it faces considerably less electrical resistance. Therefore, the non-uniformity of the current
distribution must be taken into account when using probes to measure voltage differences. It must be
noted that this is only significant for  # 0° and 6 # 90°. Another way to visualize this is by considering
the equipotential lines, and their orientation within the material.

An equipotential is essentially a region in space in which the, in this case, electrical potential is constant.
This can be in the form of a volume, surface, or line. For this work, the interest lies on equipotential lines.
These are paths inside the material along which the voltage drop is relatively close to zero. This can be
understood as a path where the electric current faces relatively little to no electrical resistance. Note that in
practice, the resistance need not be zero, it simply needs to be low enough in comparison to other poten-
tial routes the current could take. As one can imagine, this phenomena is highly relevant when it comes to
studying anisotropic composite materials.

No matter the physical circuit, the electric current will flow from the terminal where it is introduced, to the
ground where it can be dissipated. The physical circuit of relevance in this work is the network of carbon
fibres inside the composite material. The current has a multitude of potential paths which lead from the
terminal to the ground. However, these paths are not equal in all aspects. The most important factor which
dictates the preferred path is the extent of electrical resistance encountered along said path. As can be ex-
pected, lower resistance paths are preferred. Certain paths can have different sections with varying levels
of electrical resistance. For example, in a network of carbon fibres, current can flow through a continuous
fibre, but it can also flow between neighbouring fibres. The electrical resistance of the fibre is different from
that of a fibre-to-fibre contact. While the continuous fibre path has lower resistance, if it does not directly
run from terminal to ground, the current is forced to flow to other fibres to reach the ground. This occurs
when 8 > 0 and is the reason that o9 and o3 are not equal to zero. Because the resistance encountered
between fibres greatly exceeds that within the fibres, the formation of equipotentials inside composite ma-
terials is noticeably different when compared to isotropic materials. An example of current being forced to
flow through fibre contacts is shown in Figure 2.2.

While measuring the electrical conductivity for several configuration types of CFRP materials, Athanasopoulous
& Kostopoulos [22, 23] observed that for UD specimens “the equipotential lines tend to be directed along

the fibres”. Schueler et al. [26] also came to the conclusion that the fibre orientation inside UD CFRP ma-
terials determines the orientation of the equipotential lines. This claim is validated in COMSOL in the fol-
lowing chapter of this work. The implication of this is that probe placement can have a non-trivial effect on

the measured electrical conductivity. However, all work reviewed did not explicitly take equipotentials into
consideration during measurements, only as an observation after the fact. Furthermore, no other literature
was found on the topic of probe placement, with respect to equipotentials, during electrical measurements

for UD CFRP materials.

Another aspect of probe placement optimization found in current literature is regarding the zone in the
specimen where the current flow is fully developed. To conduct reliable measurements, the voltage probes
must be placed within this zone where the current is fully developed. The horizontal distance between
the terminal and first electrode of either probe (D), the through-thickness conductivity (o3), and the
thickness of the specimen all affect this zone. One way to determine an appropriate D, for any given
thickness and material, is to make use of the six-probe method as shown in Figure 2.3; increasing D je,
until Vi = V;. Once this condition is met, it can be assumed that the current flow is fully developed. In the
frame of this work, a fully developed current flow refers to a current distribution that is uniformly distributed
over the cross-sectional area of the material. In their work, Park et al [20] considered the optimal distance

TPRC | Proprietary & Confidential



12 Chapter 2. Theory & Literature

between the terminal and first electrode of the voltage probe to minimize measurement error. In this work,
COMSOL is used for a similar purpose. This is also addressed in the following chapter.

2.2.4 Specimengeometry

Athanasopoulous & Kostopoulos [13], and Weber et al. [18] emphasize the importance of specimen dimen-
sions and aspect ratio when measuring electrical conductivity of UD CFRP materials. Both claim that when
measuring the conductivity of a specimen where § > (°, it must be ensured that there is no direct path from
the terminal to the ground. This is due to the carbon fibres acting as extremely low resistance pathways for
the current. For example, if a specimen with fibres at § = 45° has an aspect ratio such that some fibres run
from terminal to ground, the results would resemble a specimen with fibres at § = 0°. The relevant aspect
ratios are described in Figure 2.5. This means that electrode placement along the test direction (x-axis)
can vary depending on the fibre orientation (6). There exists a critical aspect ratio (\.,.) for any given fibre
orientation where fibres run from one corner of the specimen to the opposite corner, as in Figure 2.5 (a).
This results in a small subset of paths being preferred. For an aspect ratio which it too small, as in Figure2.5
(c), fibres can run directly from terminal to ground which will also influence the conductivity measurement.
On the other hand, for an aspect ratio which is too large, there might not be enough random fibre contacts
for proper electrical conductivity. The ideal specimen would thus have an aspect ratio as in Figure 2.5 (b),
where there is no direct path from terminal to ground. Theoretically, aligning the electrodes with the fibre
direction could prove helpful here. Essentially, this makes it impossible for fibres to run directly from the
terminal to the ground. Further implications of this are discussed in the folowing chapter.

M Current dense region M< g

0: Fibre orientation Fibres 0

A= % g AI>)S & EwW
o

2 | |

(a) (b) (c)

Figure 2.5: Specimen geometry and relevant aspect ratios: (a) critical aspect ratio, (b) desired aspect ratio,
(c) too small aspect ratio. In all cases the terminal is on the left and the ground on the right.
Adapted from [13].

2.3 Analytical expressions

Before Equations 2.2 and 2.3 can be used, the individual terms of E' and J must be defined. Because of the
way the test direction is defined with respect to the global coordinate system in this work, .J,, can be taken
as zero. The current is always set to flow in the direction of the x-axis, meaning that the current density only
consists of an x-component. Figure 2.6 (a) displays how the current density and its relevant components
stay consistent regardless of fibre orientation. Furthermore, this work considers how the fibre orientation
influences the conductivity along the test direction. Out-of-plane contributions thus have no influence on
this.
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Figure 2.6: Sketch of the (a) current density components and (b) electric field components during off-axis
measurement. The current density runs parallel to the test direction. The chosen test direction
in this work is the z-direction. Therefore, J only consists of J,, while J, = 0. The electric field
lies perpendicular to the fibres. Therefore, E consists of £, and E,,.
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where J, = 0. This leaves the following components to be defined:

Equation 2.2 then simplifies to:

E, = 5 (2.7) J, = v (2.8) E,=— (2.9)
where I [Alisthe current applied, and ¢ denotes tan 6. Note that I, follows from the Pythagorean theorem.
This s clarified in Figure 2.6 (b). Substituting Equations 2.4, 2.7, 2.8, and 2.9 into Equation 2.6 results in the
following two expressions:

E, RA
prz = Epr+sipp == == (2.10) pay = cs(p1 + p2) = p_if (2.11)

JZB 5£E
where R [€)] follows from Ohm's law. Essentially, a current is applied to the material, and the resulting volt-
age difference over the material is measured. This allows one to determine the electrical resistance of a
material with V' = I R. Equations 2.10 and 2.11 make it possible to compare an expected resistivity to a
measured resistivity. Furthermore, because p; < po, the p1 term can be neglected in both expressions.
This makes it possible to determine ps and o3 from experimental data:

1 RA

1 2.12
P2 o9 5255{: ( )
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14 Chapter 2. Theory & Literature

2.3.1 Measuring considerations

In this Chapter, a multitude of relevant aspects that can influence electrical resistivity measurements have
been considered. Since such measurements are also carried out in this work, there is value to summarising
the most important points. The following is a list of guidelines which must be taken into account when
conducting electrical measurements on UD CFRP materials:

1. Use a minimum of four electrodes (terminal, ground, and one probe 'set’).

2. Use an electrode contact type that suits the specimen dimensions, and allows the intended conduc-
tivity to be measured. Alignment between electrodes, or with respect to the fibre orientation, must
be considered when using point- or line-contact electrodes.

3. Use a specimen aspect ratio based on the purpose of the measurement. This will dictate which prin-
cipal, in-plane, conductivity dominates.

4. Prepare specimens such that there is sufficient horizontal distance for the current flow to fully de-
velop between the terminal and first electrode of either probe. This ensure the measurement is done
within a zone of uniform current distribution.

Decisions made for the models and experimental setup used in this work are based on these guidelines.
Note that these are specifically intended for UD laminate composites. Chapter 4 outlines all details relating
to the experimental methods employed in this work. However, before reliable measurements can be done,
a number of claims made in this chapter must first be tested, explained, and validated.
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Chapter 3

Modelling

To develop a reliable test method, the measuring considerations discussed in the previous chapter must
be fully explored. To this end, this chapter utilizes numerical modeling to visualize relevant phenomena
and validate assumptions. The advantage of using a model lies in the fact that this is an iterative process,
where adaptations can be made to the model and the resulting changes can be measured and compared.
The model essentially has a tighter feedback loop than a physical experimental setup; making the time
between attempts shorter. A 2D model is built in COMSOL to investigate the stated measuring conditions.
A 3D model is then used to validate the assumption that a 2D model is sufficient to describe the electrical
behaviour of a UD laminate.

3.1 Model design

The aim of the model is to simulate how current flows through a given material. For said model to be func-
tional, a number of inputs are necessary. These inputs have been arranged in the following three cate-
gories:

o Geometry:

Specimen length (L) [mm]

Specimen width (w) [mm]
— Specimen thickness (h) [mm]

Fibre orientation (0) [°]

Distance between terminal and first electrode of voltage probe (D 4e,) [mm]

— Distance between electrodes of voltage probe (d,) [mm]
o Material properties:

— Electrical conductivity tensor () [S/m]

— Relative permittivity () [-]
¢ Modelinputs:

— Applied voltage (V;,,) [V]

15



16 Chapter 3. Modelling

Once these inputs have been defined, a voltage difference is applied across the material so that the result-
ing behavior can be analyzed. The model can then be used to investigate several material configurations
and relationships between parameters. Parametric sweeps are the ideal tool for this. For a basic parametric
sweep, the model is run multiple times where on each iteration, a pre-determined variable is changed while
all others are kept constant.

No rigorous validation has been performed on COMSOL. A simple comparison between results from an-
alytical expressions and simulated results was done. For example, it is expected that COMSOL performs
tensor rotations on the conductivity tensor to convert the input conductivity to an apparent conductivity
which depends on 6. For the model to be valid, the conductivity of the model must match the conduc-
tivity predicted by the analytical equations. The apparent conductivity tensor was calculated in MATLAB
for varying fibre orientations according to Equation 2.2. Next, a model of a material with a the same base
conductivity tensor was built in COMSOL; and a parametric sweep was carried out over the same range of
fibre orientations. COMSOL allows the user to query the individual components of the conductivity tensor
for each iteration. These values were identical to the values calculated in MATLAB. Furthermore, E,, and
J, can also be queried within COMSOL. For example, in Figure 3.1, one can determine the . at any point
on the surface of the specimen. Alternatively, £, and .J, can be calculated using Equations 2.7 and 2.8
respectively. Comparing these two methods results in very similar values for ;. and J,. Itis thus assumed
that the model is valid.

Before the first model can be built, decisions must be made regarding guidelines 1 and 2 from the measur-
ing considerations. First, it is recommended to use a minimum of four electrodes, including one probe set.
To account for material inhomgeneities during physical testing, the choice is made to use an extra probe
set at the bottom of the specimen. This results in six electrodes, also referred to as a six-probe method.
Secondly, the electrode contact type must be chosen. The surface contact electrode is not suitable for the
probe electrodes. The point contact, while suitable, is not commonly used. The line contact is the most
common, and also allows one to investigate the effects of electrode and fibre (mis)alignment. Therefore,
the line contact electrodes are used.

y
I Fib Fib
%}X |+res D B, | [A] |+res Do | [A)

(ﬁ “~

/<P

” A AN A ~ A
Terminal Probe Ground Terminal Probe Ground
(a) Aligned electrodes (b) Vertical electrodes

Figure 3.1: The two types of electrode configurations used in this work.

In a 2D model, the top and bottom probes are the same, meaning that only four electrodes are modeled.
Figure 3.1 gives an example of the potential layouts of a 2D model. The implications of using (a) aligned
electrodes or (b) vertical electrodes is discussed in Section 3.3. The model is built in such a way that chang-
ing the input 8 applies a tensor rotation to adjusts the input . For the model with aligned electrodes, 6 also
defines the electrode orientation. Note that Dy, and d,, are always measured in the test direction. Further-
more, it must be noted that the specimen is modelled as a homogeneous piece of material. This means that
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3.2. Specimen in-plane dimensions 17

the fibres and matrix material are not modeled separately. For example, when it is stated that current flows
along the fibres, what is meant is that the current flows in the 1-direction. This direction is defined by the
input 6.

3.2 Specimen in-plane dimensions

Guideline 3 of the measuring considerations requires the aspect ratio (A\?9) of the specimen to be further
investigated. This ratio is defined as the length of the specimen divided over the width of the specimen.
This was also shown in Figure 2.5. For the sake of clarity, the edges of the specimens are labeled with
respect to the view. The relevant edges are indicated in Figures 3.2-3.4.

3.2.1 Relevant aspectratios

As was described in Section 2.2.4, there exists a critical aspect ratio ()\2,,), for every fibre orientation angle

(0), where continuous fibres run from one corner of the specimen to the opposite corner. As f increases, the

value of this ratio decreases. Three examples of specimens with a critical aspect ratio are shown in Figure

3.2. Aﬁr is used to split the possible aspect ratio of the specimen into three categories. The first of which is
; 0 _ 0

simply A7 = A7,

Current-dense .
region /// Fibres
Left edge — —— Right edge V
A
0=30° 0=45° 0=60°

Figure 3.2: Ezample specimens for which A% = \9 .

Current-dense

region /// Fibres

Left edge —— Right edge
0=45° 0=60°

Figure 3.3: Ezample specimens for which A% < A2, .

The second category consists of specimens with an aspect ratio which is smaller than the critical aspect
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18 Chapter 3. Modelling

ratio. Note that )\gT always depends on the fibre orientation. For these specimens, a large number of con-
tinuous fibres run from the left edge of the specimen to the right edge. Specimens shown in Figure 3.2 only
have fibres running along the diagonal. When \? < )\gr, the number of fibres that provide a direct path

from the left edge to the right edge increases. Examples of specimens with this aspect ratio are include in
Figure 3.3. The same three fibre orientations as in Figure 3.2 are used.

The final category consists of specimens with an aspect ratio which is larger than the critical aspect ratio.
What sets these specimens apart from the other two is that there are no fibres which directly run from the
left edge to the right edge. Current which is introduced on the left edge must therefore flow through fibre
contacts toreach the right edge. Once again, an example is given for the same three fibre orientations. This
can be seenin Figure 3.4.

Current-dense

region /// Fibres

Left edge Right edge

0=45° 0=60°

Figure 3.4: Exzample specimens for which A% > X9 .

Specimens where \! < /\QT contain fibres that provide a direct path between terminal and ground. This
is essentially a short circuit. Because the conductivity along the fibres is several magnitudes higher than
through fibre contacts. It is thus expected that these aspect ratios behave similarly because o is dominant
inthese scenarios. On the other hand, it is expected that specimens with an aspect ratio larger than the crit-
ical aspect ratio display drastically different electrical behaviour. Since the short circuit has been removed,
o9 now becomes dominant. These three aspect ratios have been recreated in COMSOL to determine how
the current density and equipotentials are affected.

In all three cases, a fibre orientation of 45° is used. Once again, note that the material is modelled as homo-
geneous, and there are thus no actual fibres. The simulated current density, and equipotential orientations,
follow from the input & which has been rotated according to 6. The latter always runs parallel to the fibre
orientation (#). The specimen is given a conductivity of o1 = 40000 [S/m] and o5 = 10 [S/m]. The vertical
electrodes configuration shown in Figure 3.1 (b) is used. The electrodes make contact with the specimen
along its entire width. The left edge is the terminal and the right edge is the ground. A potential difference
of 60 [V] is applied across each specimen. The resulting current density has been plotted as streamlines
overthe surface of the specimen. Additionally, the resulting voltage distribution is plotted as a filled contour
plot over the surface of each specimen. The equipotential zones are visualized by the color map in each
plot. Only ten distinct voltage steps are used in order to keep the orientation of these zones clear. As the
number of steps increases, the zones would approach lines, but would keep their orientation. Therefore,
ten steps is enough to visualize the orientation of the equipotential lines. All this can be seen in Figures
3.56-3.7.
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3.2. Specimen in-plane dimensions 19

3.2.2 Specimen category 1: \’ = )\’

In the case of a fibre angle of 45°, the critical aspect ratio is achieved by having a square specimen. The
chosen dimensions are 40 [mm] by 40 [mm]. The resulting current distribution can be seen in Figure 3.5
(a), and the voltage distribution is shown in Figure 3.5 (b).

y
1 Current density J [A/m?] x107 V[V]
A streamlines 6
) I 57.38
g oS ‘ & 51.3
Corneris [ | 45.22
art of
{14 lue zone + 1 39.13
33.05
E
=4 26.97
Jy#0
B 20.89
14.8
Short circuit (@) ®)
e 1 8.72
\\\\\\ / Corner is
~ part of
0 red zone 0

Figure 3.5: Simulated (a) current distribution and (b) voltage distribution for specimen with the critical
aspect ratio (\?,.).

From the current distribution, one can tell that the majority of the specimen does not have any current run-
ning through it. Even though the entire left and right edge are electrical contacts, all current flows along
the diagonal. This is because the current flows along the path where it encounters the least electrical re-
sistance. Because of the prescribed fibre orientation (6), the orientation of the diagonal coincides with the
1-direction. Along this diagonal, o1 dominates, and there is no need for the current to flow in the 2-direction
at all. Thus, a highly preferred path is created. This path is essentially a short circuit, and is referred to as
a 'type a’ short circuit in this work. This type of short circuit occurs when one can draw a straight line, that
runs parallel to the fibre orientation (), from the terminal (left edge) to the ground (right edge).

When looking at the voltage distribution, the diagonal once again stands out from the rest of the specimen.
Since there is no flow of current in the top left or bottom right corners, the potential remains constant there.
Along the diagonal, thin equipotential zones can be seen. These zones, where the simulated potential is
constant, are oriented in the same general direction as 6, but are not exactly parallel to the 1-direction. Ad-
ditionally, the equipotential zones are slightly curved. This is crucial, and it has been highlighted in Figure
3.5 (b). The bottom left corner is part of the high potential (red) zone, while the top right corner is part of
the low potential (blue) zone. This means the the equipotentials are not oriented at 45°. They actually form
a slightly larger angle with the x-axis.

Because the specimen has a critical aspect ratio, a straight line, that runs parallel to the fibre orientation
(6), can be drawn from the bottom left corner to the top right corner. One could assume that all current
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20 Chapter 3. Modelling

should flow along the 1-direction from the bottom left corner to the top right corner. However, this line
is one-dimensional, meaning it has no thickness. Simulating this flow of current is not possible in such a
2D model. Therefore, the current is actually forced to flow slightly in the 2-direction. This results in these
equipotential zones which are seemingly parallel to the 1-direction.

In practice, this aspect ratio assumes a single fibre to run from the bottom left corner to the top right corner.
This is not a realistic specimen. It is therefore only useful for modeling purposes. If it were to be used for
resistivity measurements, the measured value would not provide much insight. This aspect ratio should
thus not be used, regardless of which resistivity is being tested for: p1, p2, Or pzs.

3.2.3 Specimencategory2: \’ < )\’

For the specimen with aspect ratio smaller than the critical aspect ratio, the width is kept at 40 [mm] while
the length is decreased to 20 [mm]. The resulting current distribution can be seen in Figure 3.6 (a), and the
voltage distribution is shown in Figure 3.6 (b).

y
1 Current density J [A/m?] x108 vV [V]
() streamlines 1.6
X I 58.61
L / = 52.25
Short circuit 1.2 -4 45.9
ea
or 1 39.55
0.8 33.2
Jy#0 :
v hq 26.85
0.6 ”
f g 20.49
0.4 h
14.14
(a) (b)
0.2 7.79
0 0

Figure 3.6: Simulated (a) current distribution and (b) voltage distribution for specimen with an aspect ratio
smaller than the critical aspect ratio (N < X9, ).

This aspect ratio also results in a ‘type a’ short circuit. However, a much larger length of the left and right
edge have current flowing between them. The concept is the same, the current flows there because it can
take advantage of the low resistance encountered when flowing in the 1-direction. There is no need to flow
in the 2-direction at allin this case. The small amount of flow in the 2-direction caused by the zero-thickness
issue in the previous case is no longer present here. Note that the color map in Figure 3.6 (a) has a different
range than the one shown in Figure 3.5 (a). This is done intentionally to keep the center, current dense
region, at around the mid-point of the color map range.
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Once again, the current dense zone is also highlighted in the voltage distribution plot. The equipotential
zones are now mostly vertical (aligned with the y-direction). However, as is shown in Figure 3.6 (b), the
top and bottom edges of the equipotential zones seem to run in the direction of . Essentially, if the region
with vertical equipotensials were to be removed from Figure 3.6 (b), one would be left with Figure 3.5 (b).
It thus seems that at the top and bottom edge of Figure 3.6 (b), the same ‘zero-thickness’ phenomenon is
simulated. In the region with vertical equipotentials, p; fully dominates and there is absolutely no current
flow in the 2-direction. Therefore, as the current flows in the 1-direction the voltage drops only depend on
the distance traveled along this direction. Note that this is a direct result of Equation 2.1, which states that
the experienced resistance increases proportionally with the length of the material. In this case, the length
of the material is the distance traveled in the 1-direction.

Because the current is essentially flowing in the 1-direction from terminal to ground, it is expected that the
measured p,, is close to p;. Essentially, p2 does not contribute in this case. Therefore, such an aspect
ratio could be useful for measuring the longitudinal resistivity of a material. To use this aspect ratio for
measuring the in-plane transversal resistivity, one would have to re-define the test-direction, or make use
of electrodes with point contacts. Both would prevent continuous fibres to run directly from terminal to
ground. The same can be said for off-axis measurements: this aspect ratio is not suitable with the currently
defined test-direction and electrode contact type.

3.2.4 Specimen category 3: \’ > )\’

For the specimen with aspect ratio larger than the critical aspect ratio, the width is also kept at 40 [mm]
while the length is now increased to 80 [mm]. The resulting current distribution can be seen in Figure 3.7
(a), and the voltage distribution is shown in Figure 3.7 (b).
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Figure 3.7: Simulated (a) current distribution and (b) voltage distribution for specimen with an aspect ratio
larger than the critical aspect ratio (A > A2, ).

Specimens with this aspect ratio are no longer subject to ‘type a’ short circuits. This is because no straight
line, that runs parallel to the fibre orientation, can be drawn between the left and right edge of the speci-
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men. This means that current is forced to flow in the 2-direction to reach the ground. This can also be seen
in Figure 3.7 (a), where the current density lines in the center no longer run along the 1-direction.

This does raise the issue of the red regions in Figure 3.7 (a). The current density there is twice as high as at
the center of the specimen. This is because all the current flows through a small area. The current density
streamlines clearly show this behaviour. In the center zone (=~ 3 x 10* [4/m?]), the streamlines are well
distributed. However, on the edges (=~ 6 x 10% [A/m2]), there are many overlapping streamlines. It must
be noted that the arrowheads have been normalized for this plot, because the difference in magnitude
between the arrows in the red and green regions was too large. These overlapping streamlines indicate
another type of short circuit. This is referred to as a ‘type b’ short circuit in this work. Here, the vertical elec-
trodes are the cause of the short circuit. These short circuits flow in the direction of the fibre orientation. This
occurs due to the same reason it occurs in the other specimen categories. The only difference being that
in this specific case, the short circuit ends before it reaches the ground. The current is thus forced to flow
along the 2-direction once it can no longer take advantage of the high conductivity along the 1-direction.

Figure 3.7 (b) clearly shows equipotential zones which are oriented parallel to the fibre direction. Further-
more, because current is forced to flow along the 2-direction, the simulated p..,. is expected to give a much
better indication of the actual resistivity than the other two specimen categories.

3.2.5 Chosenaspectratio

In all three cases, the simulated current dense regions match the expected current dense regions. This
again indicates that the COMSOL model is functioning properly. The simulation results clearly indicate the
presence of short circuits. Some of these are likely to influence conductivity/resistivity measurements on
UD laminates with off-axis fibre orientations. Firstly, the critical aspect ratio is close to unattainable in prac-
tice. This aspect ratio is likely to result in a specimen that behaves similar to having an aspect ratio slightly
larger or smaller than the critical aspect ratio. Secondly, specimens where A\’ < \?_ will find most of their
value in measurements that test the longitudinal resistivity. This is due to the ‘type a’ short circuit. Lastly,
specimens where \? > A\’ are the most suited for off-axis measurements. This is because there are no
short circuits between the terminal and the ground, and p.., is affected by py. For the other two aspect
ratios, the pa term in Equation 2.10 has little to no contribution.

Furthermore, it is clear from the streamlines that there are regions where J only consists of a x-component,
unlike with the two other aspect ratios. This is also a requirement when considering physical measure-
ments, as Equations 2.10, 2.11, and 2.12 are based on the assumption that .J, = 0. In the following sec-
tions, the issue of .J,, # 0 is addressed.

The final point considers the short circuit present in Figure 3.7. This short circuit is caused by how the
terminal and ground electrode make contact with the specimen, with respect to the fibre orientation. To
better understand why this happens, and the implications of this, the measuring consideration regarding
electrode alignment for line contact electrodes is discussed next.

3.3 Electrode alignment

Now that it has been demonstrated what type of aspect ratio is favored, the following measuring consider-
ation concerns the alignment of the line-contact electrodes with the fibre orientation. To investigate this,
both the aligned and vertical electrodes configuration, shown in Figure 3.1, are used. A specimen with an
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3.3. Electrode alignment 23

aspect ratio larger than the critical aspect ratio is modelled. The width is kept at 40 [mm]; however, the
length is increased to 150 [mm)]. Increasing the length of the specimen makes certain phenomenon ap-
pear more clearly in the results. At this stage the exact dimensions of the specimen do not matter yet, only
that \? > )\gr. Apart from this, the electrical properties, fibre orientation, and applied voltage are all kept
constant with respect to the simulations done in the previous section.

y Current flows through
1 copper electrode
W
X

Current flows _|
through material

End point

Starting point

Figure 3.8: Example of a ’type ¢’ short circuit. The current flows through the hihgly conductive electrode to
reach the end point without needing to flow in the 2-direction in the material itself.
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Figure 3.9: Simulated (a) current distribution and (b) voltage distribution for measurement setup with (1)
vertical electrodes and (2) aligned electrodes.

Ina 2D model, with a top down view, the electrodes are modeled as lines. These boundaries have no phys-
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24 Chapter 3. Modelling

ical dimensions apart from a length. While these can be assigned certain material properties, these do
no influence the simulation results without the use of an additional boundary condition. In this case, the
"Floating Potential group’ boundary condition was used for the probe electrodes. Essentially, this makes
the selected line segment into an isopotential/equipotential. This is also what would happen in physical
experiments. The extremely high electrical conductivity of the copper electrodes ensure that the entire
contact area between specimen and electrode becomes an equipotential zone. This is simply because the
current can flow to any spot in the contact area by flowing from the specimen, into the electrode, and then
back into the specimen. This creates a new type of short circuit, referred to as a ‘type ¢’ short circuit in this
work. This has been visualized in Figure 3.8. This was not an issue in the previous simulations because the
electrodes were not added to the model. However, these are now included to truly assess how electrode
alignment can influence resistivity measurements of UD laminates. The simulated current distribution is
shown in Figure 3.9 (a1 ) for the vertical electrode configuration, and (a2 ) for the aligned electrode config-
uration.

Here, a significant difference can be seen between the two electrode configurations. First of all, the verti-
cal electrodes cause a multitude of short circuits. All three short circuit types are present; however, ‘type
¢’ cannot be visualized properly here. Furthermore, the ‘type b’ short circuits have doubled from Figure
3.7 (a). This is because the probe electrodes now also cause the same short circuit as the terminal and
ground. Inside these red regions, the current density is extremely high, and the streamlines show a lot of
overlap. As was explained before, this is because the current can flow in the 1-direction with no need to
flow in the 2-direction. The highly preferred path ends when the current can no longer avoid flowing in
the 2-direction. This is analogous to current flowing along fibres (1-direction) where electrical conductivity
is significantly higher, instead of flowing transverse to the fibres (2-direction) where electrical conductivity
is relatively low. When looking at the left or right side of the specimen, there is also a region between the
two short circuit regions. This region with lower current density is a region where the current is forced to
flow in the 2-direction. This is the reason a longer specimen was modeled. If the specimen is too short,
the short circuit regions could overlap and the low current density region would disappear. If the length
between the terminal and first electrode of the probe, or ground and second electrode of the probe, is short
enough, one would end up with a ‘type a’ short circuit. Where there is a straight line path, oriented at 6,
from terminal to electrode, and from electrode to ground. A similar ‘type a’ short circuit can already be seen
in Figure 3.9 (a1 ). This one is between the electrodes of the probe. If one only looks at this region between
the electrodes of the probe, it looks very similar to Figure 3.6 (a). Both show the same electrical behaviour.
A measurement done on this setup takes into account the conductivity of the electrodes, as opposed to
the in-plane transversal conductivity of the specimen.

When looking at the aligned electrode configuration in Figure 3.9 (a2), itis clear that all short circuits have
disappeared. Here, the range of the color map is once again adjusted. Note that the type ¢ short circuit is
actually still present. However, the equipotential created by the copper electrode contact is now aligned
with the fibre orientation. This can be seen in Figure 3.9 (b2). In Figure 3.9 (b ), the vertical electrodes com-
pletely alter the voltage distribution. The entire middle region has become an equipotential zone. This is
because of the short circuits provided by the copper electrodes. Note that the edges of the zone still follow
the fibre orientation. A way to interpret this is that once the current is within this large center region, it can
flow to anywhere in this region with relative ease. The manner in which it does this explained by the "type
¢’ short circuit shown in figure 3.8.

Having discussed the current density, it is also valuable to understand how the electric field behaves inside
UD laminates with off-axis fibre orientations. From Figure 3.9, it can be seen that the electrode alignment
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3.4. Validation of 2D assumption 25

has no impact on the orientation of the equipotential zones. These remain parallel to the fibre orientation.
By definition, the electric field always points normal to the equipotential lines, even in anisotropic materials.
To visualize this, two more fibre orientations were simulated. All other parameters are kept constant. The
model was run with aligned electrodes, and the resulting voltage distribution is shown in Figure 3.10.

VIV]

y
1 —» 57
—» Electric field lines I
/ 3 851
X ka5

39

(a) =30° (b) 6 =60° 15

Figure 3.10: Simulated voltage distribution for (a) fibre orientation of 30°, and (b) fibre orientation of 60°.

As can be seen, the fibre orientation determines the equipotential orientation. This observation is in line
with what was found in [22, 23, 26]. In all cases, the electric field is perpendicular to the equipotentials.
This also means that E always has a contribution from both £, and £/, when 0° < 6 < 90°. These can be
related to each other through the Pythagorean theorem using the fibre orientation angle 6, as is shown by
Equation 2.9.

The aligned electrodes thus ensure a uniform current distribution and electric field. Furthermore, aligned
electrodes enable the use of Equations 2.10, 2.11, and 2.12; because J, = 0. Itis clear that when conduct-
ing resistivity/conductivity measurements on UD CFRP materials with off-axis fibre orientations, one should
align electrodes with the fibre orientation.

3.4 \Validation of 2D assumption

Up until this point, all phenomena described have been contained within the xy-plane. Out-of-plane ef-
fects have been neglected and assumed constant. The specimens represented in Figures 3.5-3.7, 3.9, and
3.10, have no thickness. However, in the following chapter, measurements are done on specimens with
non-zero thicknesses. For this, the location of the terminal and ground become relevant in describing how
current will flow through the material. Figure 3.11 illustrates how current would flow through a specimen
with non-zero thickness. Here, guideline 4 of the measuring considerations becomes relevant.

As is outlined in the following chapter, all specimens tested have approximately the same thickness. To de-
termine an appropriate D, a 3D model is built with the appropriate specimen dimensions. The top and
bottom voltage probes are fixed as a parametric sweep is carried out over D .,,. The difference in measured
potential difference by the top and bottom probes is plotted in Figure 3.12. It can thus be concluded that a
minimum distance of 10 [mm] must be assigned to D .,,. All materials tested in the following chapter have
arelatively similar o3. Therefore, only one model needs to be made. Furthermore, the setup is symmetrical,
so the horizontal distance between the terminal and the first electrode of either probe is the same as the
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Figure 3.11: Flow of current inside UD laminate viewed in the xz-plane.

horizontal distance between the second electrode of either probe and the ground. Note that in this work,
D ey is Nnot used to describe the minimum distance required for the current flow to be fully developed; it is
the actual distance used in either the model or the experimental setup. Essentially, the D .,, used is larger
than necessary. However, this does not take away from the fact that the 2D assumption is valid within this
fully developed zone.

w B

AV =VV, [V]
N

[mm]

Ddev

Figure 3.12: Difference in simulated voltage between top and bottom probes for an 8-ply UD CFRP specimen.

Now, the experimental setup can be built according to the model design. As long as the setup confines
the voltage probes to the fully developed zone, the resulting measurement data can be compared to a 2D
model.
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Chapter 4

Experiments

This chapter presents the practical implementation of the six-probe method with aligned electrodes de-
scribed in the previous chapter. The materials tested in this work are discussed along side the preparation
of specimens. This is followed by a comprehensive overview of the measured data together with the em-
ployed analysis methods.

4.1 Material and specimen preparation

Laminates were prepared by stacking plies cut from 12 inch pre-impregnated rolls of composite tape. All
stacks consist of eight UD plies. The stacked plies were consolidated in the press to form laminates. The
edges of the consolidated laminates were trimmed and up to seven specimens were then cut out of each
laminate using a CNC milling machine. This ensured a consistent width of 40 [mm] for all specimens. The
thickness of each specimen was taken as the average of three measurements done with a digital microm-
eter at varying spots on the specimen. The average thickness of all specimens was approximately 1.11
[mm]; however, exact dimensions are taken into consideration during the analysis of the recorded data on
every specimen. This is because the thickness and width of the specimens contribute to the calculated
directional electrical properties, as was shown in Egs. 2.10, 2.11, and 2.12.

Three materials were tested: Toray Cetex TC1200 AS4/PEEK [27], Solvay APC AS4D/PEKK [28], and Toray
Cetex TC1225 T700G/LMPAEK [29]. All have a fibre volume fraction of vy = 0.59. From each material,
specimens were prepared with the following layups: [30]s, [45]4s, and [60]s.

4.2 Experimental setup

With the aim of comparing collected data to simulated results, the experimental setup is made to closely
resemble the models outlined in the previous chapter. Note that the model and setup change depending
on the material and layup being tested. For example, the & of the specific material being tested is used as in-
put for the model. Similarly, When testing a [45]45 layup, the input variable # must be adjusted accordingly.

Several important variables that are kept constant between each measurement of the same material and
layup. In the case of the model, this can be done through a parametric sweep. In the case of the physical
setup, the electrode aligning brackets, and the electrode clamps, serve as a repeatability assurance. The
relevant variables are as follows:

27
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e \Vertical alignment of top probe and bottom probe
« Horizontal distance between first and second electrode of probes: ¢,
e Horizontal distance between terminal and first electrode of the probes: D .,

« Alignment of electrode contacts with fibre orientation: 6

Terminal Probe Ground

Legs of contact  contacts contact
electrode _ |

aligning
bracket

A face up B face up

AN
J
J

z
|
A face down \ B face down
Slighlty
Flush 0 shorter

-~ .
Ddev o specimen

X

Figure 4.1: Distinction between face up and face down of tested specimens.

Each specimen is tested using the six-probe method to determine its electrical resistance. A direct current
is introduced along a line contact on the top surface of the specimen at one end. On the top surface at the
other end, a ground is applied, also along a line contact. Thereby resulting in current flowing inside the
specimen. Four voltage probes are then used to measure a potential difference across the top and bottom
surface of the specimen as shown in Figure 3.11. It is important to note that all probes are oriented such
that they line up with the fibre orientation. This is to avoid the potential short circuits visualized in Figure
3.9.

%L, + Fibres O Preferred current path
X

Terminal Ground

SR

TN Ly g N Feeew
Terminal ) v ) Ground
S TR S —

LV J Face down

b

Figure 4.2: Ezample of preferred current path inside a UD CFRP specimen caused by higher local fibre
volume fraction.

Furthermore, each specimen is tested face up and face down. The reason the specimen is tested twice is

to account forinhomogeneities in the specimen. When observing the cross section of a laminate, one will
find matrix rich regions as well as regions with relatively more fibre contact. Suppose the top of a specimen
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4.2. Experimental setup 29

has a matrix rich region and the bottom has a fibre rich region. Then, the current would be favored to flow
through the bottom side as opposed to equally through the whole thickness. This would result in a higher
current density near the bottom of the specimen. In Figure 3.11 this would be interpreted as more current
density streamlines near the bottom relative to the top. The bottom probe would thus record a higher volt-
age, since the resistance is constant. Figure 4.2 clarifies this phenomenon. Flipping the specimen over
gives insight into how homogeneous the specimen is. Additionally, the two measurements can be aver-
aged to get rid of this uncertainty regarding homogeneity of the specimen.

Top/Bottom
probe contact o~

Oscilloscope

l"_'Chzll
5 +|DC pov;/er =
supply
I Shunt: 0.78125 [Q]
, X Bhund +Ch1 - Ch1: 1  [A]
. Ch2: V, [V]
Oscilloscope Ch3: V, [V]
Electrode Hensfs Cha: Vo V]
allgnllng
bracI et Terminal Ground

Specimen i

—ICh4—

Oscilloscope

Section A-A

Figure 4.3: Annotated illustration of the experimental setup used.

To ensure that the same section of the specimen was tested in both measurements, the left side of the
specimen was lined out flush with the electrode aligning bracket. This means that even if a specimen was
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30 Chapter 4. Experiments

slightly longer or shorter than the bracket, the electrodes always made contact at roughly the same points.
Figure 4.1 illustrates how each specimen was flipped over and aligned so as to keep contact points con-
sistent. Note that when the specimen is flipped, the electrodes must undergo an in-plane rotation of 90°
to align themselves with the fibres. Therefore, a total of two separate brackets per fibre orientation tested
were printed. The brackets also serve to keep the electrodes parallel to each other. The whole setup for a
45°, face up, measurement can be seen in Figure 4.3.

Each specimen is tested through an applied voltage sweep ranging from 10 [V] to 60 [V]. This sweep is
communicated to the power supply through a program written in MATLAB, making all runs consistent. An
oscilloscope with three separate channels is used to record data saved as arrays in MATLAB. The different
channelsresulted in an array containing the current supplied by the power supply for a given voltage input,
and the voltage difference on the top and bottom of the specimen. The current is measured by passing it
through a current shunt with a known electrical resistance and measuring the voltage over the shunt. For
eachvoltage step, the system is given the appropriate rise time to let the signal stabilize, after which samples
are recorded with a sample frequency of 10 [kHZ] for a total of 10,000 samples.

4.3 Results

A total of 15 laminates were press consolidated, out of which 56 specimens were prepared and tested.
The measured voltage by the top probe (V;) and bottom probe (V}), together with the applied current is
first used to determine the electrical resistance (R) of the specimen. This resistance is then substituted into
Equations 2.10 and 2.11 to determine a p,, and p,, for each specimen. Furthermore, an apparent o3 is
found for each specimen using Equation 2.12.

4.3.1 Pressconsolidation

The three materials were consolidated according to their respective press-cycle. This can be seenin Figure
4.4. In all cases, a heating rate of 10 [°C/min] and cooling rate of 5 [°C/min] is used.

Consolidation Consolidation Consolidation
pressure: 20 [bar] pressure: 20 [bar] pressure: 15 [bar]

400 400 400

© 300 © 300 2 300
g g g
2 2 2

& 200 & 200 & 200
(0] (0] [0
Q. Q. Q

§ 100 § 100 § 100
[t [t [t

0 0 0

0 50 100 0 50 100 150 0 50 100 150
Time [min] Time [min] Time [min]
(a) C/PEEK (b) C/PEKK (c) C/LMPAEK

Figure 4.4: Press consolidation cycles for the three different materials.

Recovering fully intact laminates out of the press proved moderately challenging. Many of the laminates
came out with cracks of varying sizes; some also had entire corners chipped off. From such laminates, little
to no specimens could be prepared. Inthe case that parts of the laminate were usable, it was made sure that
no cracks extended into the regions from which specimens were prepared. Nevertheless, excess laminates
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were consolidated in an attempt to gather a minimum of four specimens per specimen type. The specimen
type refers to the combination of material and fibre orientation of the specimen. An example of a chipped
laminate is shown in Figure 4.5. This proneness to large crack formation is due to the unidirectional nature
of the laminates. Note that the cracks form and propagate in the matrix material, not the fibres. For cross-ply
laminates, for example, cracks are often stopped by fibres running transverse to the crack. However, in UD
laminates, the cracks can more easily grow parallel to the fibres. This can also be observed in Figure 4.5.
The break conforms to the fibre orientation inside the UD laminate.

Break following
fibre path

Curved S-shaped
fibre path

Figure 4.5: Ezample of a curved fibre path found on the surface of a [30]s laminate.

Furthermore, curved fibre paths were observed on the surface of several laminates. This occurrence was
solely found on the 30° and 60° laminates; which are essentially the same laminate but rotated 90° in-plane.
These curved fibre paths are an effect of the flow behaviour inside the mould during consolidation. This
flow occurs because the laminate is slightly smaller than the mould. As the heated laminate is compressed,
matrix material starts flowing towards empty spaces inside the mould. For UD laminates, flow is severely
restricted transverse to the fibres. Matrix material thus flows along the fibres before transverse flow occurs.
When the material comes in contact with the walls of the mould, the no-slip condition can be applied. This
means that at the point of contact with the walls, the flow velocity is zero. Once longitudinal flow stops,
the remaining empty space is filled by transverse flow. The UD fibres are displaced by the flow of matrix.
However, this flow is subject to the no-slip condition at its edges. The flow can thus be split into two stages:
initial longitudinal flow, followed by transverse flow. This, together with the no-slip condition at the walls
of the mould explains why the fibres follow an S-shaped path as shown in Figure 4.5.

The reason that 45° laminates were less affected by this could be related to the aspect ratio of the mould.
The mould is square, which has an aspect ratio of 1:1. 45° laminates share this aspect ratio, giving them a
certain symmetry inside the mould. However, 30° and 60° laminates do not have this same symmetry. One
way to validate this claim is to use a rectangular mould and laminate with matching aspect ratios. These
aspect ratios are identical to the ones shown in Figure 3.2.

In the previous chapter it was shown that parallel fibres and electrodes are crucial for accurate measure-
ments. The curved fibre paths observed after press consolidation are relevant because they introduce new
short circuits which were not visualized in the previous chapter. Figure 4.6 illustrates how such a short
circuit would look. The concept is the same as was discussed in the previous chapter. The current en-
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counters significantly less electrical resistance along continuous fibres, making it a preferred path. This
phenomenon occurs irrespective of the linearity of the fibre path.

A B Current reaches

point B instead
Electrode — of point A
O Curved fibre path
4

L
Contact point

Figure 4.6: Possible short circuit caused by curved fibre path during.

The observed non-linear path of fibres thus needs to be considered before measurements can be done.
The specimens originating from regions where this flow effect was not present could simply be used with
no further requirements. The specimens in which the flow effect was present could also still be tested, as
long as the flow effect did not extend into the zone in which the probes are placed. Figure 4.6 clarifies how
this condition can be met.

4.3.2 Rawdata

For each measurement done, four plots are generated. Note that a measurement refers to either face up
or face down for a single specimen. These plots correspond to the data collected through the different
oscilloscope channels. An example is include in Figure 4.7.
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Figure 4.7: Typical data set for a single measurement. Data from the four oscilloscope channels is plotted
in MATLAB. See Figure 4.3.

There is visible noise in the recorded current of channel 1. This is in part due to the range of the y-axis,
and the equipment used. However, taking the average over this gives an acceptable approximation. Over-
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all, this is a good measurement. The data is then used in the next analysis step to calculate the electrical
resistance of the specimen.

4.3.3 Resistance

The recorded data at each voltage step is averaged before it is interpreted. For each specimen, the voltage
difference measured by the top probe and bottom probe is plotted against the corresponding supplied
current. This is done for both the face up and face down measurements, resulting in a V-I plot with four
trends per specimen. As per Ohm'’s law, the gradient of the trend is the electrical resistance of the speci-
men. Essentially, there are four separate resistances which are obtained from each plot: R, s, 2y Rq .
R, 1. Where the subscripts u, d, t, and b, stand for face up, face down, top probe, and bottom probe respec-
tively. The average of the face down and face up measurements should lie relatively close to each other,
because it is the same specimen being tested. Therefore, in the case that these averages lie too far apart,
it can be said that the data for that specimen is unreliable. With this in mind, the V-I plot of a specimen can
fall into one of three categories.

@ Top probe M Face up — —Linear fit
& Bottom probe Face down —— Average fit
. 60° C/PEEK specimen . 60° C/PEEK specimen
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2 2
— Z —
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£3 g EE #
o (@]
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"L 77 "L 77
0 : : : 0 ‘ : ‘
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Current, | [A] Current, | [A]

(a) (b)

Figure 4.8: Current and voltage data of (a) a 60° C/PEEK specimen, and (b) another 60° C/PEEK speci-
men. Both specimens have a preferred current path.

The first category contains the non-homogeneous specimens. Generally, for a homogeneous specimen,
the voltage measured by the top probe should be equal or slightly higher than that of the bottom probe.
However, in practice, this is rarely the case. This category is the most common; containing approximately
75% of all specimens tested. Showcasing why it is beneficial to measure the specimen face up and face
down. The indicative sign that a specimen is non-homogeneous can be seen in Figure 4.8. This is an ex-
ample V-l plot of a non-homogeneous specimen. The face down measurement is the invert of the face up
measurement. This means that there is a preferred current path within the specimen. This path can be
more towards the top probe, or the bottom probe. An example of this was shown in Figure 4.2. This results
in that probe measuring a higher voltage. Figure 4.8 (a) thus belongs to a specimen which has a preferred
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current path near the top probe when face up. When the specimen is flipped over as shown in Figure 4.1,
the preferred current path now lies near the bottom probe. The opposite is true for the specimen of Figure
4.8 (b). There, the preferred current path lies near the bottom probe when face up and near the top probe
when face down. These preferred current paths are caused by the higher number of fibre to fibre contacts
in those regions, allowing for more current flow. The contrast in local to global fibre volume fraction can
be attributed to the manufacturing stage of the UD tapes, as well as the press consolidation stage of the
UD laminates. As was previously discussed, UD laminates are especially prone to undesirable flow effects
during press consolidation.

The second category contains homogeneous specimens. These generally result in a V- plots where the
top probe always measures a higher voltage, regardless of whether it is a face up or face down measure-
ment. This can be seen in Figure 4.9 (b). Occasionally, some of these specimens also result in a face down
measurement which is the invert of the face up measurement, as in the previous category. However, be-
cause the trends are so tightly grouped, the difference in measured voltage between the top and bottom
probe is negligible. An example of this is shown in Figure 4.9 (a), where one can see that all four trends are
tightly grouped.

@ Top probe M Face up — —Linear fit
¢ Bottom probe Face down —— Average fit
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Figure 4.9: Current and voltage data of (a) a 45° C/PEEK specimen, and (b) a 60° C/PEKK specimen.
Both specimens are homogeneous, with no preferred current path.

The last category contains specimens that show a significant difference between the face up and face
down measurements. Technically, these specimens should fall into one of the previous two categories.
However, the difference between the face up and face down measurements is significantly larger. Two
examples are shown in Figure 4.10. In this work, the data collected on such specimens is deemed too in-
consistent to be used for analysis. There are several issues which could be the cause of such deviation in
the measurement results. One possibility is that one of the two measurements went well, while the other
did not. For example due to poor or faulty electrical contact within the circuit. Most likely this would occur
at a connection point from for example the shunt to the terminal. Similarly, both measurements could be of
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poor quality. This uncertainty is what led to the decision to take data such as what is shown in Figure 4.10
out of the eventual data set.
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Figure 4.10: Current and voltage data of (a) a 30° C/LMPAEK specimen, and (b) a 60° C/LMPAEK spec-
imen. Both specimens show a large discrepancy between face up and face down measurements.

Table 4.1: Number of valid measurements (ns) used for further analysis for each specimen type.

9 C/PEEK C/PEKK C/LMPAEK

30° ) )
45°
60° ) 6

For all specimens, the average trend of the face up measurement was compared to the average trend of
the matching face down measurement. If the absolute percentage error between these two trends is larger
than 10%, the specimen is no longer considered for further analysis. For the specimens which have an error
below this threshold, the average of all four trends is taken as the resistance for that specific specimen. This
resistance is then used to determine the resistivity (p,,) of each specimen. Table 4.1 gives an overview of
the specimens considered for further analysis.

4.3.4 In-planeresistivity

The in-plane resistivity tensor was determined by calculating its components using Equations 2.10 and
2.11. Note that A = wh; where w [mm] is the width of the specimen, and h [mm] is its thickness. As was
previously mentioned, the width of all specimens is assumed constant, while the thickness has small vari-
ations. Furthermore, 9, depends on the fibre orientation, as discussed in the previous chapter. With this
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in mind, the resistivities were calculated for each specimen, using the average resistance from the respec-
tive V-1 plot. The average resistivities for the nine different specimen types tested are shown in Figure 4.11
together with the corresponding standard deviation as error bars. Only data from the specimens with a
percentage error below 10% is included in Figure 4.11. Therefore, not all results are based on the same
number of specimens. The number of specimens considered is denoted by an ng value in the plot.

ng: No. of specimens tested
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Figure 4.11: Average pg, and pyy of UD CFRP specimens measured at varying fibre orientations.

Even though the number of specimens that the results are based on differ per specimen type, Figure 4.11
still provides several insights. The first observation is that p, is always positive, while p., is always neg-
ative. This is a result of the manner in which the global coordinate system has been defined in this work.
pzz @nd p, depend on £, and I, respectively. It was shown in Figures 3.9 and 3.10 that for all three fibre
orientations, the x-component of the electric field is always positive, while the y-component is always neg-
ative. The absolute value of the resistivity is of more interest; however, p,,, is kept negative to increase the
readability of Figure 4.11.

When considering p.., One expects it to increase as the fibre angle increases. One can test this by substitut-
ing different values for 6 into Equation 2.10, and keeping all other variables constant. This trend is clearly
shown by the C/PEKK specimens. However, C/PEEK and C/LMPAEK specimens do not follow this trend.
This unexpected behaviour could very well be a result of the low number of specimens tested. LMPAEK
specimens also show the largest standard deviation. Because the data pool is relatively small, irregularities
in the measurements or the specimens themselves have a much larger influence on the final result. Increas-
ing the number of specimens tested could significantly increase the validity of the results.

When considering p.,, one expects a certain symmetry. At 45° it is at its highest. As ¢ increases and ap-

proaches 90°, it should decrease to 0 [(2m]. This trend should be mirrored when going from 45°down to 0°.
Essentially, p,, at 30°should be equal to p,, at 60°. This can be tested through Equation 2.11. This trend
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Figure 4.13: p,, and pgy as functions of 0, based on measurement data from C/PEKK specimens.

257

d pgy as functions of 0, based on measurement data from C/PEEK specimens.

| [Solvay AS4D/PEKK|

@ measured p,,
— Pu(0)
¢ measured p,,
— Pyy(0)

40 50
0 [deg]

1 1 1 1

60 70 80 90

1 1 1

10 20 30

[Toray T700G/LMPAEK]

@ measured py,
— Pu(0)

¢ measured p,,
— Pyy(0)

T

1 1 1

70 80 90

1

60

1

30

1 1

10 20

40 50
0 [deg]

Figure 4.14: p,,, and py, as functions of 0, based on measurement data from C/LMPAEK specimens.
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is visible for C/PEEK and C/PEKK specimens; however, the opposite is true for C/LMPAEK specimens. This
is most likely also attributable to the relatively low number of specimens tested.

Using the data points for the three different fibre orientations shown in Figure 4.11, one can plot p,, and
pay as functions of 6. This is done by fitting a second order polynomial over the three data points. The
results for C/PEEK, C/PEKK, and C/LMPAEK are shown in Figures 4.12, 4.13, and 4.14 respectively.

Figure 4.15: Influence of fibre orientation on electric field components. Note the electric field always lies
perpendicular to the equipotential lines, which correspond to the fibre orientation in this case.

Comparing the absolute values of p., and p,, to each other for each specimen type, one can notice a
trend shared by all materials. Firstly, for § = 45°, |pz| = |pay|. This is because in the case of § = 45°,
tan(f) = 1. Moreover, when § = 30° |pzz| < |payl; and when 6 = 60°, |pzz| > |payl- Thisisin line
with the manner in which the electrical resistivity defines the electric field generated by a given current
density. p., gives an indication of the magnitude of the electric field generated in the x-direction for a
given current density in the x-direction. On the other hand, p,, gives an indication of the magnitude of the
electric field generated in the y-direction for a given current density in the x-direction. This means that if
|pzz| > |pzyl. the generated electric field receives the largest contribution from its x-component. In the
case that | p,.| < |pzyl. the generated electric field receives the largest contribution from its y-component.
This is visualized in Figure 4.15. Itis clear that at § = 60°, the x-component is larger than the y-component.
The opposite is true at § = 30°.

Table 4.2: Fxpected and average measured directional resistivities for off-axis UD CFRP specimens. Based
on Figure 4.11, and FEquations 2.10 and 2.11.

Predicted Measured FError Predicted Measured Error
Pzz [QM]  poy [Qm] (%] pay [2m]  pay [Qm] [%]

Material 0

30° 0.037 0.028 -24 0.064 0.049 -24
C/PEEK 45° 0.074 0.107 45 0.074 0.107 45
60° 0.111 0.105 6 0.064 0.060 6
30° 0.070 0.105 50 0.121 0.182 50
C/PEKK 45° 0.140 0.200 42 0.140 0.120 42
60° 0.210 0.290 38 0.121 0.168 38
30° 0.073 0.236 226 0.126 0.374 198
C/LMPAEK 45° 0.145 0.134 -8 0.145 0.134 -8
60° 0.217 0.417 93 0.126 0.242 92

The results have been summarised in Table 4.2. Overall, C/PEEK seems to have the lowest resistivity, while
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C/PEKK and C/LMPAEK are slightly higher. The latter two are also quite comparable when it comes to resis-
tivity. Here, one can also see the difference in expected resistivity and measured resistivity for all specimen
types. Both resistivities are based on Equations 2.10 and 2.11. The expected resistivities are calculated
using p2. The p; term is neglected as it has an insignificant impact on the calculated value. The p2 values
used are taken from experimental work done by Buser [2]. The materials tested in that work are the same
as in this work, except for the fact that different pre-preg rolls were used to prepare the laminates. The 8-ply
UD specimens tested by Buser had a layup of [0]4s; and a similar six-probe method was used specially for
determining the in-plane transversal conductivity (o2). This o2 is then converted into p2 to be used in this
work.

4.3.5 In-plane transversal conductivity

Taking a step back to the average resistance interpreted from the V-I plots of the specimens, one can also
calculate one of the three principal resistivities: po. This can be done using Equation 2.10. Because of the
extremely high anisotropy of the material, this expression simplifies to Equation 2.12. Essentially, the fact
that o1 > o9, and that p is the reciprocal of o, results in p; < p2. So much so, that the p; term barely
contributes, and can therefore be taken out of the expression. Equation 2.12 thus makes it possible to
determine a o for each specimen. The average o for the nine different specimen types tested are shown
in Figure 4.16 together with the corresponding standard deviation as error bars. This is based on the same
data set as Figure 4.11, which is described by Table 4.1. The collected data is compared to the results of
the work done by Buser [2], also used for Table 4.2. It must be noted that that data is based on the average
results for 15 specimens, which is a two to three fold increase is sample size when compared to this work.

15F 05 n,: No. of specimens tested
= [un
12T ZzZ| [EX}
nS
10+ 2 y 1 % D [45]4s
- s NG e
c% 7.5 n=7
S
5 I
25

Toray AS4/PEEK ' Solvay AS4D/PEKK 'Toray T700G/LMPAEK

Figure 4.16: Average oo of UD CFRP specimens measured at varying fibre orientations. The data for the
[0]4s specimens was taken from [2].

The collected data shows some spread in the calculated o,. For a single material, one expects a consis-
tent o9, regardless of the fibre orientation. However, this is not entirely the case when looking at Figure
4.16. C/PEKK specimens have the least amount of spread. Furthermore, when considering the standard
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deviations, one can see that these also lie close to each other. On the other hand, C/PEEK and C/LMPAEK
specimens have a larger spread. Still, when comparing the result of this work to the result of the work done
by Buser [2], the possible values for o9 are relatively close together. When comparing the materials, it is
clear that C/PEEK specimens have the highest in-plane transversal conductivity. This could also be ob-
served in Figure 4.11, where C/PEEK specimens showed the lowest resistivities.

When looking at the C/PEKK data, one might observe that as the fibre angle increases, the average mea-
sured o decreases. This would mean that either measuring at large fibre angles underestimates the value
of o9, or measuring at small fibre angles overestimates oo. However, this isinconclusive. Because this trend
cannot be seen in the C/PEEK or C/LMPAEK data.

n=17
ng: No. of specimens tested
. Data from [REFFERENCE]
. Data from this work
— 7.5}
£
4
S n=15 n=14

n=18 n=15

Toray ‘ Solvay ‘Toray T700G/
AS4/PEEK AS4D/PEKK LMPAEK

Figure 4.17: Average oo based on all fibre orientations tested in this work, compared to the results from [2].
Since the measured o5 should be the same, regardless of the fibre orientation, the data was combined for

each material. As can be seen in Figure 4.17, the results are in good agreement with those found by Buser
[2].
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Chapter 5

Discussion & Recommendations

Four measuring considerations were introduced in Chapter 2 to serve as guidelines for conducting electri-
cal conductivity/resistivity measurements. A measurement method was designed with the aim of measur-
ing the off-axis electrical resistivity (p,,) of UD CFRP laminates. To this end, six electrodes are used, with
one top probe and one bottom probe. Line contacts are used, and these are aligned with the fibre orienta-
tion to avoid short circuits. Furthermore, the aspect ratio of the specimens is chosen such that there are no
continuous fibre paths between terminal and ground and there is sufficient distance between the terminal
and probes for current to fully develop. The results are compared to an expected value calculated using
analytical expressions. While considerable error is found, the measured data in this work is in line with the
results found by Buser [2] in another study.

5.1 Method results

As was shown in Table 4.2, there is a significant discrepancy between the off-axis resistivity predicted with
the analytical expression and the one calculated using the measurement data. The error is not consistent
between different fibre angles or between different materials. However, for seven out of the nine specimen
types, the measured p,, and p., values underestimate the predicted ones.

This can be interpreted in two distinct ways. Either the analytical expressions are not sufficiently complex
to determine the off-axis resistivity of UD laminates, or the measurements are invalid. In case of the former,
there are potentially contributions which have not been considered and result in missing terms in the an-
alytical expressions. On the other hand, one could argue that the measurements are not ideal, and thus
error should always be expected. While this is true, the inconsistency of the error, as well as its magnitude
indicates that there is still more to be understood about off-axis resistivity of UD laminates.

Even though the error is significant, the results found in this work are still in line with the results found in
another study. This is a good sign for validity of the measurement method. Looking at the results, it is clear
that for now the measurement method is needed to determine the off axis resistivity of UD laminates. Simply
knowing o1 and o9, and using the analytical expressions is not sufficient. Before the employed measuring
method can be recommended, its reliability and validity must be discussed.
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5.2 Method reliability

One way to assess the reliability of the developed test method is to consider the repeatability of the mea-
sured data. As was shown by Figure 4.17, there is still a considerable amount of spread in the measured os.
While C/PEKK has the lowest standard deviation, at around 24% of the average. The standard deviation for
C/PEEK and C/LMPAEK is 47% and 55% of the average, respectively. Even though this is quite significant.
It could in large part be caused by the material itself.

When it comes to CFRP's, there are a number of reasons why inconsistent measurements can be attributed
to the material. It is well documented that the material structure, or morphology, of composite tapes can
vary drastically between manufacturers. Furthermore, tapes cut from rolls belonging to different batches
can also have distinct structures, even if they are produced in the same manufacturing facility. The batch
number of a roll says something about the date of manufacturing. Itis thus important to consider this when
working with CFRP materials. This is not an issue for electrical properties in the 1-direction. Essentially, all
three conductivities depend on the fibre conductivity (o4). The difference being that the conductivity in
the 2- and 3-direction are sensitive to the morphology and depend on fibre-to-fibre contacts. In Figure 4.2
it was shown how this can result in the formation of preferred current paths. The C/PEKK specimens are
the only ones which all originated from the same roll in this work. In the case of C/PEEK and C/LMPAEK,
the specimens were made from two separate rolls. This might be a reason that the spread in measured o5
is lower for C/PEKK.

Furthermore, the data from this work, shown in Figure 4.17, is based on specimens taken out of different
laminates. This adds more chance for variations to occur, because the consolidation itself can affect the
final architecture of the fibres, especially for fully unidirectional lay-ups. Attempts are made to ensure as
much consistency as possible. For example using the same process settings for the press consolidation
stage. These settings were kept constant based on the material. However, one could argue that a better
method would be to cut all specimens from the same laminate. This could be done by press consolidating
a [0]45 laminate and using a CNC to cut out specimens with varying fibre orientations. Figure 5.1 illustrates
how this would look. The disadvantage of this is that the specimens would have to be made significantly
smaller if the same number of specimens need to be cut out of a single laminate. One would still have to
ensure an aspect ratio larger than the critical aspect ratio for the given fibre orientation. A new physical
setup would have to be made to allow the testing of these smaller specimens. Using point-contact elec-
trodes could also prove useful in this case. Specimens that keep a constant length but have a smaller width
also have a higher resistance, meaning that less current will pass through for the same voltage applied. De-
pending on the accuracy of the measuring equipment used, such low currents might not be feasible.

5.3 Method validity

The validity of the measurements is another metric that can be used to determine the quality of the data
gathered using the developed method. It was shown in Table 4.2 that there is a large discrepancy between
the measured p,,, and the predicted p,... While the absolute difference seems small, the percent difference
is significant. This is especially an issue for the C/LMPAEK measurements. One might argue that theoretical
conditions could never be met. So in practice for example the fibres are not all oriented at 6 exactly. It is
true that this could influence the measurement. However, that would not result in an average difference of
over 50% between predicted and measured.

Another argument could be that a much larger number of specimens need to be tested to reduce the effect
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Figure 5.1: Sketch of potential CNC program to produce specimens with varying fibre orientations out of a
single laminate. The subscripts L and S refer to the laminate and specimen coordinate system
respectively.

of measurement inconsistencies. While this is simple to do, it would most likely require that specimens are
made from multiple different laminates, which could bring in more variation to the data.

Lastly, the large error could be attributed to the sensitivity of the measuring equipment itself. The currents
achieved during experiments did not exceed 1 [A]. An indicative range of currents can be found in Figures
4.8-4.10. The equipment used is intended for currents as low as 0.1 [A] according to the manufacturer.
Some measurements did not reach this threshold. To increase the current, thicker and/or wider specimens
should be used.

For wider specimens, the idea of cutting all specimens out of a single laminate becomes even less plau-
sible. So thicker laminates seems like the better option. One must consider that with thicker laminates,
the minimum distance between the terminal and first electrode of the probe (D ,,) will also increase (see
Figure 3.11). Thicker specimens can also introduce new uncertainties regarding out-of-plane conductivity.
This was not considered in this work. However, as was illustrated in Figure 3.11, current also flows in the
z-direction. Electrical conductivity in this direction is dominated by o3. Unlike o9, o3 also considers current
flow between layers. There is a contact resistance between the adjacent plies which is different to that be-
tween adjacent fibres. As one can imagine, the effect of this contact resistance increases as the number of
layers increase. A portion of the resistivity measured in the x-direction thus originates from a current flow-
ing in the z-direction. For thin specimens, this can be neglected. However, with thicker specimens, this
contribution could become more significant.
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Chapter 6

Conclusion

To better understand to electrical behaviour inside complex fibre networks, varying current and voltage dis-
tributions inside UD CFRP materials have been visualised using numerical modelling. The insights gained
can be used as guidelines during the measuring of electrical properties of UD CFRP materials. This led to
the development of a measurement method for UD CFRP materials with off-axis fibre orientations that can
be used to measure directional resistivities/conductivities.

The use of a six-probe method is advisable, as it allows one to account for material inhomogeneities. Mea-
suring each specimen twice by flipping it over is also a good way to improve the validity of the data. When
using line-contact electrodes, it is essential to align these with the fibre orientation. It has been shown that
unwanted short circuits can occur otherwise. If, instead, point-contact electrodes are used, these must
be aligned in the test direction (x-direction in this work). Regarding the geometry of the specimens; one
must ensure that no continuous fibres provide a direct path between the terminal and ground electrodes.
Therefore, an aspect ratio larger than the critical aspect ratio must be used for all specimens. Furthermore,
specimens must be long enough to allow the current flow to fully develop. The voltage probes should also
be placed within the fully developed (uniform current distribution) zone. This means that the distance be-
tween the terminal and first electrode of the probe (D;,,) must be long enough. Specimens should also
be inspected to ensure there are no curved fibre paths within the measurement zone. These curved fibre
paths can form during the press consolidation step and are mostly found near the edges of the consoli-
dated laminate.

The developed method was used to collect data on three highly relevant materials in the aerospace indus-
try with three different fibre orientations. The results show considerable spread. However, it must be noted
that they are in good agreement with data from other authors. The spread in results could be attributed
to the large variation in material morphology which can be found when working with CFRP materials. The
argument being that inconsistent material structure results in inconsistent measurement data. This is espe-
cially relevant for the electrical properties transverse to the fibre direction, which are in large part governed
by the fibre volume fraction.

Fromthe data gathered in this work, it can be concluded that physical testing is still required for determining
the off-axis resistivity of UD CFRP laminates. Simply knowing the principal, in-plane, resistivities (p; and p2)
is not sufficient. Further research needs to be done with the aim of reducing the error between measured
and predicted off-axis resistivity. This will enable accurate models capable of predicting the directional
resistivity regardless of fibre orientation.
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