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Abstract

The interlaminar region is a contributing factor to the limited electrical conductivity
of carbon fiber/epoxy composites. Consisting of electrically insulating epoxy matrix
between conductive layers of carbon fiber, the interlaminar region prevents electrical
interaction between the carbon fiber layers and electrical conduction in the through-
thickness direction.

The interlaminar region in thin [0,0] carbon fiber/epoxy composites has been rein-
forced by carbon nanotubes (CNT) by two methods. First by aligned CNT forests
from N12 Technologies and secondly by self-produced Buckypapers, porous CNT
films, of different areal densitites. Two batches of laminates modified by aligned
CNTs, having different curing conditions, and laminates modified with Buckypapers
were manufactured. The laminates were evaluated by their electrical conductivity
and electromagnetic interference shielding efficiency (EMI SE).
The addition of external pressure to the laminates during curing brought an in-
crease in longitudinal conductivity, a consequence of higher fiber packing. Also,
both reinforcement methods increased the longitudinal conductivity through im-
proved electrical interaction between the carbon fiber layers. However, only the
Buckypaper reinforcement augmented the transversal conductivity significantly, act-
ing as a highly conductive route in the interlaminar region.Both batches of aligned
CNT modified laminates exhibited equal EMI SE, questioning the influence of the
conductivity of the laminate on its EMI SE. Also, the increase in EMI SE brought
by the aligned CNT forests were negligible compared to the reference. However, the
reinforcement by Buckypapers proved successful, reaching -45/-50 dB at 1000 MHz,
improving from 30 dB of the unmodified reference at the same frequency.
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1
Introduction

The use of fiber reinforced polymer (FRP) composite materials as a structural mate-
rial has increased in the past decades in many sectors, such as in the aeronautics and
automotive industries. Being highly flexible, possible to be tailored to the specific
mechanical requirements and having high specific strength and stiffness due to be-
ing light weight, fiber reinforced polymer composites have many advantages. Today
most applications of composite materials are purely mechanical and are replacing
traditional metallic materials in the aeronautics and automotive industries. How-
ever, having less than ideal electric and thermal conduction, fiber reinforced polymer
composites are not suited in applications where electrical and thermal properties are
of great importance. Examples of these situations may be the skin of airplanes, the
first point of contact in the case of lightning strikes, or electromagnetic interference
shielding, ensuring proper function of electrical equipment [1],[2],[3].
A contributing factor to the low electrical and thermal performance of fiber re-
inforced polymer composites is the interlaminar region. The interlaminar region,
located between the fiber layers of the composite, is a non-reinforced resin rich area
about 10-20 um in thickness [4]. In carbon fiber/epoxy composites, which has been
studied during this thesis, electrically conductive carbon fibers [5] and their fiber
layers are electrically and thermally insulated from each other, preventing conduc-
tion in the thickness direction due to the insulating properties of the epoxy matrix
[6].
However, with the increased interest in nanotechnology and exploring the potential
of materials such as graphene and carbon nanotubes, a future of multifunctional
composite materials is on the horizon. By adding electrical and thermal properties
to excellent mechanical materials, such as carbon fiber composites, new advanced
and elegant solutions to current problems may be found.
In this master thesis, the integration of carbon nanotubes into the interlaminar re-
gion has been performed through two reinforcement methods. Later, the reinforced
laminates has been evaluated through determining their electrical conductivity and
possible application as electromagnetic interference shields.
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1. Introduction

1.1 Background of the Project

This thesis project is part of the course E7018 - Degree project in Engineering Ma-
terials under the program Materials Science & Engineering (EEIGM) at Luleå Uni-
versity of Technology and was conducted during the spring and summer of 2019 at
SAAB Surveillance in Gothenburg. The project was supervised by Material Special-
ists Ros-Maire Lundh at SAAB Surveillance in Gothenburg, and Linnea Selegård
at SAAB Aeronautics in Linköping together with Professor Janis Varna at Luleå
University of Technology.

The thesis project has been a cooperation between SAAB Aeronautics in Linköping
and SAAB Surveillance in Gothenburg. SAAB Aeronautics, in possession of N12
Nanostitch r Vertically Aligned Carbon Nanotube Forests, required an evaluation
of the impact brought by the Vertically Aligned Carbon Nanotube Forests in the
interlaminar region to the electrical conductivity in carbon fiber/epoxy composites.
Simultaneously, SAAB Surveillance required an evaluation of the possibility of using
carbon nanotubes in electromagnetic interference shielding applications in carbon
fiber/epoxy composites. After a literature study, the use of Buckypapers appeared
to be a suitable use of carbon nanotubes according to the requested application of
carbon nanotubes requested by SAAB surveillance. Due to these combined require-
ments, laminates reinforced with Nanostitch r and Buckypapers were manufactured
in parallel. Both reinforcement methods of the interlaminar region were evaluated
by their impact on conductivity in the laminates and by their impact on electro-
magnetic interference shielding.
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2
State of the Art

2.1 Carbon Nanotubes

In 1991, Nature published an article by Iijima, "Helical microtubules of graphitic
carbon" [7], in which the author claimed to have discovered a new type of fullurene.
These fullurenes had a tubular shape and are today referred to as carbon nanotubes,
CNTs. Since their discovery, their synthesis and properties has been researched
extensively and it is one of many nanomaterials used in the field of nanotechnology.

2.1.1 Structure of Carbon Nanotubes

When describing the structure of CNTs, an easy analogy is that of a rolled up
and closed graphene sheet. The tubes consists of an hexagonal structure of carbon
atoms, bonded together by sp2 carbon-carbon orbitals. CNTs are categorized into
two groups, Single-Walled CNTs (SWCNT), consisting of a single tube, and the
Multi-Walled CNTs (MWCNT), consisting of two or more walls making up the
tube arranged concentrically, held together with van der Waals forces between the
walls [8]. The dimensions of the CNTs vary greatly, depending on their growth
conditions. The length may be as short as a few hundred nanometers and up to
several millimeters. The diameter varies from just a few nanometers for the thinner
SWCNTs and may have diameters up to several hundreds of nanometers for thicker
MWCNTs, with the increased number of tubes being present [9].
To continue the analogy with the graphene sheets, it is possible to roll up and
close the graphene sheets in several configurations. To describe the configurations
of the CNTs, the term chirality is introduced. To describe the configuration, or the
chirality, of a CNT, a chiral vector and chiral angle is introduced.
The chiral vector is based in the hexagonal structure of the walls of the CNTs, the
graphene sheets, and is described by the following formula:

Ch = na1 +ma2

where a1 and a2 are the unit vectors in the hexagonal lattice. n and m are the in-
tegers indicating how many steps along the direction of the unit vectors are needed
to draw the chiral vector. One way of describeing the chiral vector is, saying that
the end of the CNT is open/non-capped, the vector in the structure which goes on
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2. State of the Art

the rim along the whole circumference of the tube. (See red and blue vectors fig 2.1).

Tîlmaciu and Morris Carbon nanotubes for biosensing applications

FIGURE 1 | Structure and models of carbon nanotubes in function of their number of walls. (A) Single-walled carbon nanotubes (SWNTs) structures in

function of their chirality (zigzag, armchair, and chiral). (B) Model of double-walled carbon nanotubes (DWNTs). (C) Structure of multi-walled carbon nanotubes

(MWNTs) made up of several concentric shells.

in the biological samples. This band corresponds to a second
order of the CNT vibration.

Photoluminescence from SWNTs, as well as optical absorption
and Raman scattering, are linearly polarized along the tube
axis. This allows monitoring the SWNT orientation without
direct microscopic observation. Indeed, semiconducting single-
walled CNTs emit near-infrared light upon photoexcitation,
described interchangeably as fluorescence or photoluminescence.
However, no excitonic luminescence can be produced in metallic
tubes. Their electrons can be excited, thus resulting in optical
absorption, but the holes are immediately filled by other electrons
of the many available in the metal. Therefore, no excitons are
produced. Hence, photoluminescence is used for characterization
purposes to measure the quantities of semiconducting nanotube
species in a sample.

Another attractive property of these carbon nanostructures is
their exceptional photothermal response. Photothermal therapy
is used to reduce the size of tumors or even to eliminate them.
SWNTs have been shown to serve as photothermal therapeutic
agents to destroy cancer cells, using NIR laser irradiation to
generate heat, following SWNTs internalization (Kam et al., 2005;
Chakravarty et al., 2008).

CNTs may further be filled with different ferromagnets,
therapeutics, sensors, or magnetic resonance contrast agents
for applications such as sensoring (Klingeler et al., 2008),
hyperthermia cancer treatment (Singh and Torti, 2013), drug
delivery (Hampel et al., 2008), biosensing (Oh et al., 2013), or
magnetic resonance imaging (MRI) (Sitharaman et al., 2005).

Last but not least, the high optical absorption of SWNTs
can also be used in photoacoustic imaging. This method

Frontiers in Chemistry | www.frontiersin.org 3 October 2015 | Volume 3 | Article 59

Figure 2.1: Chirality and chiral vectors of CNTs, [10]

Three categories of chiralities are used to describe the CNTs: zigzag, armchair and
chiral. The zigzag, indicated by blue chiral vector in fig 2.1, are the configurations
where m=0. The armchair, indicated by the red chiral vector, are the configurations
where n=m. The remainder of possible configurations are together called chiral [10].
The chirality of the CNTs affect their properties, primarily their electronic structure.
It has been discovered that if (2n+m) equals a multiple of 3, the CNT will have
metallic conduction, otherwise being semiconducting [8].
Coming back to the differences between SWCNTs and MWCNTs, only one chirality
is available for the SWCNTs, consisting only one wall. Meanwhile, in the case of
MWCNTs, each individual wall of the multiple tubes may have a different chirality,
making it difficult to tune the electronic properties of the MWCNTs.
Another use of knowing the chirality of the CNTs is the possibility to calculate its
diameter and its chiral angle, knowing the length of the unit vectors being a=0,246
nm [11].

d = a

π

√
n2 + nm+m2 (2.1)
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2. State of the Art

θ = tan

(
m
√

3
2n+m

)−1

(2.2)

2.1.2 Properties of Carbon Nanotubes

The electrical, thermal and mechanical properties of individual CNTs are all excel-
lent. Examples of some electrical and thermal properties of SWCNTs and MWCNTs
are presented in figure 2.2, a table from [8], together with other carbon allotropes.
Observing the given electrical conductivities given for SWCNTs (102-106 S/cm) and
MWCNTs (103-105 S/cm), the conductivity varies. This is an example of the num-
ber of tubes in the CNT together with their chiralities and their purity. Mechanical
properties are not presented in figure 2.2, however, the Young’s modulus’ are ap-
preciated to be 2.8-3.6 TPa for SWCNTs and 1.7-2.4 TPa for MWCNT [12].These
incredible mechanical properties are due to the strong sp2 bonds, being stronger
than the sp3 bonds found in diamonds [8].

Figure 2.2: Properties of carbon allotropes, including SWCNT and MWCNT, [8]

Although their thermal and electrical conductivities are excellent, the previously
presented values represent the internal conduction of CNTs. However, due to being
small and short, the conduction may not be performed only internally in the CNTs
in macroscale devices. To propagate the thermal and electrical conduction, different
phenomenons occur. In the case of thermal propagation the inter-tube transfer is,
as internally in the CNTs, through phononic movement. This transfer is problem-
atic due to interfacial and contact resistances between contacting CNTs or between
CNTs and polymer if integrated into a resin [13],[14]. So far, no effective method of
exploiting the excellent thermal properties to their full extent has been found.
The inter-tube electrical phenomenon to propagate the electric conduction is through
tunneling. Integrating CNTs into a resin, which is a common practice to enhance
electrical properties of bulk resin, the dispersed CNTs will likely be separated from
each other by an isolating barrier of polymer. The electrical conduction in these
CNT modified resin are highly dependent on the distance between the CNTs, the
tunneling distance. Decreasing the distance between the CNTs, the insulating bar-
rier becomes thinner to the next CNT, increasing the chance of a tunneling event to
occur. This is clearly illustrated later when percolation theory is discussed, where an
increase of CNT concentration decreases the tunneling distance, giving a dramatic
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2. State of the Art

increase in electrical conductivity [15].
Problems quickly arise, resulting in drop in performance, when trying to produce
component of CNTs on macroscopic scale. The excellent properties of the nanoscale
are difficult to transfer to the macroscopic components. Problems concerning align-
ment, inter-tube distance, discontinuity, packing density and impurities of the CNTs
each play a role in how bundles or films of CNTs perform relative to the individual
tubes. These are the challenges facing the implementation of CNT based devices
today [16].

2.2 Synthesis of Carbon Nanotubes

Since their discovery, a number of methods has been developed in order to synthesize
CNTs. From originally being synthesized by electrical arc discharge and laser abla-
tion method, the now dominant synthesis method is the chemical vapour deposition
(CVD) method and its further developments.

2.2.1 Electrical arc discharge method

Originally a method to synthesize fullerenes, Iijima observed the presence of MWC-
NTs among fullerenes produced by the electrical arc discharge method in 1991 [7].
The electrical arc discharge method is performed in a vacuum chamber filled with
inert gas, such as argon or helium, where two graphite electrodes are situated. By
bringing the graphite electrodes closer together gradually whilst applying a potential
difference and a high direct current, an electrical arc-breakdown may be triggered.
The breakdown is powerful enough to sublimate carbon from the anode graphite
electrode and create a plasma between the electrodes. With the sublimation of car-
bon atoms from the anode, carbon atoms are released and an increase in pressure
occurs with carbon atoms escaping the plasma. During this process, a deposition
of soot, consisting of fullerenes and amorphous carbon will be found on the reactor
walls and a second deposit on the cathode [17]. The deposit which is deposited
on the cathode consists of a hard outer shell and a fibrous core. Analyzing the
two constituents, the hard outer shell consists of MWCNTs and other nanoparticles
fused together, making the MWCNTs inaccessible. Pure MWCNTs are found in the
fibrous inner core of the deposit together with graphitic nanoparticles. Purifying
this product is later required in order to obtain a pure sample of CNTs. It should
be added that by doping of the graphite electrode serving as anode with metal-
lic catalysts, it is possible to change the structure of the produced CNTs and also
to produce SWCNTs, although a precise understanding of this process is not yet
achieved [11].
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2. State of the Art

2.2.2 Laser ablation

The laser ablation method utilizes graphite, as in the arc-discharge method, as the
carbon feed-stock to synthesis CNTs. The synthesis requires high temperatures,
1000-1200◦C [11], and is performed in a customized furnace. In the furnace, a tube
containing a substrate holder for the graphite is concentrically placed and at the
end a conically shaped water-cooled copper rod called the collector is situated. A
flux of inert gas is introduced in the tube as powerful laser beams vaporize the
graphite substrate, releasing free carbon species to be carried with the gas towards
the collector [18]. As the temperature drops upon approaching the collector, the
free carbon species interact and coalesce. By laser ablation method, a number of
different carbon species may be synthesized, although only MWCNTs and SWCNTs
are of interest in this case [19]. The synthesized product is collected by the collector
and scraped of. The influence of metallic catalysts in the laser ablation synthesis is
equal to its influence in the electrical arc discharge method, where the use of pure
graphite as feed-stock results in MWCNTs, and those being doped in SWCNTs [11].

2.2.3 Chemical Vapour Deposition

Synthesis of CNTs has moved on from being predominately synthesized by electrical
arc discharge and laser ablation method to chemical vapour deposition (CVD) syn-
thesis. Today, a number of CVD methods has been developed to produce CNTs, such
as thermal [20], plasma-enhanced [21], floating catalyst [22],[23] and water assisted
CVD [24]. The primary advantage of the CVD synthesis is its highly controllable
nature of the growth conditions. Reaction rate, reaction time, length and diameter
of the CNTs are controllable to a large extent, although complex [23]. This control-
lability of the synthesis offers a repeatability of production and greater possibility
to study the influence of the different characteristics of the CNTs in relation to their
properties. Other advantages of the CVD approach is the high yield generated by
the method, its relatively low cost and possibility for up-scaling for industrial pro-
duction in contrast to the two before mentioned methods [11].
To distinguish the multiple CVD methods from each other, two methods are men-
tioned concerning the location of growth of the CNTs. Synthesis by CVD is either
performed on a substrate covered by catalysts or in situ with catalysts in the gas
phase [11].

2.2.3.1 Substrate supported thermal catalytic CVD

A frequently used method of synthesis of CNTs in the literature is a thermal CVD
with CNTs growing from catalysts supported on an unreactive substrate. The
growth is performed in a furnace reactor, in which the substrate with catalysts
is placed and heated. The carbon fed-stock is commonly a hydrocarbon gas, such
as methane [25], ethylene [26] and acetylene [27], or hydrocarbon liquids such as
ethanol [28] and toluene [29], which is introduced to the furnace reactor together
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2. State of the Art

with inert gas to be diluted [11]. Upon interaction with the catalysts and the ther-
mal energy provided by the furnace, the carbon fed-stock is decomposed and free
carbon species is made available to coalesce and grow into CNTs. The resulting
CNTs "forests" are attached to the supportive substrate and easily collected after
synthesis. A positive aspect with this approach is the possibility to grow highly
aligned samples of CNTs, due to steric interactions [11]. A limiting factor with this
synthesis method is it being batch-based, preventing a continuous production.

2.2.3.2 FCCVD - Floating Catalyst CVD

Floating catalyst CVD is an in situ CVD synthesis and has similar growth condi-
tions as the substrate supported method concerning the catalytic decomposition of
the carbon fed-stock. However, the catalyst is not fixed to a substrate, but intro-
duced to the reactor in a gaseous state either independently or together with the
hydrocarbon and inert carrier gases. As a consequence, no steric interaction is lim-
iting the continuous growth of longer CNTs, which might be the case in substrate
based growths. Consequences are the need to collect the floating CNTs when exiting
the chamber and the loss of alignment which is possible to obtain in the substrate
grown counter-part. However, the floating catalyst CVD method, being a contin-
uous synthesis, is highly interesting for industrial production of CNTs and longer
CNTs [22].

2.3 Conductive nanocomposites by carbon addi-
tives

Most polymeric matrices which are used in the industry are electrical insulators.
However, by incorporating conductive fillers in the matrix, conductive pathways in
the insulating matrix may be established, rendering it electrically conductive. Car-
bon additives, such as carbon black, graphene and CNTs, are examples of possible
conductive fillers which may be used in this application. The dramatic increase in
conductivity of the matrix by adding conductive fillers, by several orders of magni-
tude, is described by percolation theory. The resulting conductivity of the matrix
is described by the following equation:

σ = σ0 ∗ (φ− φc)t (2.3)

The exponent t is related to the dimensions of the established conductive network
which being two- dimensional or three-dimensional has the theoretical values t = 2
and t = 1.3 respectively [30]. φ is the fraction of added filler to the matrix and φc
is the percolation threshold. The percolation threshold signifies the creation of the
first conductive pathway in this case. Depending on the shape of the conductive
filler, or its aspect ratio rather, the percolation threshold is affected. The value of
the percolation threshold indicates the ease of establishing a conductive pathway
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2. State of the Art

using a specific filler which spans the whole material. A spherical filler, such as
carbon black, with an aspect ratio close to 1 due to its similar dimensions, requires
a higher concentration than fillers of higher aspect ratios, such as CNTs. Higher
aspect ratio indicates a thinner and longer filler which is capable to span farther in
space, requiring fewer filler particles to span the total length. A comparative study
by M.H Al-Salleh et al [31] indicates this clearly, where the EMI shielding efficiency
and electrical conductivity of acrylonitrile-butadiene-styrene (ABS) matrix filled
with carbon black, carbon nanofiber or CNTs was studied. In their study, the
percolation thresholds in their systems were determined to be between 4.0 and 5.0
wt % for carbon black, between 1.25 and 1.5 wt % for carbon nanofibers and below
0.5 wt % for carbon nanotubes. The percolation behaviour is illustrated in figure 2.3
with the dramatic decrease of resistivity, the inverse of the increase of conductivity.
Above the graph in figure 2.3, the percolation thresholds for carbon black and CNTs
are clearly illustrated and the effect of the aspect ratio on the percolation threshold
is shown.

Figure 2.3: Illustration of the perculation threshold, [9]

The sharp decrease in resistivity in figure 2.3 represents the percolation threshold.
The subsequent decrease of resistivity and increase of conductivity represents further
creation of conductive pathways in the matrix, until a saturation level is reached
[30]. Other factors which influences the percolation threshold, apart from the aspect
ratio of the conductive filler, are most notably the dispersion, distribution and the
alignment of the conductive filler in the matrix. If the fillers would not be homoge-
neously dispersed and distributed in the matrix, the network of conductive pathways
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will not be uniformly reaching in the material, leading to anisotropic properties.
Although the percolation behaviour is simple in theory, it has its limitations in
practice when producing the conductive nanocomposites by conventional produc-
tion methods. Incorporation of CNTs into the polymer can be achieved by mixing
CNTs into the polymer resin before being processed in a casting or injection tech-
nique [32]. However, when adding the CNTs as an additive in a conventional melt
mixing procedure, such as in extrusion and injection moulding where the polymer
is melted by intense stirring by screws to be moulded, the intense stirring by the
screws tend to damage the CNTs, resulting in a reduced impact of the added CNTs
[33].
In order to obtain a high quality product, the dispersion, distribution and align-
ment of the CNTs has to be controlled. If a homogeneous and isotropic material
is to be achieved, the dispersion and distribution and alignment of the CNTs has
to be uniform. However, with increased load of CNTs in a polymeric resin, these
parameters are increasingly difficult to control. The addition of CNTs to the poly-
meric resin results in increased viscosity of the resin [32], which in turn makes the
resin itself more difficult to process as well as making the CNTs tend to align. Ag-
glomerates and entanglements of CNTs are prone to appear at higher loadings of
CNTs due to the considerable van der Waals attractions between the CNTs due to
their high surface area [34]. Due to these increasingly difficult processing conditions,
the fraction of CNTs in polymeric products produced by conventional techniques is
limited. Few articles report globally reinforced nanocomposites with CNT loading
being higher than 5 wt % [35], produced by conventional production methods. Ex-
amples of reported higher CNT loadings are M.H Al-Saleh et al publishing articles
on nanocomposites with 15 wt% CNTs in an Acrylonitrile-butadiene-styrene (ABS)
matrix [31] and 20 wt% in Polypropylene (PP) [36]. Z. Zeng reports the creation of
thin films with concentrations up to 76,2 wt% CNTs in a waterborne polyurethane
(WPU) composite [37].

2.3.1 Reinforcement of the Interlaminar Region/ Local Re-
inforcement

Reinforcement of polymeric matrices with CNTs as fillers by conventional methods
has been discussed above. What the CNT reinforcement have in common in these
methods, the injection, cast and extrusion moulding, is their global nature, span-
ning the whole materials to create an isotropic material. When producing composite
laminates by prepregs, the previously described interlaminar region appears as an
insulating layer, preventing electrical and thermal conduction in thickness direction
and interaction between the different fiber layers.
By local reinforcement of the composite in the interlaminar region, electrical conduc-
tion may be established in the through thickness direction and enhance conductivity
in remaining directions in the carbon fiber composite. A local reinforcement with
CNTs reinforcing the interlaminar region requires other methods than those dis-
cussed previously concerning global reinforcement by CNTs. To insert CNTs to
the interlaminar region, created between the prepreg fiber layers during curing, the
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CNTs has to be inserted between the prepregs before curing. This offers new pos-
sibilities to control the structure of the CNTs in the interlaminar concerning their
concentration and alignment. In this thesis, the reinforcement of the interlaminar
region has been performed by integrating aligned CNT forests and Buckypapers.

2.3.1.1 Alignment and Aligned CNT Forests

The electrical conductivity in CNTs is dominant along its axis. In order to exploit
this conductivity, the alignment and direction of the CNTs is of great importance.
In the case of globally reinforced polymeric matrices described above, the isotropic
materials have an even distribution of the alignment of CNTs in every direction of
the material, resulting in longer pathways for the electrical conduction to traverse
the material. The longer pathways and non-direct route results in a greater number
of CNT-CNT interactions and tunneling events to propagate the current. This
is highly inefficient concerning the excellent internal conduction of the individual
CNTs.
To maximize the potential of the CNTs, the internal conduction may be maximized.
By shortening the conduction pathway by alignment of the CNTs, fewer tunneling
events will take place, increasing the conductivity of the material.
By exploiting the alignment of CNTs, unidirectional reinforcement may be performed
in the interlaminar region by using aligned CNT forests. The aligned CNT forests
are divided into the Vertically Aligned and Horizontally Aligned CNTs, VACNTs
and HACNTs.
VACNT forests are easily obtained through CNT synthesis by substrate supported
CVD. The vertically aligned growth of CNTs being due to steric obstacles in other
directions by other CNTs and the van der Waals interactions between the CNTs when
grown dense enough to each other [38].By having the forests remained attached to
the substrate after synthesis, the alignment is preserved. To integrate the VACNT
forests to the interlaminar region, the forests may be infiltrated by matrix from
the prepregs through capillary action [39],[40],[41], preserving the alignment, due
to the space between the CNTs functioning as capillaries, by sufficiently heating
the prepregs. Once infiltrated, the substrate may be removed, leaving behind the
VACNT forests on the surface of the CNTs.
The concentration, or volume fraction, of reinforcing VACNTs in the interlaminar
region may be controlled through compression of the VACNT forests, reducing the
distance between individual CNTs. After carefully separating the forests from its
substrate, Wardle et al [14],[35],[40] has performed this through bi-axial compression,
depicted in figure 2.4.
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Figure 2.4: Mechanical densification of VACNT forests through biaxial compres-
sion, [40]

Great concentrations of aligned CNTs may be achieved by this densification of
VACNT forests, reaching 22 %Vf. At this concentration, the inter-tube distance be-
tween individual CNTs starts to approach characteristic lengths of polymeric chains.
To ensure a good infiltration of resin into the forests, the inter-tube distance be-
tween CNTs must be large enough to allow polymeric chains to enter the inter-tube
cavities [40].
HACNT forests are the horizontally aligned counterpart to the VACNT forests, be-
ing horizontal to the substrate of reference. Similarly to the VACNT forests, these
may also be compacted to reach high volume fractions and also laid in layers [42]
to achieve high local concentrations of aligned CNTs. The HACNT forests are sub-
jected to the same limitations to achieve a good infiltration as the VACNT forests.

The horizontal alignment of CNT forests may be achieved through two synthesis
paths, ex-situ or in-situ. Ex-situ syntesis, or post-synthesis methods of alignment,
uses already synthesized CNT forests by CVD and aligns them horizontally. A num-
ber of methods has been devised to achieve this. VACNT forests has been rolled
[43],[44], sheared [45] and compressed [46] to achieve horizontal alignment. These
techniques are promising for applications where great quantity of HACNTs are re-
quired due to achieving high packing densities and their relatively easy process [46].
Although having and easy process, the repeatability of these methods are still diffi-
cult due to the many affecting factors involved, such as rotational speed and lateral
speed of the rolling tool and the material used in the tool when rolled down, the
harder material the better [43]. Concerning the shearing methods, a low shearing
angle is desired to achieve good alignment. Although, to prevent partial separation
of CNT forests from the substrate, due to wavy forests being created below this
angle, an angle of attack lower than 35◦ was not desirable in the study of L. Qiu et
al [45]. All in all, the repeatability is difficult to achieve due to the many influencing
factors, such as the density of the forests and their height [46].
Other ex-situ method is the alignment through the use of electric and magnetic
fields. Due to having a highly anisotropic polarizability along its tube axis com-
pared to perpendicular to the tube axis, the CNTs experience large dipole moments
as an electric field is applied. The resulting torque on the CNTs produced through
this method aligns the CNTs along the electric field. Similarly, the magnetic sus-
pectibility of the CNTs is anisotropic and once exposed to a magnetic field, a torque
resulting from anisotrpoic magnetic energy is created which will align the CNTs in
order to minimize the magnetic energy. An interesting use of these two alignment
techniques is the possibility of directing and aligning CNTs in polymeric matrices
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but suffers from poor alignment compared to previously described methods, such
as by shearing [46],[47]. Another method is solid state extrusion from "unaligned"
or vertically aligned CNT forests in which CNTs are drawn horizontally from the
forests, creating horizontally aligned webs of CNTs [48].
It is possible to achieve HACNT forests during synthesis, In-situ-synthesis. Similarly
to the VACNT counterpart, which relies on forcing alignment of CNTs during growth
due to steric obstacles in other directions. Instead of coating the substrate surface
with catalyst to the synthesis, a vertical face of a protrusion may be coated with
catalyst. This, combined with a parallel flow of the introduced carrier and growth
gases to the substrate, will result in alignment of the CNTs during growth [46].
Electric and magnetic fields may also be used during synthesis to ensure horizontal
alignment, the same torques being applied during growth as previously described to
ensure alignment [47].

2.3.1.2 Buckypapers

Local reinforcement by aligned CNT forests has been described, exploiting the align-
ment of the CNTs and their properties along their axis. These are methods of uni-
directional alignment of the CNTs. Another method of local reinforcement, which
can achieve high concentrations of CNTs (up to 40% [49]), is the reinforcement by
Buckypapers. Buckypapers, porous films of highly packed CNTs networks, similar in
structure to normal paper with cellulose fibers, are bi-dimensional in their properties
due to their thin thickness (approx 50-150 µm). Consisting of CNTs interconnected
by van der Waals forces, Buckypapers are mechanically fragile [50],[51]. However,
due to their porous structure, the Buckypapers may be integrated in the interlami-
nar region, through infiltration of matrix by capillary action, making them an ideal
candidate of interlaminar reinforcement [52].
The synthesis of Buckypaper is most commonly done through a vacuum filtration
method [32],[53], although other methods such as directly through CVD are pos-
sible. The used method in this project is a vacuum filtration method. Using this
method, the areal density of CNTs of the desired film is easily controlled.
As a means of applying a high concentration of CNTs locally, high conductivity,
low density and ease of handling, Buckypapers could be an alternative to metallic
meshes used in lightning strike protection [52],[54], anti-icing/de-icing functions [55]
in polymeric composites and integrated EMI shields [33],[51],[56],[57].

2.4 Electromagnetic Interference Shielding

Electromagnetic radiation which propagates from electronic devices out into space
has a possibility to interfere and interact with secondary electronic devices, pre-
venting them to function as intended. This phenomenon is called electromagnetic
interference, EMI. In order to prevent or limit the interference to occur,two strate-
gies are used: 1) To contain the radiated emission and thus preventing the emission
to propagate and 2) to exclude incoming radiated emission. Collectively these two
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strategies use a shield, a protective conductive layer, to prevent the interference of
electromagnetic radiation. The electromagnetic interference shielding effectiveness,
EMI SE, is evaluated by the magnitude of transmitted field in relation to the incident
field.

EMI SEdB = −20 ∗ log10
(Ei
Et

)
(2.4)

where Ei is the magnitude of the incident electric field and Et the magnitude of the
transmitted electric field. The EMI SE is here given in decibels, due to the often
large fractions between the incident and transmitted electric fields. Upon contact
with the shield, the incident electric field may be attenuated by three mechanism.
First, the electric field may be reflected, R, on the surface of the shield. Secondly,
the electric field may be absorbed, A, in the shield. Third, the electric field may
experience multiple-reflection, M , internally in the shield between its two surfaces,
resulting in either transmitting through the shield or back in the incident direction.
If neither of these three mechanisms occur, the wave is transmitted, T .

1 = T +R + A+M (2.5)

Figure 2.5: Figure representing the reflection, absorption and multiple-reflection
by the shield [58].

Since the reflection, absorption and multiple reflection are the shielding mechanisms,
the shielding effectiveness, in decibels, may be expressed in relation to them.

EMI SEdB = RdB + AdB +MdB (2.6)

Concerning the different mechanisms, different properties of the shield material
comes into play affecting the performance. Starting with the reflection mechanism,
the conductivity σ, permittivity ε and permeability µ (µr relative to copper) of the
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shielding material are depending factors together with the frequency, f, ω = 2πf of
the incident wave.

RdB = −20 ∗ log10 ∗
(1

4

√
σ

ωµrε

)
(2.7)

Studying equation 2.7, the reflection mechanism is decreasing with the increase of
frequency of incident waves.
If the wave is not reflected on the surface, it will continue into the shield and absorb
into the material. As it passes, the intensity will attenuate with a factor of e−α∗z,
where α is the attenuation constant and z the traveled distance in the shield. This
factor is the absorption loss. The inverse of the attenuation constant is the skin
depth of the shielding material, δ = 1

α
, the absorption factor becoming e−z/δ. The

skin depth is defined as the depth at which a 36,78 % , e−1, of the waves entering
the shield is absorbed. Together with the thickness of the shielding material, the
absorption mechanism is dependent on the skin depth.

AdB = −20log10e
t/δ (2.8)

the skin depth in turn may be expressed in terms of conductivity and permeability
of the shielding material and the frequency of the wave entering the shield.

δ = 1√
πfµσ

(2.9)

A thin skin depth brings a higher absorption loss which is gained by an increase
in conductivity and permeability. As the frequency increases, the absorption loss
increases as well.
The third mechanism, multiple-reflection, occurs inside the shield. However, if the
shield is thick enough compared to the skin depth, a few times thicker than the
skin depth, the multiple reflection may be disregarded. If the multiple-reflection
mechanism would be of interest, it to, is dependent on the skin depth.

MdB = −20log10|1−
(η0 − η
η0 + η

)2
e−2t/δe−j2t/δ| ∼= −20log10|1− e−2t/δe−j2t/δ| (2.10)

Considering the given equations describing the different shielding mechanisms, it
should be noted that an increase of conductivity results in all shielding mechanisms
increasing. Also, the equations suppose the use of an isotropic material such as
traditional EMI metallic materials [59].
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3
Materials and Method

3.1 Manufacturing of samples

During this project, CNTs have been used in order to evaluate the possibility of using
these as a reinforcement material in the interlaminar region to enhance electrical
conductivity and EMI shielding properties of carbon fiber/epoxy composites. Two
strategies of CNT-modification of the interlaminar region have been examined. First,
the integration of aligned CNT forests to the interlaminar region. Secondly, the
integration of bi-directional Buckypaper to the interlaminar region.

3.1.1 Pre-study of VACNT

A pre-study was conducted of the VACNT forests, provided by N12 Technologies to
SAAB, before production of laminates in order to verify their potential as electrical
conductors.
The VACNT forests used during the study were of two lengths, 20 µm and 200
µm, having a volume fraction about 1 %. The CNT forests were grown on, and
still adhered to, substrates of stainless steel. In order to study their potential as
electrical conductors, the CNTs were studied in an insulating environment and was
therefore separated from the steel substrate. By using kapton tape, an electrically
insulating polyimide tape, the CNTs were adhered to the tape and separated from
the stainless steel substrate due to stronger interaction with the tape. The CNTs
and kapton tape was attached to non-conductive polycarbonate substrate, creating
an insulating environment for the CNTs. Two electrical contacts of copper tape
were before-hand attached to the substrate, onto which the kapton + CNT tape
was added. In order to measure a current between the electrical contacts, the CNTs
are required to conduct electrically. By this simple experiment it was possible to
indicate whether or not the CNTs were electrically conductive as well as how the
concentration, morphology and length of CNTs was affecting the conductivity of the
sample.
To study the effect of concentration of the CNTs, samples containing one or two
forests were created. This was conducted for both lengths of CNTs, although it
should be added that the results gained during the pre-study are simply indicatory
and a limited amount of samples were able to be studied due to lack of material,
mostly lacking forests of 200 µm CNTs. An attempt to affect the morphology of
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the forests were performed as well, attempting a transformation of VACNT forest to
HACNT forest through rolling, as previously described. This was performed manu-
ally. In order to assure a vertical morphology of the CNT forests, a vertical pressure
was applied to the tape to preserve the alignment. As for horizontal alignment,
a unidirectional rolling motion with a cylinder was performed on the tape once in
contact with the CNTs to align them in the direction to the copper contacts. Com-
bining the different concentration and morphology on the two different lengths of
CNT forests, a number of samples were prepared and studied.
In addition to the resistance measurement conducted on the CNT forest by N12, an
attempt to compact the forests was performed. As described previously, it would
be possible to separate the VACNT forests from the substrate using a razor blade,
and later compact them bidirectionally creating forests with higher volume fraction
of CNTs than originally. This however was abandoned since the released VACNT
forests were not possible to handle after being separated from the substrate.

3.1.2 N12 Laminates

After the pre-study indicated the capability of the CNTs to conduct electrically, the
CNT forests from N12, 20 µm in height, were used to modify the interlaminar region
of carbon fiber/epoxy composites. The used carbon fiber prepregs in this project is
unidirectional Hexply 6376 by Hexcel with approx. 57 % fiber content. In order to
study the effects brought by the CNT-modification of the interlaminar region, thin
laminates of only two prepregs were manufactured, containing only one interlaminar
region. To ensure symmetry and a flat laminate, [0,0] laminate configuration was
chosen.
Depending on the desired morphology of the CNTs in the interlaminar region, two
methods of transferring the CNT forests from its substrate to the prepregs were used.
To obtain a vertical morphology of the CNT forests, the substrates were placed on
the prepregs, CNTs facing the prepregs. Later, simultaneous heating of 55◦C and
vacuum (900mbar) during 3 minutes, adheres the CNTs to the prepreg through
capillary movement of epoxy into the inter-tube void of the CNTs and a pressing
force towards the prepreg. For a horizontal alignment the heating was excluded due
to concerns of otherwise impregnating the CNTs to well, not being possible to be
toppled mechanically as done in the pre-study. After 3 minutes of vacuum, a plastic
film was placed onto the CNT modified surface of the prepreg, onto which a cylinder
was unidirectionally rolled to topple the CNT forests horizontally.
By using these methods to control the alignment, 6 types of laminates of different
interlaminar morphology was manufactured:

• A reference laminate, unmodified by CNTs

• One vertical forest

• Two vertical forests
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• One horizontal, transversal to fiber direction

• Two horizontal, both transversal to fiber direction

• Two horizontal, one transversal and one in longitudinal direction to fiber di-
rection

After joining the CNTs to the prepreg sides intended for the interlaminar region,
the two prepregs were put together and vacuumed again during 5 minutes before
being cured.
Two batches of the laminates described above were manufactured. The difference
between the two batches being the curing of the laminates.
The first batch was cured in an autoclave under vacuum, temperature increasing
by 2◦C/min up to 180◦C. This temperature was later maintained during 2 hours
before cooling down to room temperature. No additional external pressure was
applied during curing of the laminate in an attempt to preserve the morphology in
the interlaminar region.
The second batch used the same heat cycle and vacuum conditions in the autoclave
as the first batch. The difference being additional external pressure of 6.8 bar applied
to the laminate during curing.

3.1.3 Manufacturing of Buckypapers

The used procedure to manufacture Buckypapers in this work was a filtration tech-
nique.
Two types of CNTs were used to manufacture Buckypapers. NC7000 TM series from
NANOCYL, (purity 90 %, average length 1,5 µm and 9,5 nm average diameter) and
Multi-Walled Carbon Nanotubes from CTI Materials, (Classification purity >95%,
length 10 to 50 µm and 8-15 nm outer diameter). The surfactant, laboratory grade
Triton X-100 TM from Sigma Aldrich is used to disperse the CNTs in the water dis-
persion, which is later filtrated. The CNTs and surfactant were dispersed in Milli-Q
deionized water to prepare the dispersion. The dispersion was filtered through a
Porafil MV, mixed cellulose ester membrane, 0.20 mum pore size.
Buckypapers of different areal densities of CNTs were manufactured during the
project, first creating smaller samples of 3 cm in diameter and later moving on to
bigger samples with 20 cm diameter. The chosen areal densities of the bigger sam-
ples were : 20, 30, 40, 50, 60, 70 and 80 g/m2. The upper limit chosen due to
metallic meshes being available at this weight [60]. The ratio of 1 part CNT to 2
parts surfactant was found to give highly uniform and compact films in initial tests
on the smaller scale, using a smaller filtration set-up. This ratio was applied to the
larger samples. The CNTs and Triton X-100 was dispersed in 500 ml of Milli-Q
water and later sonicated for 1 hour. Instantly after the sonication, the dispersion
was filtrated. The setup of the filtration unit can be seen in figure 3.1, consisting of
a Buchner funnel, in which the filtration membrane is placed, which is placed in a
vial, having a vacuum pump connected to it.
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Figure 3.1: Vacuum filtration set-up with Buchner funnel, vial and vacuum-pump

After filtration, the membrane and Buckypaper was rinsed with lots of deionized
water to remove excessive surfactant until foam was no longer seen passing down to
the vial. Lastly, a quick rinse of acetone followed by more water was performed in
order to facilitate the separation of the Buckypaper from the membrane substrate.
After the rinsing, the membrane and Buckypaper was placed to dry in an vacuum
oven over night at room temperature.
After drying, the Buckypaper was separated from the membrane substrate by par-
tially wetting the membrane with acetone again. Due to the interface between the
hydrophilic substrate membrane and hydrophobic Buckypaper, it was possible to
separate the Buckypaper from the membrane, obtaining a free standing Buckypa-
per. The final product can be seen in figure 3.2.
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Figure 3.2: Final product Buckypaper before bifurcation

Before being integrated into laminates, the Buckypapers were characterized by mea-
suring their EMI SE and electrical conductivity as free films. Later, when integrating
the Buckypapers into laminates, the same curing as for batch 2 of N12 laminates
was used.
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3.2 Measurements and Characterization

The focus of this project is to study and evaluate the effects brought by modifying the
interlaminar region in carbon fiber/epoxy composites with electrically conductive
CNTs. More specifically, the EMI SE of the laminates has been the major focus
of interest, which in turn is heavily dependent on the electrical conductivity of
the sample. Therefore EMI SE and electrical conductivity measurement has been
conducted on the laminates. Later, a SEM study has been conducted to the cross-
section of the laminates, studying the interlaminar region.

3.2.1 Electrical Conductivity of Laminates

The electrical conductivity of the manufactured carbon fiber/epoxy laminates is
highly anisotropic due to the in-homogeneous structure of the samples. Carbon fiber
is an electrically conductive material, primarily in its longitudinal direction, and due
to the [0,0] configuration of the laminates used during this project, the longitudinal
(0-direction) of the laminate will be drastically different to the transversal direction
(90-direction). Both the longitudinal and transversal electrical conductivity of the
samples are measured, as well as the through-thickness electrical conductivity to
study the effects brought by the addition of CNT reinforcement to the interlaminar
region.

3.2.1.1 In-Plane Measurements

The in-plane conductivity measurements comprises of the longitudinal and transver-
sal conductivity of the laminate.
In order to perform the measurements, an electrical contact to the carbon fiber in
required. To obtain this, surface matrix is removed by sandpaper on the edges of the
laminate to expose carbon fibers. Later, to establish a stable electrical contact to
the fiber, copper tape with conductive adhesive is attached to the polished surface.
With the electrical contacts added to the laminate, electrical resistance measure-
ments in the longitudinal and transversal directions was measured by a two-point
probe method using a Ballatine 3205B Microohm meter. The resistivity and con-
ductivity of the samples was later calculated using:

ρ = R ∗ A
L

(3.1)

σ = 1
ρ

(3.2)

ρ being the resistivity and σ the conductivity. A the cross sectional area and L the
legnth of the sample.
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3.2.1.2 Through-Thickness Measurements

Measurements of the through-thickness resistance of the laminates were performed
using a four-point probe method described in the articles by Y. Hirano et al [61]
and S. Wang [62].
On each side of the laminate, two contacts by copper tape were prepared after
removing surface matrix by sandpaper. At the edges, a continuous open square
contact, the current contact, is placed. In the clear center a square contact, the
voltage contact, is placed. The outer contacts would apply electrical current and
the inner contacts measure the voltage during the measurements.

3.2.1.3 Surface resistance of Buckypapers

Surface resistance measurements were used to measure the electrical conductivity
of the individual Buckypapers due to their small thickness and more importantly,
their fragility. Being unable to remove once attached electrical contacts to the sam-
ple without damaging the sample, surface resistance measurements were chosen as
an alternative method to the two-point probe method used in the in-plane measure-
ments of the laminates.
A four-probe method was used, using four strips of copper foil as contacts being
pressed down to the sample by a 3.3 kg weight. The resistance was measured using
the Ballatine 3205B Microohm-meter.
Later, the in-plane conductivity could be determined after the thicknesses of the
Buckypapers were determined using a profilometer.

Figure 3.3: Set-up of surface resistance measurement of Buckypaper
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3.2.2 EMI Shielding

The measurements of the EMI shielding efficiency of the laminates and Buckypapers
were performed in a semi-anechoic chamber. This in order to isolate the system from
outside effects and reduce effects from reflections inside the chamber. The sample is
placed in a slit in the chamber wall, to which it is electrically connected. A trans-
mitting log-periodic antenna, figure 3.4 a, is placed in the chamber and directed
towards the laminate and another, receiving antenna, is placed behind the sample
outside the chamber, figure 3.4 b. With this set-up, due to all reflections and outside
effects being canceled, the reduction in intensity of the field was registered using the
Hewlett-Packard 8753D Network Analyser and the shielding efficiency of the sample
calculated.
Due to the emitted waves being longitudinal with the used set-up and the laminates
being anisotropic, because of the [0,0] lay-up of the laminate, two measurements of
each laminate is performed. In the first test, called longitudinal test, the laminate
is directed with 0°upwards. In the second test, called horizontal test, the laminate
is turned 90°with the 0°directed to the side. In the longitudinal tests, the carbon
fibers function as a polarization filter to the incident longitudinal waves.
In the case of EMI shielding efficiency measurements of free Buckypapers, only one
measurement was required, being a bi-dimensional material.

(a) Transmitting antenna in front of
sample

(b) Receiving antenna

Figure 3.4: Set-up of EMI shielding measurements

3.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed to study the interlaminar region
of produced laminates. Samples were cut and later molded into resin to fix the
samples. Polishing down to 0.04 um of colloidal silica suspension (OP-S Struers)
was performed to obtain an even surface to study the cross section of the laminate.
The used SEM was a Hitachi SU3500 Variable pressure SEM.
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4.1 Pre-study of VACNT

Samples of different concentration, morphology and CNT lengths were prepared as
previously described in the method and later electrically characterized by determin-
ing the resistance between the copper contacts. Due to not being able to determine
a proper thickness of the samples and therefore not able to determine resistivity
and conductivity, only the measured resistance values are presented. The results
are presented in table 4.1. The notations for the samples are as follows: 1H 20 #1,
one forest with horizontal alignment with 20 µm length of CNTs, sample number 1.

Table 4.1: Resistance measurements from the pre-study

Sample # Resistance (Ω)
1H 20 #1 770
1H 20 #2 710
1H 20 #3 970
1H 20 #4 830
1H 20 #5 880
2H 20 #1 470
2H 20 #2 360
1V 20 #1 1775
1V 20 #2 1290
2V 20 #1 790
1H 200 #1 700
2H 200 #1 300

Due to a lack of material, notably the CNT forests of 200 µm length, a limited
amount of samples were characterized. Although, some indications can be drawn
from table 4.1. First, the effect of the morphology favors the horizontal samples,
having lower resistance values compared to the vertical counterparts. Both 1H 20
and 2H 20 samples have lower resistance values than 1V 20 and 2V 20. Since the
measurements are performed "in-plane", this is to be expected due to the alignment
being a vital factor in CNT conductivity. If not, the quality of the "horizontal"
samples were of better quality due to better adhesion to the tape and therefore better
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transfer from the substrate because of the rolling. Secondly, the higher concentration
in samples with two forests rather than one forest making up the sample, gives lower
resistance values. The added thickness by an additional forest is expected to deliver
lower resistance. Thirdly, longer CNTs are expected to bring lower resistance values
due to more internal conduction in CNTs and fewer tunneling occurrences. In the
case of 1H 200 and 2 H 200 both have values lower than their 20 µm counter part,
although the difference is not major and only single samples of 200 µm CNTs are
available, no conclusion should be drawn. The length of the CNTs will not be a
matter of interest after the pre-study due to the lack of 200 µm forests preventing
the manufacturing of laminates using these forests.

4.2 Conductivity of N12-laminates

After the pre-study of the N12 CNTs were seen to conduct electricity, laminates
with N12 CNT modified interlaminar regions were manufactured. The six types
of laminates, as previously described in more detail in the method, were: a refer-
ence laminate, one vertical forest, two vertical forests, one horizontal forest, two
horizontal forests parallel to each other and finally two horizontal forests perpendic-
ular to each other. As mentioned, two batches of the N12-laminates were prepared
with different curing conditions. The calculated conductivity of these laminates are
presented in the following section.

4.2.1 Batch One

Batch one had no additional pressure applied to the laminate during curing in the
autoclave. The longitudinal conductivity is presented in table 4.2 and the transversal
conductivity in table 4.3 of the laminates.

Table 4.2: Conductivity of N12-laminates in the longitudinal direction, batch one.

Laminate Resistivity Conductivity
Ω ∗m ∗ 10−3 S/m

Reference 6.37 157
1 Vertical 3.21 311
2 Vertical 1.81 552

1 Horizontal 3.27 306
2 Horizontal, parallel 2.53 396

2 Horizontal, perpendicular 1.98 505

All of the modified laminates achieve higher conductivity in the longitudinal direc-
tion with the addition of the N12 CNT forests. The laminates having one CNT
forest added to the interlaminar region, "1 Vertical" and "1 Horizontal" share similar
values of conductivity. The remaining laminates, with two CNT forests added to
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the interlaminar region, all have higher conductivities. The increased concentration
of CNTs is clearly contributing to a higher conductivity, which was also observed
in the pre-study. Although the conductivities of the three laminates are similar,
they are not as comparable as the laminates having one CNT-forest in the interlam-
inar region. Morphology and alignment might explain this difference, which will be
studied by SEM.

Table 4.3: Conductivity of N12-laminates in the transversal direction, batch one.

Laminate Resisitvity Conductivity
Ω ∗m ∗ 10−3 S/m

Reference 611 1.64
1 Vertical 189 5.29
2 Vertical 152 6.58

1 Horizontal 242 4.14
2 Horizontal, parallel 161 6.20

2 Horizontal, perpendicular 138 7.25

Similar to the longitudinal conductivity, the addition of CNTs to the interlaminar
region increases the conductivity of the laminate in the transversal direction. Al-
though the same pattern may be observed with increased amount of CNTs bringing
improved conductivity, the values are still low.

4.2.2 Batch Two

Batch two of the N12 modified laminates was cured with the same conditions as
batch one, with the addition of external pressure, 6.8 bars, being applied to the
laminate during the curing. The longitudinal conductivity is presented in table 4.4
and the transversal conductivity in table 4.5 of the laminates.

Table 4.4: Conductivity of N12-laminates in the longitudinal direction, batch two.

Laminate Resistivity Conductivity
Ω ∗m ∗ 10−3 S/m

Reference 0.817 1224
1 Vertical 0.460 2174
2 Vertical 0.392 2553

1 Horizontal 0.536 1866
2 Horizontal, parallel 0.434 2303

2 Horizontal, perpendicular 0.774 1293

The use of additional pressure to the laminates during curing brings an increase
in conductivity, comparing the values presented in figures 4.2 and 4.4. The con-
ductivity of the reference laminate has increased eight-fold, from 157 to 1224 S/m
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and a major increase in conductivity is observed in the modified laminates. The
increase is probably due to a higher packing of the carbon fibers brought by the
additional pressure during curing, increasing contact between the carbon fibers and
thus electrical interaction between the fibers. The clear order observed in batch one
for the conductivity in the longitudinal direction is not as clear in batch two. The
laminate "2 horizontal, perpendicular" only has slightly higher conductivity than
the reference, expecting it to exhibit similar value of conductivity as its "parallel"
counterpart. This will be further studied with SEM. Again, as in batch one, the "2
vertical" laminate has the highest measured conductivity and the one-forest lami-
nates having lower measured conductivities.

Table 4.5: Conductivity of N12-laminates in the transversal direction, batch two.

Laminate Resistivity Conductivity
Ω ∗m ∗ 10−3 S/m

Reference 225 4.44
1 Vertical 127 7.86
2 Vertical 66 15.15

1 Horizontal 145 6.90
2 Horizontal, parallel 83 11.98

2 Horizontal, perpendicular 82 12.24

Again, as in the longitudinal case, the conductivity is better in the transversal di-
rection in batch two than in batch one. But, compared to the major improvement in
the longitudinal direction, this improvement is only marginal and still very low. The
increase in the reference compared to in batch one is probably also due to increased
fiber packing as described above. The same pattern is observed as in batch one,
with higher conductivity with increased concentration of CNTs, but again, still very
low values of conductivity.
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4.3 Characterization of Buckypapers

Before being integrated in the interlaminar region of the carbon fiber/epoxy lami-
nate, the individual Buckypapers were evaluated by determining their areal density,
thickness, density, surface resistance and conductivity. It should also be added that
Buckypapers using the NC7000 TM by Nanocyl were only successfully achieved dur-
ing the up-scaling of size. Therefore, no results of Buckypapers with CNTs by CTI
Materials are presented.

4.3.1 Areal Density and Thickness of Buckypapers

The areal density of the Buckypapers has been calculated in order to determine
whether or not the intended concentration of CNTs in the Buckypapers has been
achieved. The intended concentrations were 30, 40, 50, 60, 70 and 80 g/m2 and
are named after their intended concentration. Nanocyl 40 # 2 is the name for the
second Buckypaper produced using Nanocyl CNTs with an intended areal density
of 40 g/m2.
The thickness was measured using a profilometer. By measuring at the edges of
the bifurcated Buckypapers, a height difference could be determined to a reference
plane with the profilometer and the thickness calculated. Five measurements for
each Buckypaper was performed, the average thickness is presented in table 4.6 to-
gether with the resulting areal density and density.

Table 4.6: Areal density, thickness and density of free Buckypapers

Sample # Areal Density (g/m2) Thickness (µm) Density (g/cm3)
Nanocyl 30 #1 53.78 410 0.13
Nanocyl 40 #1 74.33 423 0.18
Nanocyl 40 #2 59.96 352 0.17
Nanocyl 50 #1 108.43 524 0.21
Nanocyl 50 #2 91.04 426 0.21
Nanocyl 60 #1 329.50 496 0.66
Nanocyl 60 #2 130.75 296 0.44
Nanocyl 70 #1 316.90 377 0.84
Nanocyl 80 #1 615.42 460 1.34
Nanocyl 80 #2 119.30 524 0.23

As can be seen in the table, all produced Buckypapers in this work has a higher areal
density than the intended concentration of CNTs, indicating residual surfactant and
moisture being present in the sample. Possible explanations are discussed in the
discussion chapter.
No particular trend is obvious concerning the thickness of the Buckypapers. The
thickness was expected to increase along with the increase of areal density, however,
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this is not observed. Instead, the thickness of the Buckypapers stay within the
range of ca 300 to 500 µm, the thickness difference between the Nanocyl 30 #1 and
Nanocyl 80 #2 Buckypapers is only 110 µm, with more than double the amount of
CNTs in the later. This indicate a more compact film of CNTs with the increase of
areal density, which should give better conductivity with the decrease of tunneling
distance between the CNTs as previously described.

4.3.2 Conductivity of Buckypapers

The resistance measurements to determine the surface resistance was performed
twice for each sample, the second performed perpendicular to the first in order to
verify its bi-dimensional structure. The surface resistance was later determined using
the physical parameters given in the method. The obtained results are presented in
table 4.7

Table 4.7: Surface resistance of free Buckypapers

Sample # Measurement 1 Measurement 2 Average Surface resistance
(mΩ) (mΩ) (mΩ) (mΩ/�)

Nanocyl 30 #1 1410 1446 1428 2856
Nanocyl 40 #1 1220 1275 1247.5 2495
Nanocyl 40 #2 1132 1167 1149.5 2299
Nanocyl 50 #1 830 870 850 1700
Nanocyl 50 #2 926 906 916 1832
Nanocyl 60 #1 877 917 897 1794
Nanocyl 60 #2 800 757 778.5 1557
Nanocyl 70 #1 699 698 698.5 1397
Nanocyl 80 #1 821 740 780.5 1561
Nanocyl 80 #2 604 690 647 1294

Comparing measurement 1 and 2 for each Buckypaper in table 4.7, no significant
difference in resistance is observed. This confirms the nature of the Buckypapers
being 2-dimensional, having equal electrical properties in-plane. It can also be de-
termined that the resistance is decreasing with the increase of CNT areal density,
which is later clearly seen in the decrease of surface resistance.
Using the previously calculated thickness of the Buckypapers, together with the sur-
face resistance, their in-plane conductivity is determined. The calculated resistivity
and conductivity for each Buckypaper is presented in table 4.8.
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Table 4.8: Resistivity and conductivity of free Buckypapers

Sample # Resistivity Conductivity
(Ω ∗m ∗ 10−3) (S/m)

Nanocyl 30 #1 1.17 853
Nanocyl 40 #1 1.06 948
Nanocyl 40 #2 0.81 1237
Nanocyl 50 #1 0.89 1123
Nanocyl 50 #2 0.78 1282
Nanocyl 60 #1 0.89 1123
Nanocyl 60 #2 0.46 2167
Nanocyl 70 #1 0.53 1897
Nanocyl 80 #1 0.72 1394
Nanocyl 80 #2 0.68 1474
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4.4 Buckypaper Integrated Laminates

After characterization of the free-standing Buckypapers, they were integrated into
laminates, using the same curing method as for batch 2 of N12 laminates. Contrary
to the N12-laminates, it was clearly visible on the laminate surfaces that the Buck-
ypapers were integrated in the interlaminar region. The Buckypapers were never
perfectly flat, rather had a topology of small hills being located at the location
of the out-flow holes in the Buchner funnel. These hills were more prominent in
some Buckypapers than others, but could be easily distinguished later on the lami-
nates. The thicknesses of the laminates are presented in table 4.9, comparing to an
unmodified reference laminate.

Table 4.9: Thicknesses of BP laminate, the free BPs before integration, additional
thickness brought by integrating the BPs, reduced thickness of BPs and compacting
after being cured into the laminate

Laminate # Laminate Free BP Added by BP BP Reduced Thickness Compacting
(mm) (mm) (mm) (mm) (%)

Reference 0.3 None None None None
Nanocyl 30 #1 0.46 0.41 0.16 0.25 60.40
Nanocyl 40 #1 0.48 0.42 0.18 0.24 58.63
Nanocyl 40 #2 0.51 0.35 0.21 0.14 39.56
Nanocyl 50 #1 0.56 0.52 0.26 0.26 49.87
Nanocyl 50 #2 0.51 0.43 0.21 0.22 50.09
Nanocyl 60 #1 0.69 0.50 0.39 0.11 21.94
Nanocyl 60 #2 0.54 0.30 0.24 0.06 19.87
Nanocyl 70 #1 0.60 0.38 0.30 0.08 20.51
Nanocyl 80 #1 0.80 0.46 0.50 -0.04 -8.79
Nanocyl 80 #2 0.54 0.52 0.24 0.28 54.69

In table 4.9 the added thickness brought by the integration of the Buckypapers
is substantial. Since all Buckypapers were as thick or thicker than the reference
laminate when being free-standing, this added thickness to the laminates is not sur-
prising. Although the Buckypapers added thickness to the laminates, it should be
noted that the added thickness compared to the reference laminate is lower than
their initial thickness. During the curing of the laminates in the autoclave, the
Buckypapers have decreased their thickness, being compacted.

4.4.1 Conductivity of Buckypaper Reinforced Laminates

Later, the conductivity of the Buckypaper integrated laminates were measured,
using the same methods as for the N12 laminates. Again, the Buckypaper laminates
used the curing conditions of batch two with additional pressure during curing. The
reference laminate from batch two is therefore used as the reference in the following
tables. The results are presented in table 4.10 and table 4.11.
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Table 4.10: Conductivity in longitudinal direction of Nanocyl Buckypaper inte-
grated laminates

Laminate Resistivity Conductivity
Longitudinal Ω ∗m ∗ 10−3 S/m
Reference 0.82 1224

Nanocyl 30 #1 0.35 2874
Nanocyl 40 #1 0.26 3900
Nanocyl 40 #2 0.45 2231
Nanocyl 50 #1 0.39 2588
Nanocyl 50 #2 0.36 2787
Nanocyl 60 #1 0.45 2236
Nanocyl 60 #2 0.59 1704
Nanocyl 70 #1 0.48 2066
Nanocyl 80 #1 0.41 2471
Nanocyl 80 #2 0.31 3251

Comparing the electrical conductivity of the laminates with integrated Buckypapers
to the unmodified reference laminate, a clear increase is observed.

Table 4.11: Conductivity in transversal direction of Nanocyl Buckypaper inte-
grated laminates

Laminate Resistivity Conductivity
Transversal Ω ∗m ∗ 10−3 S/m
Reference 225 4.44

Nanocyl 30 #1 1.77 564
Nanocyl 40 #1 1.52 657
Nanocyl 40 #2 1.72 581
Nanocyl 50 #1 1.35 743
Nanocyl 50 #2 1.28 781
Nanocyl 60 #1 1.48 678
Nanocyl 60 #2 1.34 746
Nanocyl 70 #1 1.30 769
Nanocyl 80 #1 1.50 666
Nanocyl 80 #2 1.07 938

The addition of Buckypaper to the interlaminar region is significantly more promi-
nent in the transversal direction than in the longitudinal. Although conductivity
remains lower that in the longitudinal direction, the improvement of conductivity is
by a factor of 100 to 200, instead of a factor of 2 to 3 in the longitudinal direction.
This phenomenon was not as significant in the N12 laminates. A ratio between the
conductivity in the longitudinal and transversal direction is presented in table 4.12.
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Table 4.12: Relation between the conductivity in longitudinal and transversal
direction of Nanocyl Buckypaper integrated laminates

Laminate (σlong/σtrans)
Nanocyl 30 #1 5.10
Nanocyl 40 #1 5.94
Nanocyl 40 #2 3.84
Nanocyl 50 #1 3.48
Nanocyl 50 #2 3.57
Nanocyl 60 #1 3.30
Nanocyl 60 #2 2.28
Nanocyl 70 #1 2.69
Nanocyl 80 #1 3.71
Nanocyl 80 #2 3.46

The relation shows, as the values in tables 4.10 and 4.11 gives, the higher conduc-
tivity in the longitudinal direction than in the transversal direction by a factor of
ca 2 to 5. For comparison, the same relation for both batches of N12 laminates is
presented in table 4.13.

Table 4.13: Relation of the conductivity in longitudinal direction and transversal
direction of N12-modified laminates

Laminate Batch 1 (σlong/σtrans) Batch 2 (σlong/σtrans)
Reference 95.87 275.77
1 Vertical 58.91 276.70
2 Vertical 83.86 168.58

1 Horizontal 73.90 270.33
2 Horizontal, parallel 63.78 192.20

2 Horizontal, perpendicular. 69.69 105.62

The N12 CNTs have not affected the ratio of conductivity between the longitudinal
and transversal direction in the laminates as well as the Buckypaper has, by far. By
integrating the Buckypaper to the interlaminar region, the highly anisotropic con-
ductivity of the carbon fiber/epoxy laminate may move towards a more bi-directional
laminate as conductivity is concerned due to the Buckypapers bi-directional nature.
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4.5 Electromagnetic Interference Shielding Effi-
ciency

The electromagnetic interference shielding efficiency for all produced laminates and
free Buckypapers has been measured to evaluate the two reinforcement methods
performance for shielding applications. The studied frequency spectra was between
200MHz and 1000MHz. Each spectra of measurement is presented and accompanied
with a table of average shielding effectiveness in intervals of 100 MHz.

4.5.1 Batch 1 - Longitudinal
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Figure 4.1: EMI SE in longitudinal measurements of batch 1

Table 4.14: Average EMI SE in longitudinal measurements of batch 1, in 100 MHz
intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Reference -26.91 -30.39 -31.12 -28.58 -28.44 -29.56 -27.87 -33.20
1 Vertical -27.55 -30.20 -31.27 -29.10 -28.81 -30.23 -29.26 -34.29
2 Vertical -28.46 -31.87 -32.83 -29.14 -29.40 -31.55 -30.98 -35.68

1 Horizontal -26.35 -30.04 -31.54 -29.20 -29.08 -29.73 -31.21 -33.47
2 Horizontal, parallel -28.74 -30.88 -32.18 -28.67 -29.34 -30.95 -30.95 -34.21

2 Horizontal, perpendicular -28.24 -30.08 -31.94 -29.53 -29.86 -32.26 -30.48 -36.62

The measured shielding effectiveness in longitudinal direction of all samples pro-
duced in batch 1 is presented in figure 4.1. Due to difficulties to distinguish any
effects brought by the added CNTs graphically, table 4.14 presents the average
shielding effectiveness in intervals of 100 MHz.
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Studying the values given in table 4.14, it is difficult to determine for sure if the
addition of the N12 CNT forests has had any effect. In general, the reference sample
presents the lower values in all intervals from 400 MHz and above. The differences
in shielding, however, are small across the whole frequency spectra.
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Figure 4.2: EMI SE difference to reference in longitudinal measurements of batch
1

Table 4.15: Average EMI SE difference to reference in longitudinal measurements
of batch 1, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

1 Vertical -0.64 0.19 -0.15 -0.52 -0.36 -0.66 -1.39 -1.09
2 Vertical -1.54 -1.48 -1.72 -0.56 -0.96 -1.99 -3.11 -2.48

1 Horizontal 0.56 0.35 -0.42 -0.62 -0.64 -0.17 -3.34 -0.27
2 Horizontal, parallel -1.83 -0.49 -1.06 -0.09 -0.90 -1.39 -3.09 -1.01

2 Horizontal, perpendicular -1.33 0.31 -0.83 -0.95 -1.41 -2.70 -2.61 -3.42

In figure 4.2, the calculated difference to the reference is presented across the studied
spectra. Table 4.15 presents a clearer picture of the effect brought with the N12
CNT forest addition to the interlaminar region on the shielding properties. Again,
all differences in shielding are small comparing to the reference laminate. It may
be indicated by the values that the increase from one to two N12 CNT forest to
the interlaminar region has higher shielding than one layer, having slightly higher
shielding, although low.
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4.5.2 Batch 1 - Horizontal
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Figure 4.3: EMI SE in horizontal measurements of batch 1

Table 4.16: Average EMI SE in horizontal measurements of batch 1, in 100 MHz
intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Reference 0.07 0.18 0.28 0.28 0.26 0.30 0.17 -1.54
1 Vertical -0.02 0.01 0.07 -0.10 -0.27 -0.55 -1.22 -3.40
2 Vertical -0.06 -0.05 -0.21 -0.52 -0.89 -1.51 -2.74 -5.29

1 Horizontal -0.10 0.01 -0.00 -0.18 -0.44 -0.81 -1.68 -4.12
2 Horizontal, parallel -0.06 0.08 0.01 -0.14 -0.51 -0.99 -2.06 -4.60

2 Horizontal, perpendicular -0.08 -0.03 -0.20 -0.48 -0.95 -1.63 -2.93 -5.56

Studying the horizontal measurements of batch 1, the shielding effectiveness de-
creases drastically due to the polarization by the carbon fibers is removed. The
reference is centered around the 0-line, performing no shielding until ca 900 MHz,
where a slight increase up to 2 dB is registered at 1000 MHz. The effect brought
by the added CNTs are more clearly visible in figure 4.3, distinguishing themselves
from the reference from 550 MHz and above. The "1 Vertical" and "1 Horizontal"
samples, only having one N12 CNT forest, have lower shielding lower shielding than
those samples being modified by two N12 CNT forests to the interlaminar region.
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Figure 4.4: EMI SE difference to reference in horizontal measurements of batch 1

Table 4.17: Average EMI SE difference to reference in horizontal measurements of
batch 1, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

1 Vertical -0.09 -0.17 -0.22 -0.38 -0.53 -0.85 -1.39 -1.87
2 Vertical -0.13 -0.23 -0.49 -0.80 -1.15 -1.81 -2.91 -3.76

1 Horizontal -0.17 -0.16 -0.28 -0.46 -0.70 -1.11 -1.85 -2.58
2 Horizontal, parallel -0.13 -0.10 -0.27 -0.42 -0.78 -1.29 -2.23 -3.07

2 Horizontal, perpendicular -0.15 -0.20 -0.48 -0.76 -1.21 -1.93 -3.10 -4.02

As in the presentation of the longitudinal direction, the difference in shielding per-
formance to the reference is presented in figure 4.4 and table 4.17. However, the
observations seen here are the same as mentioned previously discussing figure 4.3
and table 4.16
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4.5.3 Batch 2 - Longitudinal
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Figure 4.5: EMI SE in longitudinal measurements of batch 2

Table 4.18: Average EMI SE in longitudinal measurements of batch 2, in 100 MHz
intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Reference -25.71 -32.19 -30.96 -33.44 -29.88 -30.36 -26.94 -31.75
1 Vertical -26.46 -29.90 -30.77 -33.22 -30.42 -33.01 -27.38 -33.81
2 Vertical -26.01 -30.82 -32.18 -34.77 -32.25 -33.46 -32.02 -35.86

1 Horizontal -26.49 -31.81 -32.25 -33.08 -30.14 -31.84 -27.64 -33.23
2 Horizontal, parallel -26.69 -32.00 -33.34 -34.49 -31.60 -33.08 -30.78 -35.40

2 Horizontal, perpendicular -26.19 -32.27 -33.32 -34.67 -31.75 -34.12 -30.31 -35.62

Similarly to figure 4.1 of batch 1, figure 4.5 presents a spectra difficult to analyse
graphically. The average shielding values are given in table 4.18. Comparing the val-
ues of shielding between batch 1, table 4.14, to batch 2, table 4.18, the performance
difference across the measured spectra is negligible.
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Figure 4.6: EMI SE difference to reference in longitudinal measurements of batch
2

Table 4.19: Average EMI SE difference to reference in longitudinal measurements
of batch 2, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

1 Vertical -0.75 2.30 0.19 0.22 -0.53 -2.65 -0.44 -2.06
2 Vertical -0.30 1.38 -1.22 -1.33 -2.36 -3.10 -5.09 -4.11

1 Horizontal -0.79 0.38 -1.29 0.36 -0.26 -1.48 -0.71 -1.48
2 Horizontal, parallel -0.99 0.19 -2.38 -1.04 -1.71 -2.72 -3.85 -3.66

2 Horizontal, perpendicular -0.48 -0.07 -2.36 -1.23 -1.87 -3.76 -3.38 -3.87

In batch 2, the difference to the reference laminate is clearer than in batch 1. From
750 MHz, the performance of the different laminates diverges. The laminates modi-
fied by one N12 CNT forest have about equal shielding performance, but sometimes
having equal shielding to the reference crossing the 0-axis. The laminates modified
with one N12 CNT forest exhibit lower shielding effectiveness than those with two
N12 CNT forest added to the interlaminar region.
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4.5.4 Batch 2 - Horizontal

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

200 300 400 500 600 700 800 900 1000

Sh
ie

ld
in

g 
ef

fe
ct

iv
en

es
s (

dB
)

Frequency (MHz)

Batch 2 Shielding Effectiveness - Horizontal

Reference 1 Vertical 2 Vertical 1 Horizontal 2 Horizontal, parallel 2 Horizontal, perpendicular

Figure 4.7: EMI SE in horizontal measurements of batch 2

Table 4.20: Average EMI SE in horizontal measurements of batch 2, in 100 MHz
intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Reference -0.11 -0.06 -0.06 0.02 -0.15 -0.30 -0.68 -1.16
1 Vertical 0.02 -0.05 -0.08 -0.18 -0.61 -1.19 -2.24 -3.17
2 Vertical -0.19 -0.58 -1.04 -1.46 -2.29 -3.38 -5.04 -6.15

1 Horizontal 0.11 -0.01 -0.01 -0.12 -0.43 -1.01 -2.02 -2.97
2 Horizontal, parallel -0.05 -0.26 -0.54 -0.93 -1.70 -2.74 -4.29 -5.48

2 Horizontal, perpendicular -0.09 -0.35 -0.63 -1.08 -1.83 -2.87 -4.51 -5.73

The horizontal measurements in batch 2, figure 4.7, appear different to the measure-
ments in batch 1, figure 4.3. In batch 1, the CNT-modified laminates diverged from
the reference at 550 MHz. In batch 2, this behaviour is observed as well for the "1
Vertical" and "1 Horizontal" laminates. However, the remaining laminates diverge
already at 350 MHz from the reference.
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Figure 4.8: EMI SE difference to reference in horizontal measurements of batch 2

Table 4.21: Average EMI SE difference to reference in horizontal measurements of
batch 2, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

1 Vertical 0.13 0.01 -0.02 -0.20 -0.46 -0.89 -1.56 -2.02
2 Vertical -0.08 -0.52 -0.98 -1.48 -2.14 -3.08 -4.37 -5.00

1 Horizontal 0.22 0.05 0.05 -0.14 -0.28 -0.71 -1.34 -1.81
2 Horizontal, parallel 0.06 -0.20 -0.48 -0.95 -1.55 -2.44 -3.62 -4.33

2 Horizontal, perpendicular 0.02 -0.29 -0.57 -1.10 -1.68 -2.57 -3.84 -4.57

Since the influence of the carbon fiber is almost negligible in the horizontal direction,
the difference to reference in figure 4.8 and table 4.21 are small. However, once again,
the performance is about equal of the laminates including the same amount of CNT-
layers. Also, an increase in shielding performance is observed with the increase in
frequency, which is expected according to the literature. Even though an increase
in shielding performance in N12 forest modified laminates are observed, the gains
are marginal.
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4.5.5 Free Buckypaper

Before being integrated into laminates, the EMI performance of the free Buckypapers
was evaluated in order to compare to after integration.
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Figure 4.9: EMI SE of free Buckypapers before integration to laminates

Table 4.22: Average EMI SE of the free Buckypapers before being integrated into
laminates, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

BP 30 #1 -23.56 -28.29 -26.59 -29.74 -32.29 -34.94 -36.83 -39.43
BP 40 #1 -24.64 -28.62 -26.93 -30.79 -33.03 -35.54 -37.69 -40.65
BP 40 #2 -24.59 -28.93 -28.44 -31.79 -34.16 -36.59 -38.34 -41.64
BP 50 #1 -26.49 -30.15 -29.63 -33.87 -36.38 -38.92 -40.16 -42.88
BP 50 #2 -26.35 -30.53 -27.98 -33.47 -35.54 -37.97 -40.18 -42.10
BP 60 #1 -26.33 -31.53 -28.69 -32.86 -35.65 -38.02 -39.82 -42.28
BP 60 #2 -26.95 -31.86 -29.42 -33.46 -35.95 -38.47 -40.98 -43.24
BP 70 #1 -28.38 -33.12 -28.72 -36.12 -38.56 -40.68 -42.76 -44.99
BP 80 #1 -28.41 -32.97 -30.21 -34.93 -38.24 -40.99 -42.87 -45.90
BP 80 #2 -26.12 -29.69 -30.80 -37.09 -38.54 -40.78 -42.37 -44.47

Studying figure 4.9, a layered pattern is observed with each Buckypaper being sep-
arated in performance. This is observed across the whole measured spectra, an
interference phenomenon being present around 400-450 MHz. The performance of
the Buckypapers are observed to be increasing with the increase of areal density of
the CNTs in the Buckypapers. As the frequency increases, the shielding effectiveness
increases as expected, from -20/25 dB at 200 MHz to -40/45 dB at 1000 MHz.
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4.5.6 Buckypaper Laminates - Longitudinal
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Figure 4.10: EMI SE in longitudinal measurements of Buckypaper laminates

Table 4.23: Average EMI SE in longitudinal measurements of Buckypaper lami-
nates, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Reference -25.71 -32.19 -30.96 -33.44 -29.88 -30.36 -26.94 -31.75
BP 30 #1 -30.27 -33.22 -41.18 -45.95 -47.39 -49.57 -51.43 -53.11
BP 40 #1 -27.08 -31.98 -41.65 -46.30 -49.26 -52.61 -54.79 -54.24
BP 40 #2 -29.56 -34.60 -43.53 -46.34 -48.99 -51.35 -53.76 -55.00
BP 50 #1 -27.43 -34.11 -41.98 -48.20 -51.53 -52.27 -53.37 -54.35
BP 50 #2 -27.00 -32.96 -39.26 -46.09 -48.97 -51.18 -50.48 -51.45
BP 60 #1 -24.10 -34.63 -43.12 -45.50 -47.04 -50.19 -53.57 -55.42
BP 60 #2 -23.94 -33.97 -42.61 -45.56 -49.10 -51.98 -52.93 -51.03
BP 70 #1 -28.46 -34.99 -42.44 -46.18 -47.69 -51.57 -54.30 -55.26
BP 70 #1 -30.01 -35.72 -43.85 -45.71 -48.70 -51.53 -53.56 -52.75
BP 80 #1 -29.85 -30.55 -33.51 -31.98 -32.69 -33.36 -33.80 -30.73
BP 80 #2 -25.24 -30.98 -39.51 -43.48 -44.86 -47.69 -48.65 -48.81

As the Buckypapers were integrated into laminates, their EMI shielding performance
was studied. The longitudinal spectra is presented in figure 4.10 of the Buckypaper
integrated laminates, the reference is the same as in batch 2 due to same curing
conditions being used in the Buckypaper laminates.
The previously layered pattern for the free Buckypapers are no longer distinguish-
able, being similar to each other, going from -10-20 dB at 200 MHz to ca -45/50 dB
at 1000 MHz. One laminate, BP 80 #1 has an unique behavior compared to the
other Buckypaper laminates.

48



4. Results

-60

-50

-40

-30

-20

-10

0

10

20

30

40

200 300 400 500 600 700 800 900 1000

Sh
ie

ld
in

g 
ef

fe
ct

iv
en

es
s (

dB
)

Frequency (MHz)

Shielding Effectiveness Buckypaper Laminates
Longitudinal - Difference to Reference

BP 30 #1 BP 40 #1 BP 40 #2 BP 50 #1 BP 50 #2 BP 60 #1 BP 60 #2 BP 70 #1 nr2 BP 80 #1 BP 80 #2

Figure 4.11: EMI SE difference to reference in longitudinal measurements of Buck-
ypaper laminates

Table 4.24: Average EMI SE difference to reference in longitudinal measurements
of Buckypaper laminates, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

BP 30 #1 -4.57 -1.03 -10.22 -12.51 -17.51 -19.21 -24.49 -21.37
BP 40 #1 -1.37 0.22 -10.69 -12.86 -19.38 -22.25 -27.85 -22.49
BP 40 #2 -3.86 -2.41 -12.57 -12.90 -19.11 -20.99 -26.83 -23.26
BP 50 #1 -1.73 -1.92 -11.02 -14.76 -21.65 -21.91 -26.44 -22.61
BP 50 #2 -1.30 -0.76 -8.30 -12.65 -19.09 -20.82 -23.54 -19.70
BP 60 #1 1.60 -2.43 -12.16 -12.06 -17.16 -19.83 -26.63 -23.68
BP 60 #2 1.76 -1.77 -11.66 -12.12 -19.22 -21.61 -26.00 -19.28
BP 70 #1 -2.76 -2.79 -11.48 -12.74 -17.80 -21.21 -27.36 -23.52
BP 70 #1 -4.30 -3.52 -12.89 -12.27 -18.81 -21.17 -26.62 -21.01
BP 80 #1 -4.15 1.64 -2.55 1.46 -2.80 -3.00 -6.86 1.01
BP 80 #2 0.47 1.21 -8.55 -10.04 -14.98 -17.33 -21.71 -17.06

Unlike in the N12 CNT forest modified laminates, having small shielding perfor-
mance gains with the addition of their CNTs, the addition of Buckypaper in the
laminates have increased the total shielding of the laminates drastically. From ca
350 MHz, the increase in performance compared to the reference becomes clear,
studying figure 4.11 and table 4.24. However, at frequencies lower than 350 MHz,
the contribution of the Buckypapers are negligible, following the shielding perfor-
mance of previously studied N12 CNT forest modified laminates.
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4.5.7 Buckypaper Laminates - Horizontal
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Figure 4.12: EMI SE in horizontal measurements of Buckypaper laminates

Table 4.25: Average EMI SE in horizontal measurements of Buckypaper laminates,
in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Reference 0.36 0.41 0.35 0.43 0.15 -0.29 -1.15 -2.05
BP 30 #1 -20.58 -24.00 -28.22 -30.41 -32.37 -34.99 -37.68 -38.85
BP 40 #1 -23.26 -25.46 -29.83 -32.23 -34.43 -36.90 -39.28 -40.69
BP 40 #2 -23.57 -26.21 -30.90 -33.73 -35.49 -38.02 -40.66 -41.90
BP 50 #1 -24.73 -28.16 -32.66 -35.59 -37.98 -40.45 -43.18 -44.47
BP 50 #2 -24.70 -28.07 -32.06 -34.58 -36.57 -39.14 -41.47 -45.06
BP 60 #1 -23.00 -27.10 -31.67 -35.78 -37.45 -39.50 -42.48 -45.39
BP 60 #2 -24.53 -29.30 -33.39 -35.87 -37.98 -40.64 -42.58 -43.94
BP 70 #1 -25.99 -28.74 -33.80 -36.88 -38.47 -40.98 -43.38 -44.26
BP 80 #1 -22.20 -23.50 -25.30 -25.35 -25.11 -25.13 -24.96 -22.72
BP 80 #2 -24.49 -27.19 -31.64 -35.89 -37.33 -39.63 -41.60 -43.50

Measuring the shielding effectiveness in the horizontal direction of the Buckypaper
integrated laminates, the patterns seen in the free Buckypapers reappear. The
influence of the carbon fiber layers are minimal, the reference having close to no
shielding performance compared to the Buckypapers.
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Figure 4.13: EMI SE difference to reference in horizontal measurements of Buck-
ypaper laminates

Table 4.26: Average EMI SE difference to reference in horizontal measurements of
Buckypaper laminates, in 100 MHz intervals
Average EMI SE (dB) vs Frequency (MHz) 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

BP 30 #1 -20.93 -24.41 -28.57 -30.83 -32.52 -34.70 -36.54 -36.81
BP 40 #1 -23.62 -25.87 -30.18 -32.66 -34.59 -36.62 -38.13 -38.65
BP 40 #2 -23.93 -26.62 -31.26 -34.15 -35.64 -37.73 -39.52 -39.86
BP 50 #1 -25.08 -28.57 -33.01 -36.02 -38.13 -40.16 -42.03 -42.42
BP 50 #2 -25.06 -28.49 -32.42 -35.00 -36.73 -38.85 -40.33 -43.02
BP 60 #1 -23.36 -27.51 -32.03 -36.21 -37.60 -39.21 -41.33 -43.35
BP 60 #2 -24.88 -29.72 -33.75 -36.29 -38.13 -40.35 -41.43 -41.89
BP 70 #1 -26.35 -29.15 -34.15 -37.30 -38.62 -40.69 -42.23 -42.22
BP 80 #1 -22.56 -23.91 -25.65 -25.77 -25.26 -24.84 -23.81 -20.67
BP 80 #2 -24.85 -27.60 -31.99 -36.32 -37.48 -39.35 -40.45 -41.45
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4.6 SEM

The cross sections of a selected few laminates were examined in order to study the
alignment and morphology of the added CNTs to the interlaminar region. Both
batches of N12 CNT forest modified laminates were studied and compared. Later,
the Buckypaper modified laminates were studied separately.

4.6.1 N-12 Modified Laminates

The studied laminates modified by the N12 CNT forests were the "1 Vertical" and
"2 Vertical" samples. Together with these, their respective reference laminates were
studied to observe the changes to the interlaminar region with the addition of CNTs.
This was done to the laminates of both batches.

4.6.1.1 Reference samples

Figure 4.14: Cross sectional view of reference sample batch 1, 370X zoom

Observing figure 4.14 of the reference laminate from batch 1, no clear interlaminar
region is observed. The two fiber layers from the two prepregs have seemingly moved
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into contact with each other during curing. No separating layer or concentration of
epoxy can be seen elsewhere in the laminate.

Figure 4.15: Cross sectional view of reference sample batch 2, 370X zoom

Figure 4.15 depicts a cross sectional area from the batch 2 reference laminate. Com-
pared to figure 4.14, a separating layer of epoxy is observed in the middle of the
sample. Although this interlaminar region is detected in the batch 2 reference, it
is not a continuous layer through out the sample on closer inspection of the cross
sectional area.
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4.6.1.2 1 Vertical

Figure 4.16: Cross sectional view of "1 Vertical" sample batch 1, 180X zoom

In sample "1 Vertical" from batch one, a continuous interlaminar region is observed
through out the studied cross section. A section is depicted if figure 4.16. The addi-
tion of one VACNT forest has made it possible to distinguish the interlaminar region
clearly. Closer inspection of the interlaminar region of the laminate is presented in
figure 4.17.
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Figure 4.17: Cross sectional view of "1 Vertical" sample batch 1, 370X zoom, with
measured thickness of the interlaminar region

The close up on the interlaminar region does not reveal a clear structure of the ex-
pected VACNT forests in the interlaminar region. The texture of the interlaminar
region is equal to the pockets of epoxy observed inside the individual fiber layers.
This occurrence would later be noticed to be the same through out all samples mod-
ified with N12 CNT forests. Due to not being able to observe the CNTs themselves
in the interlaminar region which they have "created", a change of action was needed.
The thickness of the interlaminar region was instead studied through-out the sam-
ples to observe the effect brought by the addition of the CNTs to its thickness. The
measured thicknesses in figure 4.17, representing a typical section of the sample, are
: 16.9, 22.3, 17.2 and 13.7 µm.
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Figure 4.18: Cross sectional view of "1 Vertical" sample batch 2, 180X zoom

Comparing the cross section from the "1 Vertical" sample in batch 2, depicted in
figure 4.18, to batch 1 in figure4.16, both interlaminar regions are clearly visible.
The thickness of the interlaminar region, seemingly thinner in batch 2, was further
studied in figure 4.19.
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Figure 4.19: Cross sectional view of "1 Vertical" sample batch 2, 370X zoom, with
measured thickness of the interlaminar region

It should be mentioned that a "uniform" thickness of the interlaminar region is
not observed in any studied sample, with pockets being thicker than the "general"
thickness of the interlaminar region. Each figure where measurement of the thickness
has been taken has been judged to be representative to the sample.

The measured thicknesses in figure 4.19 are: 14.5, 20.1, 9.08 and 8.23 µm. The
last two measured thicknesses, 9.08 and 8.23 µm are not uncommon in the batch
2 sample and thinner than anything seen in the sample from batch 1. This may
indicate a thinner interlaminar region in batch 2, supposedly caused by the different
curing conditions, namely the added pressure in batch two during curing.

4.6.1.3 2 Vertical

The same procedure was performed on the "2 Vertical" samples as done to the "1
Vertical" samples to study whether or not the addition of a second layer of N12 CNT
forests have affected the thickness of the interlaminar region.
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Figure 4.20: Cross sectional view of "2 Vertical" sample batch 1, 180X zoom

The interlaminar region in "2 Vertical" from batch 1 is clearly observable in figure
4.20.
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Figure 4.21: Cross sectional view of "2 Vertical" sample batch 1, 370X zoom, with
measured thickness of the interlaminar region

The measured thicknesses of the "2 Vertical" interlaminar region are: 28.2, 29.5,
24.9 and 22.0 µm. The measured thicknesses being thicker than those measured
for the "1 Vertical" sample in figure 4.17, indicating an increase in thickness of the
interlaminar region with the addition of a second layer of N12 CNT forests.
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Figure 4.22: Cross sectional view of "2 Vertical" sample batch 2, 180X zoom

Again, figure 4.22 depicts a clear interlaminar region of the "2 Vertical" sample from
batch 2. Similar to its "1 Vertical" conunterpart, the thickness of the interlaminar
region appears to be thinner in batch 2 samples, with sections almost being "closed"
and carbon fibers from the different layers almost being in contact to each other.
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Figure 4.23: Cross sectional view of "2 Vertical" sample batch 2, 370X zoom, with
measured thickness of the interlaminar region

Again, the measured thicknesses in batch 2 is thinner than their batch 1 counter
part, being measured in figure 4.23 to 18.2, 20.9, 12.6 and 14.2 µm.
From the measured thicknesses of the interlaminar region, it appears that the dif-
ferent curing conditions of the laminates gives the samples from batch 2 a thinner
interlaminar region. In combination with this, the addition of a second layer of
N12 CNT forests appears to provide a thicker interlaminar region. These observa-
tions may be indicatory but not conclusive. A larger group of samples and more
measurement is needed in order to provide a statistical basis for certain conclusions.

4.6.2 Buckypaper Laminates

Three laminates with integrated Buckypaper was studied during the SEM study.
The laminates were: Nanocyl 30#1, Nanocyl 50#1 and Nanocyl 80#1
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4.6.2.1 30g/m2

Figure 4.24: Cross sectional view of Nanocyl 30#1 laminate, 180X zoom,

The first Buckypaper modified laminate to be studied was the Nanocyl 30#1 lami-
nate. In figure 4.24 a large interlaminar region is observed, an expected consequence
due to earlier measurements of the thickness of the laminates. Above the lower layer
of carbon fiber a continuous crack is observed, a delamination between the carbon
fiber and the Buckypaper. For certain, these delaminations would affect the electri-
cal conductivity in the through-thickness direction. As further samples were studied,
this delamination was commonly seen.
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Figure 4.25: Interlaminar region view of Nanocyl 30#1 laminate, 700X zoom,

A closer view of the interlaminar region reveals several different regions. Area #1
resembles the epoxy which is seen among the carbon fibers in the carbon fiber layers.
This area is thought to consist of pure epoxy, unmodified by the Buckypaper. Area
#2 is suspected to consist of epoxy-infiltrated Buckypaper. Later, area #3 has a
different texture compared to area #2. This area is suspected to consist of non-
infiltrated Buckypaper due to the uneven texture of the surface and the black spots
suspected to be pores in the material. Area #4 is the delamination crack which was
noted in the previous figure.
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4.6.2.2 50g/m2

Figure 4.26: Cross sectional view of Nanocyl 50#1 laminate, 180X zoom,

The cross section of the Nanocyl 50#1 laminate, figure 4.26, contains a crack travers-
ing the laminate in the thickness direction. The interlaminare region is properly
infiltrated Buckypaper, being similar to area 2 in figure 4.25.
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Figure 4.27: Zoom in of crack and interlaminar region, Nanocyl 30#1 laminate,
4000X zoom,

A closer inspection of the crack and adjoined surface is presented in figure 4.27,
having the crack to the right. Studying the surface to the left, it contains white
fragments approximately 1-2 µm in length, the size specified by Nanocyl for their
NC7000 TM nanotubes. Due to this, the white spots observed in figure 4.27 is
determined to be the CNTs making up the Buckypaper being "surrounded" by epoxy
which has infiltrated the Buckypaper. This structure is the same as observed in area
#2 in the previous sample, the Nanocyl 30 #1 laminate.
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Figure 4.28: Sectional view of Nanocyl 30#1 laminate, 370X zoom,

The structure determined in the previous figure to be infiltrated Buckypaper appears
to be spanning the whole interlaminar region of the studied Nanocyl 50#1 laminate
sample. To be assured of this, a closer inspection to the interlaminar/carbon fiber
interface was performed. In figure 4.28, the infiltrated Buckypaper structure is
clearly seen to be in contact with the carbon fiber, seeing the white fragments being
CNTs up to the carbon fiber interface.

4.6.2.3 80g/m2

Due to previous irregularities measured for the Nanocyl 80 #1 laminate concerning
its thickness and EMI shielding, the sample was studied by SEM to connect these
anomalies to its structure.
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Figure 4.29: Cross sectional view of Nanocyl 80#1, 120X zoom,

Upon inspection of the interlaminar region, figure 4.29, wide regions of epoxy along
the carbon fiber layers are observed preventing physical contact of the Buckypaper
to the carbon fiber. This may be a cause to the irregular values of conductivity
observed for the laminate and EMI SE compared to the other Buckypaper modified
laminates.
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5
Discussion

Through out this discussion of the thesis project, I will discuss and share my thoughts
of all aspects of the work in this project.

The first point to be discussed is the production and quality of the Buckypapers.
All produced Buckypapers in this work has a higher areal density than the intended
concentration of CNTs, indicating residual surfactant and moisture being present in
the sample. It may be expected to have residual surfactant remaining in the Buck-
ypaper, functioning as a binder, although the amount of extra weight is surprising.

The quality of the filtration process was not uniform during production, behaving
slightly different from filtration to filtration. This behaviour includes filtration times
being different to same volume of dispersion, although the preparation of the disper-
sions were the same. It should be added that the filtration might be divided in to
two phases, first a rapid, but short, flow through the funnel of black dispersion and
a second more stable flow of clear water going through the funnel. This behaviour
affects the filtration time drastically. This behaviour indicates a loss of CNTs in
the initial phase before proper filtration sets in. One explanation to this initial be-
haviour is the fitting of the filter membrane in the Buchner funnel, leaking from the
sides until being properly wet and attached to the funnel floor. This occurrence was
minimized through better fitting of the filtration membrane, by decreasing the size
of the filter, although never totally eliminated.
Another observation, which was clearer at lower concentrations, is the occurrence of
an uneven filtration on the filter membrane, tending to be more prominent in the
center of the filter membrane rather than at its periphery. The probable explanation
to this behaviour is the density and placement of the outlets holes at the bottom
of the Buchner funnel, being more numerous in the middle, giving a higher flow of
filtration to the center. The higher flow of filtration brings a higher load of CNTs
remaining in the area, making the periphery of the produced Buckypaper fragile
and to some extent "non-consolidating". The weak periphery of the Buckypaper, or
the absence of consolidated Buckypaper at certain areas, exposes filter membrane,
makes these areas a route of least resistance during rinsing of the Buckypaper, giv-
ing a non-uniform rinsing. An uneven rinsing of the Buckypaper would lead to
abundant surfactant remaining in the Buckypaper, which itself could bind moisture,
being partially hydrophilic, in the otherwise hydrophobic Buckypaper. In the cases
of Nanocyl 80 # 1, areal density of 615 g/m2 exceeds the limit of 240 g/m2 which
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would be the case if all CNTs and surfactant remained in the Buckypaper, proving
that a substantial amount of moisture is present in this sample. This though is the
most extreme case but this behaviour is most likely present in all of the produced
Buckypapers.

Moving on from the possible causes to the high areal densities, the thickness and the
density of the produced Buckypapers should be evaluated. Comparing the different
thicknesses of all Buckypapers, the difference in thickness between the Buckypapers
are quite narrow. Comparing Nanocyl 30 #1 and Nanocyl 80#2 at the extreme ends
of the intended areal density, the difference in thickness given in table 4.6 is only
approximately 110 µm. This increase in thickness from 410 to 520 µm with more
than the double intended amount of CNTs during production indicates a higher
packing of CNTs in the Nanocyl 80#2 sample. The higher density implies this as
well, being 0,13 vs 0,23 g/cm3 for Nanocyl 30 #1 vs Nanocyl 80 #2. According to
literature, a more dense packing of the CNTs reduces the tunneling distance between
individual CNTs which in turn increases the conductivity of the sample. This may
be indicated in table 4.8, where Nanocyl 30 #1 has a calculated conductivity of ca
853 S/m vs 1474 S/m of the Nanocyl 80 #2 Buckypaper. Unfortunately, due to
the issues encountered during the production of the Buckypapers described above
and the difficulty of reproduceability during production of the Buckypapers, a clear
pattern for all Buckypapers as described above is not observed. Studying table 4.8,
there exists large variations between the individual Buckypapers. Nanocyl 60 #1
has approximately half the conductivity of the Nanocyl 60 #2 Buckypaper even
though they are prepared equally. The resulting conductivity of each Buckypaper
in this study is not only dependent on its CNT concentration, but also highly de-
pendent on the achieved quality of the sample.
A reasons to produce Buckypaper during this study was to study their potential
as an alternative to metallic products in EMI shielding applications. Aluminium
and copper are frequently used in these applications. Comparing the densities of
the Buckypapers to those of aluminium and copper, 2,70 g/m3 and 8,96 g/m3 re-
spectively, all produced Buckypapers had a lower density. The advantage of lower
density could make Buckypapers a valid alternative to metals in applications where
reduced weight is required. This includes other applications as well, such as light-
ning strike protection of composites. However solid foils of metallic materials are
rarely used in these application, but meshes are more commonly used.

To end the evaluation of the Buckypapers, a comparison to literature is presented
in table 5.1.
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Conductivity Thickness of BP Article
(S/m) µm

2400±1600 37±3 [53]
2500-3500 150 [52]

5700 70 [54]
900 95-110 [32]
2000 90 [33]

Table 5.1: Conductivity and thickness of MWCNT BPs from literature

Comparing the conductivity, the produced Buckypapers in this project seem to have
good performance. Concerning the thickness of the Buckypapers on the other hand,
the authors of the given examples have all successfully produced thinner films than
I in this project, being between 300-500 µm.

Two batches of N12 CNT forest modified laminates were produced during this study,
being subjected to different curing conditions. Comparing the measured conductiv-
ity in the longitudinal and transversal direction, given in tables 4.2 to 4.5, an increase
in conductivity is observed in all samples. This increase was more prominent in the
longitudinal direction in batch 2 compared to in batch 1. Although an increase of
conductivity in the transversal direction is observed, the values remain low. Con-
cerning the longitudinal direction, the increase in conductivity is much more signifi-
cant. Comparing the reference samples, to evaluate the effect of the different curing
conditions, the measured conductivity is 157 S/m vs 1224 S/m for batch 1 and 2
respectively. The additional pressure of 6.8 bars during the curing has resulted in
an eight-fold increase of conductivity. This increase of conductivity indicates im-
proved electrical interaction in the carbon fiber layers of the laminate. A logical
explanation is a more densely packed structure of the carbon fibers, increasing the
contact area and electrical interaction to neighbouring carbon fibers. Since the same
materials are used in both reference samples and only the curing conditions differ,
a better interaction between the only conductive component in the laminate is the
only possible conclusion to be drawn to this observed behaviour. Studying figures
4.14 and 4.15, the SEM study of their cross sections, this assumption is not clearly
observed. The non-existent interlaminar region of the reference sample from batch
1 suggests better interaction between the carbon fiber layers than in the reference
from batch 2, where tendencies of an interlaminar region is observed. If the increased
conductivity is due to closer packing of carbon fibers, then the batch 2 reference is
rather consisting of two parallel more closely packed and more conductive layers of
carbon fibers giving two conductive pathways rather than the more uniform batch
1 reference.

Moving on from the reference samples, the addition of the N12 forests to the lami-
nates has resulted in the appearance of an interlaminar region in both batches. Due
to not being able to distinguish the CNTs in the SEM study of the N12 modified
samples, the intended study of the alignment of the individual CNT forests and

71



5. Discussion

their morphology in the interlaminar region could not be performed. The interlam-
inar region itself became clearly visible with the addition of the N12 CNT forests,
comparing the cross sections of the reference and "1 Vertical" samples from batch 1
in figure 4.14 and 4.16. The presence of the interlaminar region in these samples is
probably due to the CNTs being present as a steric obstacle between the two carbon
fiber layers, being infiltrated by epoxy and fixed in place between the carbon fiber
layers, functioning as a barrier between the two.

Another observation of the interlaminar region is the non-equal thickness through-
out the cross sections observed, with thinner regions ending up in pockets such
as in figure 4.17. The observations of these pockets may indicate a squeeze flow
behaviour in the interlaminar region of interlaminar matrix and CNTs moving dur-
ing the curing due to a pressure gradient, ending up in pockets of concentrations [63].

Concerning the varied thickness of the studied interlaminar region in the SEM study,
the measurements indicate an increase of thickness of the interlaminar region with
increased amount of CNTs (1 vs 2 N12 CNT forests added to the interlaminar re-
gion) and a decrease of thickness with the added pressure during curing. However,
as mentioned earlier, the thickness is not equal through out the cross section. As
an example, figure 4.23 of the 2 Vertical sample from batch 2, the thickness of the
interlaminar region varies between ca 20.9 and 12.6 µm. This may be explained by
squeeze-flow mechanism to some degree, but the morphology of the remaining inter-
laminar region ought to have changed. With each forest having a height of 20 µm,
the two added forests to this interlaminar region may no longer be vertical. Shearing
and/or buckling of the CNT forests may have occurred during curing, with shearing
being more likely due to the inter-ply movement and shearing during curing and the
squeeze-flow effect [64]. However, to be certain, a continued SEM study has to be
conducted to observe the morphology of the CNTs.

Apart from the increase in conductivity in the reference laminate due to the differ-
ent curing conditions, the added CNTs has a larger impact on the conductivity in
batch 2. The improvements in the transversal direction are still modest. However,
in the longitudinal direction, the impact is considerable. Comparing the samples "1
Vertical" in both batches, the conductivity increased from 157 S/m to 311 S/m in
batch 1 and from 1224 S/m to 2174 S/m in batch 2. The improvement in batch
1 being ca 150 S/m and in batch 2 ca 950 S/m with the same modification to the
interlaminar region. Since no morphology of the interlaminar region was obtained
during the SEM study, the reasons to this improvement may only be hypothesized.
The increase of conductivity in the longitudinal direction in the reference samples
has previously been determined to be due to higher fiber packing. However, the
causes of the further increase by of N12 CNTs may be due to several factors. The
infiltration of the CNT forests by matrix in the modified laminates may contribute to
a further increase in fiber packing in the carbon fiber layers due to evacuating epoxy
to the interlaminar region. Further, the presence of the CNTs in the interlaminar
region may establish and/or enhance electrical interaction between the carbon fiber
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layers, creating conductive pathways, and subsequently increase the conductivity.
As more CNTs are added to the interlaminar region, more pathways are created
and conductivity increased, the same behaviour as described concerning percolation
theory. The thinner interlaminar regions in batch 2 may contribute to a higher con-
centration of CNTs as well, enhancing the conductivity of the region and electrical
interaction between the carbon fiber layers. It may also be that a reinforcement of
the interlaminar region is more effective with more densely packed carbon fiber lay-
ers and the interlaminar region itself is similar in performance in both batches. As
stated before, the reasons to the increase may only be hypothesized here and further
study concerning the fiber packing of laminates reinforced with both methods are
advised.

The difference in improvements brought to the conductivity in the N12 laminates in
the longitudinal versus the transversal direction need to be commented as well. The
conductivity of the carbon fibers are most prominent, as for CNTs, along their axial
direction which is in the longitudinal direction of the produced laminates. Together
with the increased number of interfacial barriers between the carbon fibers and
epoxy to conduct the current in the transversal direction, the calculated conductiv-
ity values are low. By adding the N12 CNTs to the interlaminar region a significant
increase in conductivity is observed in the longitudinal direction and only modest
in the transversal direction. To explain the significant longitudinal increase in con-
ductivity exclusively due to the interlaminar region becoming a highly conductive
pathway, then the same improvements would be observed in the transversal direc-
tion. For example, the samples "1 Vertical" and "2 Vertical" should be equal in
their properties in-plane in the interlaminar region, meaning contribute to the con-
ductivity equally in transverasal and longitudinal direction. Therefore, the modest
improvements in conductivity in the transversal direction may be due the improved
intrinsic conductivity of the interlaminar region, however the majority of the im-
provement in the longitudinal direction are better explained due to better electrical
interaction between the carbon fiber layers.
To comment the major difference in the conductivity improvements brought by the
different reinforcement methods of the interlaminar region, the difference is the
intrinsic conductivity of the interlaminar region. In the Buckypaper modified lam-
inates, the interlaminar region contributes to a substantial increase in conductivity
in the transversal direction. Consisting of Buckypapers with a high CNT load and
relatively high conductivity, figure 4.8, the conductivity of the interlaminar region is
increased. This contributes both in the longitudinal and transversal direction of the
laminate, although is more clearly seen in the transversal direction. Comparing the
two reinforcement methods, the integration of Buckypaper to the interlaminar region
may shift the highly anisotropic conductivity of the carbon fiber/epoxy laminate,
seen in the N12 samples, towards a more bi-directional laminate as conductivity is
concerned. However, the lay-up of a laminate is of course influencing this aspect.

Unlike in the N12 modified laminates, it is observed in SEM that the Buckypapers
make physical contact with the carbon fiber layers, figures and 4.26 and 4.28, bridg-
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ing the interlaminar region to create a conductive pathway between the carbon fiber
layers. This observation together with the measurement of conductivity through
the plane would have made an interesting point of discussion, evaluating the per-
formance of the two reinforcement methods. This however was not possible due to
measurement difficulties which will now be discussed.

In this study, the measurements required to calculate the conductivity in the through-
thickness direction of the laminates were not successful. This was due to a lack of
reproducability of results from measurement to measurement, making the obtained
values unreliable to represent the correct intrinsic properties of the studied lami-
nates
The encountered problem during these measurement was the nature of the surface
resistance and/or the resistance between the laminate and the contacts applied to
it. It was noticed during measurement that the obtained values were highly depen-
dent on the pressure put on to the contacts on the laminate. When measuring low
resistances, this was a major problem having the value shifting from 8 to 2 Ω, as an
example, without seemingly making any changes to the setup but increasing pressure
on the contacts. Without any method to precisely control the pressure to the con-
tact, no reliable measurements could be performed. This phenomenon has probably
been present in the longitudinal and transversal measurements as well, but were
more prominent in the through-thickness measurements. All obtained resistance
values include an intrinsic resistance of the sample and some sort of surface/contact
resistance to the sample. These two components of the measured resistance depends
on a number of factors, such as the contact area of the contact/cross sectional area
of measurements, the length/thickness of the sample and quality of the contact. The
intrinsic resistance of the sample follows the simple formula, equation 3.1, where the
increase of length between the measuring points (L) will increase the resistance. Sim-
ilarly, a large area will decrease the resistance. In the case of the through-thickness
measurements, the length is the thickness of the laminate and the area the whole
surface of the laminate. These two differences in physical parameters of the sample
compared to previous measurements resulted in low values of intrinsic conductivity
being measured, in this case comparable to the magnitude of the contact resistance.
In the transversal and longitudinal measurements, the length between contacts was
the length of the laminate and the area the cross-section of the laminate, increas-
ing the intrinsic resistance measured which would be much larger than the contact
resistance also measured. Due to this difficulty of measurement no values of the
through-thickness conductivity are presented. This is unfortunate, due to the en-
couraging signs of having created a conductive link between the carbon fiber layers
in the interlaminar region, at least by the SEM study of the Buckypaper integrated
laminates. By creating thicker laminates, as the authors have in the articles of the
applied method [61] & [62], it would be possible to increase the intrinsic component
of the measured resistance. However, this project is specified to the study of how one
interlaminar region is affected by the CNT modification, and many new parameters
would have to be taken into account with increasing number of interlaminar regions.
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The EMI shielding has been of major interest to SAAB Surveillance during this
thesis project. The study of the N12 Nanostitch r modified laminates proved to
provide small gains in shielding performance, most easily seen in the horizontal
measurements. In both batches, the effect of the concentration of added CNTs was
clear to see in the horizontal measurements, shielding performance increasing with
the concentration of CNTs in the interlaminar region.
Surprisingly enough, when comparing the shielding performance in the longitudinal
direction of the two batches, they were of about the same performance. Having
superior electrical conductivity in the longitudinal direction, table 4.2 vs table 4.4,
the laminates of batch 2 were expected to exhibit better shielding performance. As
previously described, the shielding performance is expected to increase with the
increase in electrical conductivity, which in this case was not seen. A possible ex-
planation to the observed phenomenon could be a preferable propagation in the
material through the laminate by capacitive coupling rather than electrical conduc-
tion. The capacitance between carbon fibers being less dependant on the inter-fiber
distance than the electrical conductivity, possible explaining the reason behind the
equal shielding performance vs the superior electrical conductivity of the laminates
from batch 2.
Evaluation of the shielding performance of the free Buckypapers reveals an increase
in performance with the increase of the (intended) areal density. However, the cal-
culated conductivity values of the Buckypapers, table 4.8, are not increasing here in
general with the increase in areal density. One possibility why a clear parallel be-
tween the results is not possible to draw is the method of measuring the thickness of
the free Buckypapers. Difficulties to keep the sample completely flat to the measured
reference surface during measurements and irregular thicknesses across the sample
are possible causes to this and the presented values in table 4.7 may not reflect the
proper conductivity of the Buckypapers. Instead, analyzing the surface resistance
of the Buckypapers, table 4.7, a clear decrease in surface resistance is observed with
the increase in areal density of CNTs in the Buckypapers. Drawing a parallel be-
tween the shielding performance of the Buckypapers and the surface resistance of
the films, a clearer image appears, proving the link between increase in shielding
performance to the increase in conductivity, equal to lower surface resistance.
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Figure 5.1: Shielding Buckypapers vs surface resistance

Concerning the EMI SE of the laminates reinforced by the first method, N12 CNT
forests, it is difficult to distinguish an improvement compared to the reference in
the longitudinal measurements with the addition of CNT forests to the interlaminar
region. Figures 4.1 and 4.5 show the graphs being similar to the unmodified ref-
erence laminate. Therefore, when evaluating the Buckypaper integrated laminates,
a comparison can be made between the two reinforcement methods. In figure 4.10
the reference of batch 2 is used to evaluate the impact of integrated Buckypapers.
From 350 MHz and beyond, the Buckypaper reinforced laminates diverge from the
reference and exhibit better EMI SE. Since the reference and the N12 modified lam-
inates had almost equal EMI SE, it could be said that reinforcement by Buckypaper
to an interlaminar region is a more effective method to add EMI SE to the carbon
fiber/epoxy laminate after 350 MHz. Reaching EMI SE of -45/50 dB at 1000 MHz
makes the reinforcement method interesting for further study to shielding applica-
tions. At its current form, in general, the shielding is inferior to that of metallic
meshes. Although, there exist several improvement possibilities for the Buckypapers
to enhance its conductivity and EMI SE. The use of longer CNTs, a higher packing
through rolling [65] and doping by iodine vapour [16] are methods used to increase
the conductivity of Buckypapers. In addition, a mechanical stretching process to
induce alignment in the drawing direction may be used [66]. Although improving
conductivity, the mechanical stretching process reduces the bi-directional nature
of the Buckypaper, turning it more unidirectional. Studying these improvement
methods and avoiding the interlaminar crack formations observed by reducing the
thickness of the Buckypapers, the Buckypapers may be interesting as an shielding
reinforcement material in the future.

To put the obtained results of the shielding performance in perspective, some values
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are shared from articles evaluating the EMI SE of Buckypapers and/or composites.
The group of Q. Xia [56] has produced pure Buckypapers/PAN composites and
compared to pure Buckypapers. Their pure Buckypaper, an excellent comparison
to the performance of the Buckypapers produced in this project, had shielding ef-
fectiveness shifting between -35 dB and -45 dB in the frequency spectra of 12-18
GHz. Compared to their Buckypapers, the performance the produced Buckypapers
in this project is good, being ca -45 dB at 1 GHz (1000 MHz) and expected to
further increase as the frequency increases.
The group of S. Sharma [51] has produced multilayered Buckypapers/epoxy com-
posites, consisting of 20 layers of Buckypapers. They measured the EMI SE in the
X-band (8-12,5 GHz) and the Ku-band (12,5-18 GHz). In the X-band the shielding
effectiveness shifted between -32 and -37 dB and in the Ku-band between -36 and
-38 dB.
A third group [33] , have produced Buckypapers of thicknesses 30, 60 and 90 µm
and later produced composites, placing them between PP-PLA-TiO2 films. The
studied frequency spectrum was 0-3 GHz, most similar to the studied spectra in this
project. The shielding effectiveness shifts greatly in the studied spectra , the 90 µm
having EMI SE at around -45 dB up to 500 MHz and later increasing rapidly to
-70 dB at ca 750 MHz to later decreasing, having a baseline around -45 dB. The
60 µm Buckypaper composite does not exhibit an as dramatic increase of shielding
after 750 MHz, otherwise being around 5 dB lower than its 90 µm counterpart,
having a baseline around -40 dB across the spectra. Finally, the 30 µm Buckypaper
composite is much more stable across the whole spectra, having a baseline around
-25 dB.
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The interlaminar region in [0,0]-configuration carbon fiber/epoxy laminates has been
reinforced with CNTs by two methods. The two methods, by aligned CNT forests
and by Buckypaper, have been evaluated to study their impact on the electrical
conductivity in the laminates and their EMI SE. Based on the results, the following
conclusion may be drawn:

• The conductivity of carbon fiber/epoxy composites depends highly on the
curing conditions and the resulting fiber packing.

• The reinforcement of the interlaminar region by both CNT reinforcement
methods increases the conductivity of the laminates.

• The two reinforcement methods increase the conductivity of the laminates
differently.

– The first reinforcement method, by aligned CNT forests, primarily in lon-
gitudinal direction due to increased electrical interaction between carbon
fiber layers.

– The second, by Buckypapers, also increases electrical interaction between
carbon fiber layers but also functions as a highly conductive pathway in
the interlaminar region.

• The reinforcement method by Buckypaper to the interlaminar region offers
higher EMI shielding after 350 MHz and improves further as frequency in-
creases.
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6.1 Future work

In this thesis, the electrical conductivity in longitudinal and transversal direction
has been measured. However, the measurements in thickness-direction of the lami-
nates were not successful. By producing thicker laminates consisting of more than
two prepregs and equally modify each interlaminar region by the two reinforcements
methods, it would be possible to measure the conductivity reliably in the thickness
direction. However, this leaves the original thought and objective of the project
and introduces new variables. Continuing on thicker laminates, it would be equally
interesting to use these reinforcement methods in structural laminates and evaluate
their performance to a proper application such as ,apart from EMI shielding, light-
ning strike protection.

A continued study of the interlaminar region with SEM to observe the morphology
of the CNTs in the N12 CNT forest reinforced laminates. Has the attempt to affect
alignment by rolling worked? How does the CNT forest interact with the carbon
fiber layer? Is the CNT forests present through out the interlaminar region or have
squeeze-flow removed CNTs from areas?

Improvements of the performance of Buckypapers. As mentioned earlier, the con-
ductivity of Buckypapers may be enhanced by rolling, doping and stretching. By
increasing the conductivity of the Buckypapers, they could offer better EMI perfor-
mance and become an interesting shielding reinforcement material in the future.

A study in to the EMI shielding behaviour of carbon fiber composites. The equal
EMI SE of batch 1 and 2 in longitudinal direction was surprising and a study
evaluating this behaviour would be of interest. Is there a preferable propagation in
the material through the laminate by a capacitive coupling rather than electrical
conduction? Is there or where is the threshold between these two mechanisms and
could it be controlled by the curing pressure of the laminate and thus the fiber
packing?
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