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Electrical conductivity of anisotropic PMMA
composite filaments with aligned carbon fibers —
predicting the influence of measurement direction
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In order to study the electrical conductivity of anisotropic PMMA/carbon fiber (CF) composites, cylindrical
PMMA/CF filaments were extruded through a capillary rheometer, resulting in an induced CF orientation
along the extrusion direction. The aspect ratios of the CFs in the filaments were accurately regulated
using a two-step melt mixing process. By measuring the vertical and horizontal resistances of filaments
where the outermost layer was successively peeled off, the anisotropic conductivities could be
calculated. This was done using a novel analytical model where each cylindrical composite filament was
defined as a structure consisting of three concentric cylinders with potentially different conductivities
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Accepted 16th December 2019 and CF orientations. The electrical conductivity increased with the degree of fiber orientation along the
voltage direction and the effects of anisotropy and measurement direction were incorporated into the

DO 10.1039/c9ra08105d (isotropic) Mclachlan equation. The required distance for electrical contact between the CFs was
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1. Introduction

Conductive polymer composites (CPCs) have attracted extensive
scientific attention due to their high electrical conductivity and
good mechanical properties.”***3% They are utilized in many
applications, such as sensors, fuel cell electrodes, and
batteries.>” The CPCs are usually obtained by mixing a polymer
matrix with conductive fillers, such as carbon fibers (CFs) or
carbon nanotubes (CNTs) or carbon black (CB), etc. The
conductivity of the CPCs depends on the number of “conductive
pathways” which are formed by the conductive fillers. When the
volume fraction of the fillers increases, a certain critical value
(the percolation threshold ¢.) can be reached when the
conductivity of the CPCs increases by several orders of
magnitude.®®

The electrical conductivity of a CPC is not only influenced by
the filler volume fraction and the filler- and matrix conductivi-
ties, but also by the shape and geometrical arrangement of the
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calculated to be 16 nm. Finite element (FEM) simulations were successfully utilized to confirm the data.

fillers. For example, the aspect ratio (AR) of the carbon fibers
must be considered when designing CF composites. It has been
reported that a larger AR leads to a lower percolation
threshold.'® Moreover, the orientation of the CFs inside the
CPCs also influences the composite conductivity significantly.
In our previous work an equation for predicting the percolation
threshold of anisotropic fiber composites was presented, which
accounts for the influence of the AR and orientation of the
fibers.'* It was also proved that a greater orientation leads to
a higher percolation threshold." The main challenge when
studying CPCs is to predict the conductivity precisely. Due to
the shear gradient across the channel section, the average angle
between the CFs and the extrusion direction decreases from the
outer part of the composite to the center such that the CFs in
the middle part of the composite cylinder becomes less
oriented. The composite conductivity for a section of an
extruded filament is thus depending on the radial position of
the material. In this study, the radial dependence of the CB
orientation will be exploited for revealing a relationship
between the CF orientation and the composite conductivity for
PMMA/CF composites.

For anisotropic CPCs, Weber and Kamal proposed the
“contact model”** to predict the longitude conductivity
(measuring voltage direction parallel to the fibers orientation,
eqn (1)) and transverse conductivity (measuring voltage direc-
tion perpendicular to the fibers orientation, eqn (2)):

4d.L cos® 6

e Boror X

(1a)

Oclong =
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where 0cjong and ocans are the longitude and transverse
conductivities of the composite, respectively. d = diameter of
the fibers, L = average length of the fibers, § = average angle
between the inclination of fibers and the direction of the
applied voltage. ¢¢ and o are the volume fraction of the fillers
and the conductivity of the fillers, respectively. d. is the diam-
eter of the circle of contact, which depends on the applied
voltage.'>' @ is a coefficient to describe the participating fillers
in the conductive network. For fillers with volume fraction ¢¢
below percolation threshold ¢., 6 = 0; when the filler volume
fraction ¢¢ reaches a saturated volume fraction ¢, 8 = 1; for
fillers volume fraction in the range ¢, < ¢¢ < ¢y, 8 follows:

(2a)

Pr — @
f=—"—"+= (3)
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X is a factor depending on the contact number of fibers:

X = 0.59 4225 )

[

It can be noted that eqn (1a) and (2a) becomes zero when ¢
= 0. In a real composite the conductivity will rather approach
the polymer conductivity ¢, when the filler fraction decreases
towards zero. The equations thus become significantly more
realistic by adding the contribution of o,,, such that:

4d.L cos® 0
+ -

od? Bopor X

(1b)

Oclong = o'm(l - (P[)

4d.L sin® 0
+ e —

d? BororX

(2b)

O¢ trans — Um(l - (pt‘)

2. Experimental section

2.1 Sample preparation

The matrix material was PMMA Plexiglas 7N (Evonik Rohm
GmbH, Germany), with mass average M,, = 99 kg mol™* and
polydispersity index = 1.52. Chopped CFs were obtained from
Tenax® - JHT C493 6 mm (Toho Tenax Europe GmbH) with
a diameter of 7 pm, an initial length of 6 mm and a specific
resistance of 1.7 x 107> Q cm.

A two-step mixing procedure was applied in this study
(Fig. 1). Prior to processing, all the materials were dried under
vacuum at 80 °C for 24 hours. PMMA/CF composites were
prepared by melt mixing in an internal kneader PolyDrive
(Haake, 557-8310) at a temperature of 200 °C and a rotation
speed of 60 rpm for 20 minutes. The composites (50 vol%)
produced according to this process are referred as 1st-step
mixing."*

Composites from 1st-step mixing were treated as master
batches (MB), and portions of these batches were further
diluted with pure PMMA to the required concentration (2nd-
step mixing): 10 vol%; 20 vol%; 30 vol%; 35 vol%; 40 vol%.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Process flow chart of the two-step melt mixing method, in
order to control the AR of the CFs.**

After melt mixing, all the composites, with controlled aspect
ratio of CFs, were ground into granules and dried under vacuum
at 80 °C for 24 h. After drying, the composite granules were
extruded at 200 °C in a capillary rheometer (Gottfert, Rheograph
2003) at a constant extrusion speed of 0.08 mm s~ ', with a die of
10 mm in length, 3 mm in diameter, to induce the orientation of
CFs in the extruded composites filament.

2.2 Investigation of the CF orientation

In order to investigate the statistical distribution of the CFs
orientation in the extruded CPC sample, the composite fila-
ments were set in an epoxy resin and polished until the width of
the exposed section of the sample was equal to the original
diameter of the filament, i.e. 3 mm. The CF orientation was then
studied using a light microscope (Leitz, Orthoplan P). The ob-
tained images were then analyzed using the JMicrovision image
analysis freeware. At least 1200 fibers per concentration were
measured.

2.3 Longitudinal volume resistivity (R;) measurements in
the extrusion direction

The longitudinal volume resistivity along the extrusion direc-
tion was measured as illustrated in Fig. 3. Both ends of the
cylindrical filament (with length L and diameter D) were pol-
ished and coated with silver paste in order to improve the
contact between the sample and the electrodes. A constant
voltage of 1 V was applied parallel to the extrusion direction of
the filament, i.e., the CFs orientation, using a Keithley 6487 Pico
ammeter.

Afterwards, a “peeling-off” procedure was applied for further
investigation of the longitudinal resistivity of the cylindrical
filaments. As described in Fig. 4, the original extruded cylin-
drical filament (with 1.5 mm radius) was approximated as
a composite object consisting of a thin cylinder (yellow in
Fig. 4(c), with radius 0.9 mm) covered by two cylindrical shells
(green and blue) with thickness 0.3 mm, respectively. The

RSC Adv, 2020, 10, 4156-4165 | 4157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08105d

Open Access Article. Published on 24 January 2020. Downloaded on 12/4/2025 8:44:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Epoxy resin

CPC filament

Polish

View Article Online

Paper

. CPC filament
Epoxy resin

s
y &l

b g

/

g =

Fig. 2 Polishing approach to assess the orientation of CFs in the CPC filament, in order to reveal the CFs orientation.

*Voltage »

Fig. 3 Longitude volume resistivity measurement on the PMMA/CFs
filament in vertical direction.

conductivity inside each of the three geometrical sub-domains
was assumed to be approximately constant. In order to reveal
these local conductivities, the outermost radial layer of each
sample was step-by-step peeled off. After each peeling step, the
samples were ultrasonic washed with ethanol, dried at 80 °C for
12 hours, the end-sections were covered with silver and the
longitudinal resistivity was measured. Consequently, for each
CF volume fraction, four longitudinal resistances (Ry,, to Ry, )
were measured, from which the local longitudinal conductivi-
ties could be calculated.

2.4 Transversal volume resistivity (Ry) measurements in the
horizontal direction

The transversal volume resistivity of samples with length L was
measured as illustrated in Fig. 5. The CPC filament sample was
embedded into an epoxy resin, subsequently cured at room
temperature for 24 hours, and then polished until the widths of

Fig. 4 "Peeling-off” procedure to obtain the longitudinal resistivity of
the different regions from the CPC filament. (a) Original extruded
filament with 1.5 mm radius; (b) peeled-off filament with 1.2 mm
radius; (c) peeled-off filament with 0.9 mm radius. The light-colored
discs at the bottom only indicate the original geometry of the filament.
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the two exposed surfaces (W x L) were equal to the desired
width W. The sample thickness # was computed from:

HRCRC

The exposed rectangular areas of the cylindrical filament
were then coated with silver paste and the resistivity between
the faces was measured with a constant (1 V) voltage without
heating the sample. The direction of the voltage was applied
perpendicular to the extrusion direction of the filament, i.e. the
direction of CFs orientation, also using a Keithley 6487 Pico
ammeter.

During each polishing step, the sample was polished until
the target width (1, 1.8 or 2.4 mm) of the exposed surfaces was
reached, as shown in Fig. 6. The subdomain coloring of the
filament in Fig. 6 corresponds to the coloring of Fig. 4. Between
each polishing step, the sample was ultrasonic washed with
ethanol and dried. Both sides of the sample were coated with
silver and the resistance between the coated surfaces was
measured. Four transversal resistances (Ry, to Rr) were thus
measured from each specimen. These resistances were in turn
used to estimate the local transversal conductivity of each
subdomain.

3. Experimental results

3.1 Investigation of the CF orientation

Fig. 7(a) shows the middle section of a cylindrical 3 mm PMMA/
CF filament with 35 vol% CFs. The figure is intended as an
illustration of how the CF-orientation is determined in this

Voltage

hW

Fig. 5 Transverse volume resistivity measurement on the PMMA/CFs
filament in the horizontal direction.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 A four-step polishing procedure for obtaining the local transversal conductivities of a CPC filament. Each filament is polished until the
desired width (W) of the exposed sample is reached. (a) W, = 1 mm, (b) W, = 1.8 mm, (c) W, = 2.4 mm.

study and the sample was polished as presented in Fig. 2. The
CFs can be seen as bright segments in the micrograph. 1200 CFs
were randomly chosen from the picture and the inclination
between each CF and the extrusion direction were determined
(Fig. 7(b)), resulting in an averaged inclination angle § which
can be inserted in eqn (1b) and (2b). The marked areas A (blue),
B (green) and C (yellow) in Fig. 7(b) correspond to the assumed
structure in Fig. 4 and 6. It should be noted that these incli-
nation angles are taken from a two-dimensional (2-D) image,
which differs from the real circumstance in a 3-D system,
however in the chosen plane this effect is negligible. Due to the
shear gradient across the channel section, the average angle

between the CFs and the extrusion direction decreases from the
outer part of the composite to the center. The CFs in the center
part of the composite cylinder are thus less oriented. Moreover,
the scattering in the CF orientation (Fig. 7(b)) is symmetric
around the center due to axisymmetric geometry (r = 0),
resulting in a uniform CF-orientation distribution in the
extruded filament samples. The 1200 data points in Fig. 7(b) are
subsequently divided into 15 intervals according to the X-
position, and the average value of absolute CFs inclination as
a function of distance from the center axis is presented is
Fig. 7(c), which is consistent with the shear stress distribution
in the capillary.

40"

Inclination of each CF (°)

-15 -1'.0 -1')',5 0?0 0?5 1?0 15
Radial position of filament (mm)

Fig. 7
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(a) The middle section of the 3 mm diameter anisotropic PMMA/CF filament with 35 vol% CF. (b) The 1200 CFs inclination vs. radical

position of the sample. (c) Average value of absolute CFs inclination as a function of the CF distance from the center axis.
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Table 1 The average orientation of CFs (cos?d) in the different
position of the 3 mm diameter anisotropic PMMA/CF filament with
different CFs concentration

cos® 0
Region 10 vol% 20vol% 30vol% 35vol% 40 vol% 50 vol%
A (blue) 0.991 0.989 0.988 0.990 0.987 0.943
B(green) 0.986  0.987  0.977  0.984 0979  0.976
C (yellow) 0.985 0.964 0.978 0.954 0.947 0.938

(a) (b) (c)

Fig. 8 The assumed structure of a CPC filament in this study. (a) A
simple resistor network mimicking a filament with radially independent
conductivity; (b) a resistor network with two concentric layers, con-
nected radially with green resistors; (c) a resistor network with three
concentric layers, where the radial resistors were omitted.

Measured CF-orientations (cos®§) were gathered for 6
different CF vol% and 3 different radial positions (layers A-C) in
Table 1. The CF-orientation is generally reduced from the rim
part (A) to the center part (C), indicating that these regions were
subject to a corresponding decreasing shear stress during the
extrusion process.

3.2 Model explanation

A CPC filament with a radially uniform filler fraction, which is
assumed in this study, can be modeled as a resistor network

RT,a

View Article Online

Paper

(Fig. 8(a)). A filament for example consisting of two radially
separated material layers (i.e. one inner region and one outer
region) can be represented by the resistor network of Fig. 8(b),
where the colors of the resistors (blue, green, yellow) indicate
different resistance values. The radial (green) resistors are
neglectable for the conductivity, which means that the CPC
filaments of this study can be modeled as resistive networks
with three (non-connected) concentric cylinders (Fig. 8(c)). The
electrical properties of the CPCs were (among others) analyzed
using this model.

3.2.1 Analysis on the longitude conductivity o). For each
CF-concentration, four longitudinal resistances (Ry, ,—Ry,4) had
been measured. The next objective was thus to convert the
(global) resistance data to the (local) conductivities of the
concentric filament layers. It was observed that the geometry of
Fig. 4(c) can be considered as a parallel coupling (resistivity Ry, )
between the green cylindrical shell (resistivity Ry green) and the
yellow solid cylinder (resistivity R ). Since the longitudinal
resistances Ry, and Ry, . are known, the unknown Ry green Of the
green shell can be calculated from:

o ©

RL,C RL,green RL,d

The same procedure was used to calculate the resistance
Ry, piue for the blue cylindrical shell. Since the dimensions of the
three cylinders were known, the longitudinal electrical
conductivity of each region o 4 (blue region), o) s (green region)
and o ¢ (yellow region) from the 3 mm filament could thus be
calculated. If L is the length of the sample, S is the area of the
sample, and R is the corresponding resistance, then the
conductivity ¢ was calculated as follows:

L
7= SR (7)

3.2.2 Analysis of the transverse conductivity ¢ | . In order to
determine the transversal volume resistance (Ry) in the hori-
zontal direction, the samples were polished as presented in

y y
s o )

We=1lmm
RT,b We=1.8mm
R =2.2mm
D=3mm
=2.2mm
v=1.8mm
Wa=1lmm

(a)

Fig. 9

(b) (c)

(a) Collection of three cross sections of the sample from Fig. 6. (b) A rough assumption on the resistance, based on a series connection, to

calculate R;. (c) The schematic diagram of the resistors series connection based on (b).

4160 | RSC Adv, 2020, 10, 4156-4165
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Fig. 10 (a) The resistor R, and the corresponding structure. (b) A rough assumption of the resistor R, based on a parallel connection. (c) A rough

estimation on the resistance of Ry, based on a series connection.

Fig. 6. Since the length of the investigated samples in Fig. 6
always remain the same, therefore, only the cross section of the
samples are presented in this section. The three cross sections
of the sample (with three different polished width W,, Wy, W),
as well as the three corresponding measured resistances Ry ,,
Ry, Rr,c are presented in Fig. 9(a). Three concentric circles are
assumed, with a constant resistivity p;, p,, and p; in each region
(blue, green and yellow, respectively). This section presents the
strategy on calculating the resistivity p;—p; from the experi-
mental resistances Rt ,—Rr,c.

The applied voltage direction is given along the Y-axis, thus
the measured resistance Ry, is roughly considered as a series
connection between the resistors in Fig. 9(b) and (c). Therefore,
the resistance of the shadowed area R;:

RT,a — Rty ~ Jy' 4]

R, =
: 2 W)L

dy (8)
Y2
where W(y) is the width of the sample at the position y, L is the
length of the sample as presented in Fig. 6. Thus, the resistivity
p1 can be obtained. Similarly, the resistance of structure R,
presented in Fig. 10(a) is given by:
Rrp — Ry

Ry =~ ¢ 5 i (9)
which is further assumed as a parallel connection between Ry,
(left), R (center) and Ry (right), as presented in Fig. 10(b):

1 1 1
Rzzl/(R—LJrR—CJrR—R) (10)
Combining eqn (9) and (10), yields:
Re=1/(—2——2/R (1)
7/ \Rep — Ree N

Since the resistivity p; (blue material, as presented in
Fig. 10(c)) is known, the resistor Ry in Fig. 10(b) is considered as
a series connection of infinite thin layers of material, which can
be obtained by the area calculated by integral. Thus, the resis-
tance of R can be calculated using eqn (11), as well as the
resistivity p, (green material) using similar strategy as eqn (8).

As all the resistivity p;—p; are obtained, the transverse
conductivity o, of each four region can be calculated. All the
logarithmic values of the longitudinal electrical conductivity o
and the transversal electrical conductivity ¢, are presented in
different color in Fig. 11. The (cos®§) values in the corre-
sponding region are also shown.

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 The logarithm longitude electrical conductivity ) and trans-
verse electrical conductivity o, are presented in different colors, as
well as the (cos? §) value in each corresponding region.

It can be noted that the longitudinal electrical conductivity
0| is always higher than transverse ¢ , . Presumably it is because
that a parallel orientation of CFs to the voltage applied is a more
effective in building an electrical pathway, which has also been
reported in the open literature.***

3.3 Validation using computer simulation on the model
results

Since the analytical model for computing the longitudinal
conductivity from available resistivity data is trivial, assuming
a linear voltage decrease in the extrusion direction, no addi-
tional verification of that model is needed. However, since the
analytical model for computing the transversal conductivity is
quite complex, finite element modeling (FEM) with the software

Fig. 12 (a) The mesh size in the finite element analysis of software
Comsol Multiphysics; (b) the simulated model of the sample, the blue
plate present electrode.

RSC Adv, 2020, 10, 4156-4165 | 4161
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Fig.13 The logarithm value of transverse resistance versus the volume
fraction of the CFs in the sample. The experimental data are presented
in hollow squares and simulation results are presented by solid circle.
For sample with each CF vol%, three different resistance Rt 5, Rtp, R1c
are presented in different colors as shown in the inset.

Comsol Multiphysics was used in order to verify the reliability
and validity of the ‘polishing’ procedure for transverse
conductivity. Four different FEM models were constructed
(Fig. 12), corresponding to the four geometries of Fig. 6.

As shown in Fig. 12, the geometry of each model consists of
the mid-section of a horizontal cylinder comprising three
concentric cylindrical layers. The conductivity of each cylin-
drical layer is taken from the theoretical approach in Chapter
3.2 while the conductivity of the gold-plated electrodes, shown
as blue regions in Fig. 12(b), is set to 4.1 x 10’. The electrode on
the upper surface provides a voltage of 1 V and the electrode on
the lower surface is grounded, i.e. set to 0 V. No-flux boundary
conditions were used on remaining external boundaries and
continuity boundary conditions were used for all internal
boundaries. A sufficiently dense computational mesh was con-
structed and the static transverse DC resistivity of the composite

o] ()
o
-2 /./
T 41 ® — A
o
25
o 0
(2
o
-84
.\‘/
-10 4
124
T T T T T T
0 10 20 30 40 50
CF vol.%

Fig. 14
cylindrical filament.

4162 | RSC Adv, 2020, 10, 4156-4165
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objects was finally computed and compared with the corre-
sponding experimental data.

The simulation results based on the proposed transverse
conductivity o, are presented in Fig. 13, together with the
experimental resistance measurement. The simulation results
are presented by solid circles. The simulated data are always
a bit lower, but the deviation is less than 10% and thus negli-
gible to the large scale. It can be seen that the simulation results
demonstrating an agreement with the experimental
measurement.

3.4 Model discussion

The longitudinal and transverse conductivities of the different
CPC layers are presented in Fig. 14(a) and (b), respectively. The
measured conductivity of the pure PMMA matrix, which is
marked with grey points in both figures, is higher than the
conductivity of all composites with 10 vol% CFs. On one hand, it
should be noted that the measured conductivity of the pure
PMMA was several orders of magnitudes higher than the cor-
responding values from the literature.> On the other hand,
several studies have reported that the addition of small
amounts of well-dispersed (nano) particles can result in
a decreased conductivity.>>*” Balberg'®" has predicted that the
percolation threshold of a CPC depends on the filler aspect ratio
(AR) and the orientation of the fillers. The percolation thresh-
olds of the transverse samples and longitude samples were
therefore expected to be equal in this study, a hypothesis which
was confirmed by the experimental data in Fig. 14, showing
percolation around 10-20 vol% for all systems. According to the
McLachlan equation,”* the conductivity can be precisely pre-
dicted once the percolation threshold as well as the matrix- and
filler conductivities are determined. A direct usage of the
McLachlan equation would however result in identical trans-
versal and longitudinal conductivities also for anisotropic
composites, which is unrealistic and in contrast to the results of
this study. The discrepancy is most probably explained by the
fact that the McLachlan equation assumes isotropic composites
and that neither McLachlan nor Balberg considered the

o] (b)
-2
o~ 4 O~ o - - =
E - 7/
S 2
a -—-==0
o 1 ’ i
o /
o /
-8 /
/
.\ /
-10 o /
S /
N
L\/'
12 4
T T T T T T
0 10 20 30 40 50
CF vol.%

(a) The logarithm longitudinal electrical conductivity o, and (b) the logarithm transverse electrical conductivity a1 in different shells of the
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measuring direction, i.e. the direction of applied voltage on the
samples.

A distinct vertical shift (~2 magnitudes) was observed
between the longitudinal conductivity (solid conductivity curve,
Fig. 14(a)) and the transverse conductivity (dashed conductivity
curve, Fig. 14(b)). This shift was expected since the presence of
highly conducting CFs primarily enhances the current flow (and
thus the conductivity) along the fiber direction. A less
pronounced vertical shift was also observed between the
conductivities of the three radial layers in Fig. 14(a) and (b). The
longitudinal conductivity was typically lowest for the innermost
layer (C) while the transverse was typically lowest for the
outermost shell (A). The explanation is that the CFs are highly
anisotropic in the outer shells of the composite cylinder (layers
A) but less oriented in the central part of the cylinder (layers B
and C). The dominant vertical shift factor, which is increasing
with increasing degree of CPC anisotropy, can be used to
improve the McLachlan equation such that it (1) works better
for anisotropic composites and (2) includes the effect of
measurement direction. For typical composites, where the
composite conductivity is dominated by the contribution from
the fibers, the improved contact eqn (1b) and (2b) will coincide
with the original contact eqn (1a) and (2a). A predicted ratio
between the transverse and longitudinal conductivities can be
achieved for such systems by combining eqn (1a) and (2a):

1 — {cos’ 6)
(cos? 6)

Otrans

=tan’ § = (12)

Olong

In Fig. 15, experimentally measured values for the ratio
between the transversal- and the longitudinal conductivities are
plotted versus tan’(6). The experimental data points are shown
as symbols in different colors, where each color corresponds to
one of the shells A-C and each symbol corresponds to a specific
CF filler concentration. The best linear fit (dashed line) leads to
a slope of 1.03, which closely resembles eqn (12), i.e. a slope of
1.00.

= experimental data
prediction by contact model, with slope=1
- - best linear fit, with slope=1.03
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Fig. 15 The ratio between oy ans/d1ong as a function of tan® 6 according
to egn (12). The solid line shows eqn (12), while the dashed line indi-

cates the best linear fit.
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Considering the large scattering at the experimental data
points, the theoretical prediction is in reasonable agreement
with the experimental data. It should also be noted that the CF
orientations in this study were measured from 2D micrographs,
resulting in slightly different angles than the correct 3D angles.
Moreover, rewriting eqn (1)—(3) yields:
4dc Pr — P

= — = X X @ror X
cos2f  sin’f TdE o — o, f

Olong _ Otrans

(13)

The best fit line of eqn (13) is presented in Fig. 16 together
with corresponding experimental data. A value of 18 vol% was
obtained for ¢.. The ¢, became 0.84, indicating a saturated CF
concentration of 84 vol%, after which all the CFs were partici-
pating in the conductive network. The diameter of the circle of
contact between CFs was determined to 0.016 um (illustrated as
inset in Fig. 16), which is much higher than the reported value
2.1 x 107" um,” 1.4 x 10”7 pm (ref. 13) and 2.1 x 10~°® wm,"
indicating a much closer contact between highly oriented CFs in
the anisotropic extruded filament. Since the theoretical
predictions are promising, it is reasonable to calculate the
difference Af = Glong — Trans from eqn (13) such that:

Af: Olong — Otrans — along(l - tanz(a)) (14)

Tlong = 0*/tan’(6*) (15)
where ¢* is the predicted conductivity from the unmodified
(isotropic) McLachlan equation and 6* is the average angle in
a perfectly isotropic composite. With this modification the
McLachlan equation can most probably predict both longitu-
dinal and longitudinal composite conductivities for anisotropic
composites with average angle 6 of filler against the electrical
field. Additional experimental measurements and modeling
results**** will however be needed to further strengthen the
revealed effect and hypotheses for explanation.
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Fit curve of Eq. 13 mm Shell B
Shell C
contacted carbon fibers
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o
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Fig. 16 Fit curve in order to investigate the saturated concentration of
CFs and the contact distance.
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4. Conclusions

This study examined how the electrical conductivity of aniso-
tropic PMMA/CFs cylindrical composites filament was affected
by fiber orientation and measurement direction. The aspect
ratio of the CFs was kept constant whereas the orientation of the
CFs was systematically investigated. Novel ‘peeling-off’ and
‘polishing’ procedures were proposed to investigate the longi-
tudinal and transversal conductivities, respectively. Finite
element (FEM) modelling of the ‘polishing’ procedure was
utilized, demonstrate consistency with the experimental results.
By comparing the longitudinal and transversal conductivities, it
was observed that a higher orientation of the fillers led to
a higher conductivity along the voltage direction, a phenom-
enon which could be captured by introducing a single vertical
shift constant. An analytical expression for the shift function
was obtained by combining two equations from an existing
contact model, which was improved such that the contact
model now works also for low particle filler fractions. The shift
function expression was (to some extent) validated by experi-
mental data. Finally, the shift factor was incorporated into the
(isotropic) McLachlan equation, which is currently the most
efficient model for predicting the (isotropic) composite
conductivity when the constituent conductivities and the
percolation threshold are known. With this improvement, the
McLachlan equation can also be used for anisotropic compos-
ites and the effect of measurement direction is included.
Additional experimental measurements for validating the
hypothesis are anticipated in future studies.
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