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a b s t r a c t

The effect of macroscale planar arrangement (planar coil, unidirectional and crossply arrangements, with
a gap between tow segments) of continuous polyacrylonitrile-based carbon fiber (7.0-mm diameter) 12 K
tow on the electromagnetic interference shielding effectiveness for normal-incident unpolarized plane
wave is reported at frequencies ranging from 200 to 2000MHz. The planar coil configuration, which
favors magnetic interaction, has not been previously reported for shielding with any material. For all
arrangements, the total shielding effectiveness (SET) is dominated by the absorption loss (SEA), whether
the fiber is nickel-coated or not. The nickel coating (0.25-mm thick) increases SET from 2‒6 dB to 13
e26 dB for the planar coil configuration, but has little effect for the crossply/unidirectional configuration.
Both SET and SEA are greatly increased by the nickel coating, which also reduces SEA's frequency
dependence and increases the absorption's fractional contribution to shielding, particularly for the
planar coil configuration below 1000MHz (from 53%‒78% to 83%e94%). The advantage of the crossply
configuration over the unidirectional configuration is greater without the nickel coating. Increasing the
tow size from 12 K to 24 K (with the gap decreased from 3.0 to 2.0mm) raises SEA for planar coil and
unidirectional arrangements. The results agree essentially with electromagnetic theory.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their low density, high tensile strength and high tensile
modulus, continuous carbon fibers are widely used for lightweight
structures. As expected from their electrical conductivity, they are
also effective for electromagnetic interference (EMI) shielding
[1e4].

EMI shielding is increasingly needed, due to the abundance and
sensitivity of electronics, which can malfunction in the presence of
radio wave. In this sense, both electronics and radiation sources
need to be shielded. Electromagnetic shielding can be contributed
by reflection and absorption losses, which usually correlate closely
to the electrical and magnetic characteristics of the shielding
materials.
ng).
Although much work has been reported on a large variety of
materials for EMI shielding, particularly nanomaterials in recent
years, with the intended goal of developing materials that exhibit
exceptionally high shielding effectiveness, comparative studies of
materials that are related in the composition (e.g., with andwithout
a certain type of material modification) and/or geometric configu-
ration (e.g., different spatial arrangements of a material) have been
inadequate. Study of the geometric configuration effect is particu-
larly inadequate. In this work, the geometric configuration of
concern is in the macroscale, in contrast to the large amount of
prior work on the nanoscale configuration in nanostructures, such
as those involving carbon nanotubes (including nanoscale coiled
nanotubes) and graphene. Due to the large macroscale wavelength
of the radio wave or microwave radiation, the macroscale config-
uration is highly relevant to EMI shielding considerations.

Geometric configurations involving metal meshes (mainly
square meshes) of various macroscale sizes in the shielding mate-
rial have been widely studied [5e8]. Geometric configurations
involving linearly positioned parallel fibers (e.g., carbon fibers),
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whether in unidirectional or crossply configurations, have also
been investigated for EMI shielding [9e13]. However, the geometric
configuration in the form of planar coil has not been previously
reported in relation to EMI shielding, regardless of the type of
material in the coil. The planar coil configuration for EMI shielding
is to be distinguished from the planar coil configuration of an in-
duction coil, which is a part of an electrical device for generating an
intermittent high voltage from a direct current and is also used in
induction heating.

In case of an unpolarized electromagnetic plane wave at normal
incidence, as one travelling in a coaxial cable and used in this work,
the electric field is radial and the magnetic field is circumferential.
Thus, the planar coil configuration is potentially attractive for
interaction of the shielding material with the magnetic field in the
wave, while the linear configuration is attractive for interaction
with the electric field in the wave. As a consequence, a comparative
investigation of the effects of the planar coil and linear arrange-
ments is attractive for shedding light on the nature of the
interaction.

Carbon fibers differ frommetals in their high degree of preferred
crystallographic orientation, with the axial conductivity of a fiber
being much higher than the transverse conductivity [1,9]. Due to
the electrical anisotropy of each carbon fiber, and the directionality
of the electric and magnetic fields in the electromagnetic radiation,
the geometric configuration effect is expected to be more signifi-
cant for carbon fiber structures than metal structures. However,
prior work on the shielding effectiveness of carbon fiber structures
has not addressed the effect of the macroscale spatial arrangement
of the fibers, except for the effect of the linear arrangement of the
fibers (e.g., unidirectional vs. crossply in the continuous fiber
composite) [9,11,14].

Carbon fibers are available in the form of tows (with thousands
or tens of thousands of fibers per tow). The large number of fibers in
a tow is attractive for shielding, due to the large surface area
enabled by the collection of microscale fibers. In contrast, the sur-
face area is much lower for a metal wire in the macroscale. Linear
arrangements of the tows are widely used as reinforcement in
structural composites. The tows are conducive for other planar ar-
rangements, such as the planar coil arrangement, which is not used
for structural composites. Nevertheless, the planar coil arrange-
ment of a tow is potentially attractive for EMI shielding and this is a
focus of the investigation in this paper.

Although electromagnetic theory stemming from Maxwell's
equations is well established, the science of EMI shielding is weak
pertaining to the principles for the design of materials for shielding.
The commonly used principle that is based on the electrical con-
ductivity alone is not adequate for guiding this design. In spite of
the large amount of reported empirical work for various shielding
materials, a coherent set of principles for the material design has
not been developed. The comparative studies mentioned above in
relation to the composition and geometric configuration are
important for strengthening the science base that will help the
eventual realization of a coherent set of design principles.

In general, continuous carbon fibers are more effective than
discontinuous carbon fibers in both shielding effectiveness [15] and
reinforcement effectiveness [16], even though discontinuous fibers
are lower in cost and amenable for composite fabrication by in-
jection molding. Therefore, continuous carbon fiber composites are
multifunctional structural materials that can provide the shielding
function. For example, the shielding effectiveness (SE) of crossply
continuous carbon fiber polymer-matrix composite of thickness
2.08mm reaches 115 dB, as averaged over frequencies ranging from
0.3MHz to 1500MHz [17]. Unless noted otherwise, by SE, we refer
to the total shielding effectiveness (SET), which is the sum of the
absorption loss (SEA) and reflection loss (SER).
The radiation that pertains to EMI shielding is most commonly
in the form of an unpolarized plane wave at normal incidence. Due
to the radial direction of the unpolarized electric field, a crossply
fiber lay-up configuration gives superior shielding than a unidi-
rectional fiber lay-up configuration [9,11,18]. In addition, a non-
woven carbon fiber fabric gives superior shielding than a woven
carbon fiber fabric [19,20], in spite of the lower electrical conduc-
tivity [19], due to the random orientation of the fibers in the non-
woven fabric and the consequent enhanced interaction with the
radiation.

Due to the circumferential direction of the magnetic field, a
planar coil configuration of the fiber is expected to be attractive for
magnetic interaction. Prior work has addressed shielding using
carbon nanofibers/nanotubes that are coiled (three-dimensional,
not planar) in the nanoscale [21]. However, fibers arranged in the
form of macroscale coils are more in line with the long wavelength
of the radio wave or microwave radiation and have not been pre-
viously investigated, whether for carbon fibers or other filamentary
materials. Macroscale coils in the form of planar coils in the plane of
the shield constitute a form of continuous fiber arrangement that
can be achieved in a composite material.

The first objective of this paper is to investigate the effect of the
macroscale planar coil configuration on the shielding effectiveness.
Although the study is limited to carbon fibers, it is the first study of
this configuration for shielding, regardless of the type of material.

The second objective is to investigate the effect of the contin-
uous carbon fiber tow arrangement (macroscale geometric
configuration) on the shielding effectiveness. The comparison of
the effects of the linear arrangements (unidirectional and crossply)
and planar coil arrangement allows a degree of decoupling of the
electric field andmagnetic field contributions to the shielding. Such
decoupling is helpful for unraveling the science.

Carbon fibers are available in the form of metal-coated fibers,
with the coating commonly obtained by electroplating. Since the
metal is much more conductive than carbon, the electrical con-
ductivity is much enhanced by the presence of the metal coating
[22e26]. In case that the metal is magnetic, as in the case of nickel,
which is ferromagnetic, the metal coating renders magnetic char-
acter to the fiber. The magnetic character of the fiber would
enhance the shielding due to the interaction with the magnetic
field component of the electromagnetic wave [27]. This enhanced
magnetic interaction may alter how the abovementioned fiber ar-
rangements affect the shielding. In other words, the effects of the
planar arrangement and metal coating may be intertwined.

A study conducted by Kim et al. on the SE of nickel-coated car-
bon fiber polypropylene-matrix composite in the microwave fre-
quency range shows that the composites prepared by different
processes (namely injection molding, internal mixing and screw
extruding) exhibit different EMI shielding performance character-
istics, due to their different fiber arrangements (e.g., different de-
grees of fiber alignment) and hence different electrical and
magnetic properties [28]. The shielding study of conductive silicone
rubber filled with nickel-coated carbon fiber also shows that the
alignment of the fibers in the matrix has great effect on SE, due to
the effect of the alignment on the interaction with the magnetic
field [28]. However, the effect of the nickel coating on the SE has not
been addressed, due to the absence of comparison of the results for
fibers with and without the nickel coating, and the absence of
consideration of the absorption contribution (fractional contribu-
tion by absorption) to the total SE.

Carbon fibers shield mainly by the absorption of the radiation.
The magnetic interaction, as promoted by the nickel coating, would
add to the absorption [28e31]. For the purpose of understanding
the mechanism of the shielding, this work includes determination
of the absorption loss and reflection loss, whether the nickel
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coating is present or not.
With consideration of the prior work and the open scientific

questions regarding the inter-related effects of nickel coating and
fiber arrangement on SE, the third objective of this paper is to
unravel the nickel coating effect and the fiber arrangement effect in
relation to the SE, absorption contribution and frequency depen-
dence. This study involves the systematic comparison of the results
for various combinations of fiber composition (with and without
the nickel coating) and planar fiber arrangement (linear and coil).

The fourth objective of this work is to strengthen the science
base for the design of materials for EMI shielding. For this purpose,
this work investigates the effects of the material macroscale spatial
arrangement (particularly the planar coil configuration, which has
not been previously investigated for EMI shielding), composition-
dependent magnetic character, composition-dependent conduc-
tivity, specimen thickness (as governed by the tow size) and fre-
quency on the shielding characteristics. Furthermore, the
consistency of these effects with electromagnetic theory is inves-
tigated. In spite of the large amount of prior research on the
development of various materials for EMI shielding, relatively little
attention has been given to the connection between the experi-
mental results and electromagnetic theory [9].
2. Experimental methods

2.1. Materials and sample preparation

Two types of carbon fiber tows are studied. They are the un-
coated carbon fiber (i.e., pristine carbon fiber, abbreviated PCF) and
the corresponding nickel-coated carbon fiber (abbreviated NCCF).
There are either 12,000 (12 K) fibers or 24,000 (24 K) fibers per tow.
Unless noted otherwise, 12 K tows are used.

The nickel-coated continuous polyacrylonitrile (PAN) based
carbon fiber is Tenax-J HTS40 A23 12 K 1420tex, with 12,000 fibers
per tow, 1.3% sizing based on polyurethane resin, fiber diameter
7.5 mm (nickel coating thickness 0.25 mm, core carbon fiber diam-
eter 7.0 mm), linear mass density 1420 tex, density 2.70 g/cm3,
electrical resistivity 7.5� 10�7Um, tensile modulus 215 GPa, ten-
sile strength 2750MPa, and tensile ductility 1.2% [32,33]. The fiber
is provided by Teijin Limited (Japan). The nickel coating is deposited
by the manufacturer on the carbon fiber by electroplating. The
details of the electroplating process are proprietary. However, the
process is likely conventional.

The corresponding uncoated continuous PAN-based carbon fi-
ber that corresponds to the core carbon fiber of the nickel-coated
carbon fiber is Tenax-E HTS45 E23 12 K 800tex, with 12,000 fi-
bers per tow, 1.3% sizing based on epoxy resin, fiber diameter
7.0 mm, linear mass density 800 tex, density 1.77 g/cm3, electrical
resistivity 1.6� 10�5Um, tensile modulus 240GPa, tensile strength
4500MPa, and tensile ductility 1.9% [33e35]. The fiber is provided
by Teijin Limited (Japan). This uncoated fiber is a high-strength
standard-modulus aerospace-grade carbon fiber.

The PCF and NCCF are identical to those used in the recent work
of this research group on the electric permittivity, piezoelectricity
and piezoresistivity [36e38]. Compared to PCF, NCCF exhibits lower
modulus, lower strength, lower ductility, and, obviously, higher
density and lower resistivity. There is no twist in either type of fiber.
The nickel-coated carbon fiber is silvery grey in color whereas the
uncoated carbon fiber is black. The nickel coating is uniformly
distributed on the surface of the carbon fiber, as shown by scanning
electron microscopy [39].

The Rule of Mixtures for the density 4Ni-C of NCCF gives
4Ni-C¼ vc 4c þ vNi 4Ni, (1)

where vc and vNi are the volume fractions of carbon and nickel,
respectively, and 4c and 4Ni are the densities of carbon and nickel,
respectively. According to the fiber densities provided by the
manufacturer, 4c¼ 1.770± 0.005 g/cm3 and 4Ni-C¼ 2.700± 0.005 g/
cm3. The density of nickel is 4Ni¼ 8.908± 0.001 g/cm3 [40].
Obviously,

vc þ vNi¼ 1. (2)

The combination of Eqs. (1) and (2) gives vc¼ 0.870± 0.002,
which is close to the geometric value of vc¼ 0.871± 0.026 calcu-
lated from the carbon fiber core diameter (7.00± 0.05 mm) and the
nickel coating thickness (0.250 ± 0.005 mm). Between these two
values of vc, the value of 0.870± 0.002 is more accurate.

Different macroscale planar arrangements (Arrangements 1 and
2) are used in a comparative study to investigate the influence of
the planar arrangement on the shielding effectiveness. Arrange-
ment 1 (Fig. 1(b)) involves the tow in the form of a planar coil (or
planar spiral), with the tow being continuous throughout the coil.
Arrangement 2 (Fig. 1(c)) involves the tow in the form of parallel
straight lines, with the tow being continuous between one line and
the adjacent line at the proximate ends of the two lines. Either
arrangement is achieved by manually attaching the tow to both
sides of an annular-shaped piece of ordinary writing paper using
ordinary adhesive tape, which is positioned above the tow, with the
tow between the tape and paper (Fig. 1(d)). The center-to-center
distance between the adjacent tow segments (whether the seg-
ments correspond to the windings in the coil in Arrangement 1, or
parallel segments in the linear configuration of Arrangement 2) is
5.0mm. In case of Arrangement 2, the attachment of the tow to the
paper is followed by cutting away the parts of the tow within the
central circle of the annular piece of paper. After the cutting, the
tow is not continuous across the central circle.

The effect of the tow size (12 K vs. 24 K) is studied for the case of
PCF only. The center-to-center distance between the adjacent tow
segments is 5.0mm for both 12 K and 24 K samples. The width of a
tow is 2.0mm and 1.5mm for 12 K and 24 K, respectively. The gap
between the proximate edges of the adjacent segments of the tow is
3.0mm and 2.0mm for 12 K and 24 K, respectively. The tow thick-
ness in the directionperpendicular to the planeof the arrangement is
1.30± 0.05mm and 2.50± 0.05mm for 12 K and 24 K, respectively.

There are two versions of Arrangement 2, labeled Arrangement
2A and Arrangement 2B. They correspond to the direction of the
tow being 0� or 90� apart on the two opposite sides of the paper.
The 0� case is referred to as Arrangement 2A and is also described
as being unidirectional. The 90� case is referred to as Arrangement
2B and is also described as being crossply.

The fiber volume fraction, as calculated based on the tow length,
tow size and thickness, is higher for Arrangement 1 than
Arrangement 2A/2B. For the same arrangement, the fiber volume
fraction is higher for 24 K than 12 K. For Arrangement 1, the volume
fraction is 13.6% and 16.6% for 12 K and 24 K, respectively. For
Arrangement 2A/2B, the volume fraction is 11.8% and 14.4%, for 12 K
and 24 K, respectively.

The writing paper used as the substrate for attaching the tow is
annular in shape, with inner diameter 32mm and outer diameter
96mm. The inner and outer circular edges of each assembled
sample are covered with silver paint in order to assure that an
intimate contact occurs between the sample and the inner and
outer conductors (via EMI gaskets in the form of O-rings) of the EMI
testing fixture, which is described in Sec. 2.2.



Fig. 1. Schematic illustrations of (a) the EMI shielding testing set-up involving a vector network analyzer (VNA), (b) Arrangement 1, and (c) Arrangement 2, with 5mm being the
center-to-center distance between adjacent tow segments. (d) The optical photograph of the specimens corresponding to the three planar arrangements, along with a ruler with
major divisions in centimeters. The backside of the crossply arrangement is hidden from the view in (d), so the photos appear to be identical for the crossply and unidirectional
arrangements in (d).
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2.2. EMI shielding testing methods

The EMI shielding effectiveness (SET) for each sample is
measured by using a vector network analyzer (VNA, TTR506A,
Tektronix, Inc., 100 kHz‒6 GHz, >122 dB dynamic range, <0.008 dB
RMS trace noise) and the Coaxial Cable Method in the frequency
range of 200MHze2000 MHz, as illustrated in Fig. 1(a). The sample
is fastened between the two halves of the testing fixture by bolts
under a controlled torque. Each of the two halves is a horn with
inner and outer metal conductors that resemble an expanded co-
axial cable, as illustrated in Fig. 1(a). The SET, SEA and SER can be
obtained from the scattering parameters (S parameters, namely S11
and S21) through the equations [41],

SET¼�10 log (Pt/P0)¼�10 log (T)¼�10 log jS21j2 (3)
SER ¼ �10ððP0 � PrÞ=P0Þ ¼ �10 logð1� RÞ
¼ �10 log

�
1� jS11j2

� (4)

SEA ¼ SET ‒ SER ‒ SEM (5)

where P0, Pr and Pt are the input power, reflected power and
transmitted power, respectively, as is illustrated in Fig. 2. The T and
R are the fraction of the input power that is transmitted and the
fraction of the input power that is reflected, respectively. SEM rep-
resents the shielding caused by the multiple reflection in the ma-
terial. In practical application, SEM is usually negligible when
SET� 15 dB. Thus, SEA can be obtained as

SEA¼ SET � SER ¼ �10 log½T=ð1� RÞ� (6)

The reflection contribution and absorption contribution are
defined as SER/SET and SEA/SET, respectively. In other words, the



Fig. 2. Schematic illustration of the electromagnetic interaction with the carbon fibers.
The electrons (mobile charge carriers) are indicated by circles (with the migrating
electrons and hopping electrons distinguished). The electromagnetic wave (incident,
reflected and transmitted) is indicated by the arrows. (A colour version of this figure
can be viewed online.)
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reflection contribution is the fraction of the SET that is due to
reflection, and the absorption contribution is the fraction of the SET
that is due to absorption.

Before the testing, the VNA and the measurement system are
calibrated. The SOLT (short, open, load and through, 4-in-1) cali-
bration kit (CALSOLTNM, Type-N, 9 GHz) is used for this purpose.

3. Results and discussion

The results are presented in terms of the effect of the planar
arrangement (Sec. 3.1), the effect of the nickel coating (Sec. 3.2) and
the effect of the tow size (Sec. 3.3). However, there is some overlap
in Sec. 3.1 and 3.2.

3.1. Effect of the planar arrangement on the shielding effectiveness

Since the incident electromagnetic radiation is an unpolarized
plane wave, it can be represented by its orthogonal electric and
magnetic components. Under normal incidence, both electric and
magnetic vectors are in the plane of the sample. Since the electric
field vector is radial and the magnetic field vector is circumferen-
tial, Arrangment 1 is expected to allow more interaction with the
magnetic field. Moreover, due to its much higher electrical con-
ductivity, the NCCF coil (Arrangement 1) is expected to allow
greater interaction with the electric field than the PCF coil
(Arrangement 1). For Arrangement 1, both the magnetic and elec-
trical interactions contribute to SEA (and hence SET) for both PCF
and NCCF. The results are described below in detail.

The SET and SEA of Arrangements 1, 2A and 2B are shown in
Figs. 3 and 4 for PCF and NCCF, respectively. Arrangement 2B gives
much higher SET than Arrangement 2A, whether the nickel coating
is present or not. This is expected, since the radiation is
unpolarized.

Arrangement 1 gives lower SET than both Arragements 2A and
2B for PCF, and gives similar SET as Arrangement 2A for NCCF. In
other words, the inferiority of Arrangement 1 to Arrangement 2 is
clearer in the absence of the nickel coating. Since the coil config-
uration (Arrangement 1) is more effective than the linear configu-
ration (Arrangement 2) for magnetic interaction, this suggests that
the contribution of the magnetic interaction to shielding is small
compared to that of the electrical interaction, though the magnetic
interaction is increased in the presence of the nickel coating.

Concerning Arrangement 2A, since the fibers are arranged in a
unidirectional pattern, SET reflects more interaction with the elec-
tric field than the magnetic field. Thus, Arrangement 2A has su-
perior shielding performance than Arrangement 1 for PCF. For
Arrangment 2B, due to its crossply configuration, it interacts with
the electric field more than Arrangement 2A. As a consequence,
Arrangment 2B gives much higher SET and SEA than Arrangement
2A for both PCF and NCCF. This point is consistent with prior work
on the comparison of unidirectional and crossply carbon fiber
polymer-matrix composites, with the crossply composite giving
higher shielding than the unidirectional composite [9]. In addition,
it is consistent with prior work on the comparison of nonwoven
and woven carbon fiber fabrics, with the nonwoven fabric giving
higher shielding than the woven fabric [19].

For PCF, the absorption contribution is higher for Arrangement
2B than Arrangement 2A, and is comparable or higher for
Arrangement 2B compared to Arrangement 1, as shown in Fig. 3(d).
At frequencies below 1300MHz, the absorption contribution for
Arrangement 2B is higher than those of both Arrangement 2A and
Arrangement 1, reflecting the dominance of electrical interaction in
the absence of the nickel coating. For NCCF, the absorption
contribution is comparable for all three arrangements above
600MHz. However, below 460MHz, the absorption contribution is
greater for Arrangement 1 than Arrangement 2A or 2B, due to the
relatively high degree of magnetic interaction at low frequencies
for Arrangement 1 in the presence of the nickel coating.

For PCF, Arrangement 1 gives the lowest SET of about only
2e6 dB (Fig. 3(a)), whereas Arrangement 2B exhibits the highest
SET that exceeds 32 dB for the entire frequency range (Fig. 3(a)).
When the frequency is above 1000MHz, SET reaches �35 dB for
Arrangement 2B.

Both SET and SEA increase greatly with the presence of the nickel
coating on the carbon fibers, as shown by comparing Figs. 3 and 4.
Comparison of Figs. 3(a) and 4(a) shows that the nickel coating
increases SET from 2‒6 dB to 13e26 dB for Arrangement 1, and from
33‒37 dB to 35e39 dB for Arrangement 2B. Hence, the nickel
coating enhanced SET significantly for Arrangement 1, but
marginally for Arrangement 2A/2B. The effect of the nickel coating
is addressed in more detail in Sec. 3.2.

3.2. Effect of the nickel coating on the absorption loss

Comparison of Figs. 3(b) and 4(b) shows that the nickel coating
increases SEA from 1‒5 dB to 12e24 dB for Arrangement 1. This
effect for Arrangement 1 is due to the enhanced magnetic inter-
action in the presence of the nickel coating. This enhancement is
particularly significant below 600MHz, due to the relatively
intense magnetic interaction at low frequencies.

For Arrangement 2B, comparison of Figs. 3(b) and 4(b) also
shows that the nickel coating increases SEA significantly, particu-
larly below 800MHz. This is due to the enhanced electrical inter-
action in the presence of the nickel coating, and the particularly
enhanced magnetic interaction at low frequencies.

For Arrangement 2A, comparison of Figs. 3(b) and 4(b) shows
that the effect of the nickel coating on SEA is small. This is probably
due to the inherently low SEA for this arrangement, whether nickel
is present or not.

The nickel coating results in an interface between the coating
and the carbon fiber surface, in addition to providing magnetic
character, thus leading to a combination of electrical and magnetic
interactions between the electromagnetic field and the fibers [42].
As a consequence, SEA is increased by the nickel coating. In addition,
conduction mechanisms have been invoked to explain the shield-
ing effectiveness. In particular, the formation of a conductive
network through the use of a conductive filler and the hopping of
electrons across interfaces have been considered [43,44]. Since
nickel has amuch higher electrical conductivity than carbon fiber, it
will favor the formation of a conductive network, thus enhancing
SEA. Moreover, electron hopping can occur from one fiber to



Fig. 3. Testing results for PCF with Arrangements 1, 2A and 2B. (a) Shielding effectiveness. (b) Absorption loss. (c) Reflection loss. (d) Absorption contribution. (A colour version of
this figure can be viewed online.)
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another through the fiber-fiber contacts within the same tow
[45,46], thereby promoting conduction and contributing to the
shielding effectiveness. In other words, the electrons move not only
along the axis of a fiber, but also across from one fiber to an adja-
cent fiber. The temperature dependence of SEA of CNT composites
[43,44] also supports the importance of conduction to the
shielding.

Comparison of Figs. 3(c) and 4(c) shows that the nickel coating
increases SER significantly for Arrangement 1 at frequencies above
400MHz. This is due to the enhanced electrical interaction, which
is more significant at higher frequencies.

For Arrangement 2B, the presence of the nickel coating increases
SER from the range 1.3e3.5 dB to the range 2.5e5.4 dB. For NCCF, SER
increases monotonically with decreasing frequency below
800MHz. For Arrangement 2A, the presence of the nickel coating
increases SER only at frequencies below 100MHz; above 1000MHz,
the effect of the nickel coating is relatively small. In relation to both
Arrangements 2A and 2B, the nickel coating increases SER due to
the high conductivity of nickel compared to carbon and the
consequent small skin depth (d) in the presence of the nickel
coating. The skin depth is much smaller for nickel than carbon, so
the nickel coating influences SER much less than SEA.

The skin depth d of the nickel coating in the frequency range
studied is calculated based on the well-known equation

d ¼ 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pfmrm0s
q

(7)

where mr is the relative magnetic permeability of nickel, i.e., the
permeability relative to that of vacuum m0 (m0¼ 4p� 10�7 H/m), s
is the electrical conductivity, and f is the frequency. It is thus found
that the skin depth of nickel is in the range of 0.12e0.96 mm in the
frequency range from 200MHz to 2000MHz, which is comparable
to or larger than the nickel coating thickness of 0.25 mm. This means
that the radiation penetrates essentially the complete thickness of
the nickel coating.

Comparison of Figs. 3(d) and 4(d) shows that, for the entire
frequency range, the nickel coating increases the absorption
contribution from the range 53%e99% to the range 83%e98% for
Arrangement 1, but has relatively little effects for Arrangements 2B
and 2A. For frequencies below 1000MHz, the effect of the nickel
coating is even clearer; the nickel coating increases the absorption
contribution from 53%‒78% to 83%e94% for Arrangement 1, but has
little effects for Arrangements 2A and 2B. For Arrangement 1 and
frequencies below 1000MHz, the effect of the nickel coating is
particularly clear, with the nickel coating increasing the absorption
contribution from 53%‒78% to 83%e94%. In contrast, the nickel



Fig. 4. Testing results for NCCF with Arrangements 1, 2A and 2B. (a) Shielding effectiveness. (b) Absorption loss. (c) Reflection loss. (d) Absorption contribution. (A colour version of
this figure can be viewed online.)
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coating changes the absorption contribution from the range 73%e
89% to the range 75%e93% for Arrangement 2A, and from the range
89%e95% to the range 86%e93% for Arrangement 2B. This means
that absorption dominates over reflection for both PCF and NCCF
and that the nickel coating increases the absorption contribution
for any of the three arrangements, with the absorption contribution
increase due to the nickel coating being most significant for
Arrangement 1, because of the enhanced magnetic interaction.

The present results are consistent with those of prior related
work on polymers filled with nickel-coated carbon fiber or nickel-
coated carbon nanofiber (nanofiber being originally known as
filament) [28,47]. The SEA of polypropylene-matrix NCCF composite
in the microwave frequency range contributes up to about 85.1% of
the total shielding (SET), due to the dielectric, magnetic and ohmic
losses caused by the nickel coating [28]. A shielding study of
acrylonitrile-butadiene-styrene (ABS) filled with carbon nanofiber
(without metal coating) also demonstrates absorption domination
of its SET, even in the high frequency range [47]. In a study of 3D
printed carbon fiber (without metal coating) reinforced polylactic
acid composites [48], the absorption domination is found to in-
crease with increasing thickness, which is controlled through the
multilayer printing.

The nickel coating reduces the frequency dependence of SEA, as
can be seen by comparing Figs. 3(b) and Fig. 4(b). Similarly, the
nickel coating reduces the frequency dependence of SET, as shown
by comparing Figs. 3(a) and Fig. 4(a). This phenomenon can be due
to the decreased high-frequency permeability caused by the high
electrical conductivity, due to Snoek's limit in the high-frequency
permeability of magnetic materials [49].

The SEA of a shielding material is given by the well-known
equation [50,51] based on electromagnetic theory,

SEA ¼ 131:4t
ffiffiffiffiffiffiffiffiffiffiffiffi
mrsrf

q
(8)

where t is the thickness of the sample, mr and sr are the relative
magnetic permeability and the electric conductivity relative to
copper, respectively. This means that SEA increases with increasing
frequency, in case that mr and sr are independent of the frequency.

Due to the high conductivity imparted by the nickel coating, mr
of NCCF is expected to decrease substantially with increasing fre-
quency. This trend is supported by the prior work on MneZn and
NieZn spinel ferrites [49]. In contrast, for PCF, mr is approximately 1,
with essentially no frequency dependence, due to its nonmangetic
character. Therefore, in spite of the frequency dependence
described by Eq. (8), the abovementioned trend causes the effect of
the frequency on SEA to be small for NCCF.

To further illustrate the effect of the nickel coating on the
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absorption loss, the ratio a of SEA of NCCF to that of PCF
(a¼ SEA(NCCF)/SEA(PCF)) is shown in Fig. 5(a). It reveals that the nickel
coating plays a significant role in the absorption performance,
especially for Arrangement 1. As shown in Fig. 5(a) for Arrangement
1, SEA of NCCF is 3e16 times that of PCF, indicating the great effect of
nickel coating on the absorption. For Arrangements 2A and 2B, a is
much lower and is almost constant in the range of 1e4. The high
SEA of the NCCF coil compared to the PCF coil can be explained by
Eq. (8), which indicates that SEA is directly related to

ffiffiffiffiffiffiffiffiffiffi
mrsr

p
.

Due to the preferred orientation of the carbon layers in the
carbon fibers along the fiber axis, the transverse conductivity of a
fiber is much lower than the axial conductivity of the fiber. Recent
work of this research group has shown that sr of a unidirectional
carbon fiber polymer-matrix composite in the longitudinal direc-
tion is about 30 times higher than that in the transverse directions
[9]. The linear arrangement in Arrangments 2A and 2B gives rela-
tively high conductivity in the linear direction, with the conduc-
tivity stemming from the high axial conductivity of the fiber.

With the presence of a gap between the adjacent windings in
the planar coil of Arrangement 1, the radial conductivity of the coil
is very low e much lower than the transverse conductivity of the
fiber. The low radial conductivity deters the interaction with the
radial electric field in the electromagnetic radiation. Thus, SEA of
Fig. 5. Ratio of absorption losses. (a) a (ratio of NCCF to PCF) for Arrangements 1, 2A
and 2B. (b) b (ratio of Arrangement 2B to Arrangement 2A) for PCF and NCCF. (A colour
version of this figure can be viewed online.)
Arrangement 1 is dominated by the magnetic interaction. The ratio
a for Arrangement 1 is high, ranging from 3 to 16 (Fig. 5(a)), with
the value 12 at the lowest frequency (the frequency for the highest
degree of magnetic interaction), mainly due to the increased mr in
the presence of the nickel coating.

Based on Eq. (8),

a ¼ ffiffiffiffiffiffiffiffiffi
mrsr

p ðNCCFÞ= ffiffiffiffiffiffiffiffiffi
mrsr

p ðPCFÞ
¼ ð ffiffiffiffiffi

mr
p ðNCCFÞ= ffiffiffiffiffi

mr
p ðPCFÞÞð ffiffiffiffiffi

sr
p ðNCCFÞ= ffiffiffiffiffiffiffiffi

msr
p ðPCFÞÞ (9)

Due to the gap between the adjacent windings in Arrangement
1, the radial conductivity is essentially zero and hence the electrical
interaction is negligible for both PCF and NCCF. Hence, for
Arrangement 1, based on Eq. (9),

a ¼ ffiffiffiffiffi
mr

p ðNCCFÞ� ffiffiffiffiffi
mr

p ðPCFÞ: (10)

The relative permeability of nickel (mrNi) ranges from 100 to 600,
whereas that of pyrolitic carbon is 0.9996 [52]. Hence, the relative
permeability of carbon is approximately equal to 1. The volume
fraction of nickel in NCCF is 0.13 (Sec. 2.1). Thus the ratio mr (NCCF)/mr
(PCF) equals approximately 0.13 mrNi, which ranges from 13 to 78.
With a ranging from 3 to 16 (Fig. 5(a)), mr (NCCF)/mr (PCF) ranges from9
to 256, according to Eq. (10). The ranges of 9e256 and 13e78
overlap substantially, thus supporting the notion that SEA of
Arrangment 1 is dominated by the magnetic interaction.

The SEA of Arrangments 2A and 2B is dominated by the electrical
interaction, due to their linear configuration, which results in high
linear conductivity. The a for Arrangements 2A and 2B is low,
ranging from 0.8 to 3.5 for Arrangement 2A and ranging from 1.0 to
1.2 for Arrangement 2B. This is because the electrical conductivity is
substantial even in the absence of the nickel coating. Although the
nickel coating enhances the conductivity, so that
SEA(NCCF)> SEA(PCF), a remains low. Based on Eq. (9), in the near
absence of magnetic interaction for Arrangements 2A and 2B,

a¼ � ffiffiffiffiffi
sr

p ðNCCFÞ� ffiffiffiffiffi
sr

p ðPCFÞ� ¼ 4:62: (11)

The value 4.62 is according to the known values of the fiber
resistivities (Sec. 2.1). This value is not far from the observed values
with the ranges mentioned above for these two arrangements
(Fig. 5(a)). This supports the notion that SEA of Arrangments 2A and
2B is dominated by the electrical interaction.

According to electromagnetic theory for unpolarized radiation,
in the absence of magnetic interaction, the ratio b, defined as SEA of
Arrangment 2B to SEA of Arrangement 2A (b¼ SEA(Arrangment 2B)/
SEA(Arrangement 2A)), equals 4 [9]. As shown in Fig. 5(b), for both PCF
andNCCF, b> 1 for the entire frequency range studied. This is due to
the greater electrical interaction provided by Arrangement 2B
compared to Arrangement 2A. The b ranges from 1.9 to 2.7 for NCCF
and ranges from 1.5 to 8.2 for PCF, such that b for PCF is greater than
b for NCCF for essentially the entire frequency range studied. The
high b for PCF compared to NCCF is attributed to the higher con-
ductivity provided by the nickel coating enhancing the electrical
interaction, so that the difference between the performance of
Arrangements 2B and 2A is diminished. The b is relatively inde-
pendent of the frequency for NCCF, but varies much with the fre-
quency for PCF. The cause for the frequency dependence of b for PCF
is presently not completely clear. However, it appears that the
nickel's enhancement of both electrical and magnetic interactions,
which are significant at different frequencies, lessens the frequency
dependence.
3.3. Effect of the tow size on the shielding effectiveness

The tow size effect is studied for PCTonly. With 24 K tow instead
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of 12 K tow, SET and SEA are both enhanced for all three Arrange-
ments, with the exception of Arrangement 2B below 500MHz, as
shown in Fig. 6(a). For Arrangement 2B below 500MHz, the 12 K
tow gives higher SET and SEA than the 24 K tow. The cause of this
unexpected behavior is presently unclear.

For Arrangement 1, 24 K gives SEA that is about twice of that
given by 12 K (Fig. 6(b)). For Arrangement 2A at frequencies above
600MHz, 24 K also gives SEA that is about twice of that given by
12 K (Fig. 6(b)). According to Eq. (8), the absorption loss should be
Fig. 6. Comparison of the SE results of PCF with 12 K and 24 K fiber tows. (a) Shielding
effectiveness. (b) Absorption loss. (c) Reflection loss. (A colour version of this figure can
be viewed online.)
proportional to the thickness. Therefore, this result is attributed to
the fact that the thickness of the 24 K tow (2.50± 0.05mm) is
approximately twice of that of the 12 K tow (1.30± 0.05mm). The
deviation from a factor of 2 is partly because the fiber volume
fraction is higher for 24 K than 12 K.

ForArrangement 2B, due to its crossply configuration and the high
electrical conductivity of the carbon fiber, the specimen can be
considered as a bi-directional carbonfiber tow layerwith periodically
distributed square holes that are not covered by the tows. The size of
the holes is 3.0mm� 3.0mm and 2.0mm� 2.0mm for 12 K and
24 K, respectively. Both sizes are much smaller than the wavelength
(150e1500mm) in the frequency range of 200MHze2000MHz. It is
known that, in case that the holes are less than 1/10 of the wave-
length, the electromagnetic wave will barely transmit through the
holes [53]. The transmission coefficient (T) of PCFs with the 12K/24 K
tow is thus small and causes SET to be high. As a result, SET in case of
Arrangement 2B is only slightly higher for 24 K than 12 K.

Based on Eq. (7), for the frequency range from 200MHz to
2000MHz, the skin depth d of the carbon is in the range
0.09e0.29mm. For both 12 K and 24 K tows, the specimen thick-
ness is much larger than d. Fig. 6(c) shows that, for both 12 K and
24K tows, SER for Arrangement 1 is low for the entire frequency
range, with similar values for 12 K and 24K. The SER values for 12 K
and 24 K are also similar for Arrangement 2A above 900MHz.
However, for Arrangement 2A, SER is lower for 24 K than 12 K at
frequencies below 900MHz; for Arrangement 2B, SER is higher for
24 K than 12 K for essentially the entire frequency range studied
(Fig. 6(c)).

According to the electromagnetic shielding theory, SET can be
expressed by the equation [54,55],

SET¼168þ 10 logðsr=fmrÞ þ 131:4t
ffiffiffiffiffiffiffiffiffiffiffiffi
mrsrf

q
(12)

In Eq. (12), the last term on the right is SEA (Eq. (8)) and the
remaining two terms in front constitute SER. Due to the fact that SEA
increases with twhereas SER is independent of t, SET increases with
t less significantly than SEA. As a result, the difference between SET
and SEA (this difference being equal to SER) decreases with
increasing t.

According to Eq. (8), at a given frequency, the ratio SEA/thickness
relates to

ffiffiffiffiffiffiffiffiffiffi
mrsr

p
. Table 1 thus compares the ratio SEA/thickness at

1.0e1.5 GHz for various fibrous carbons. As shown in the prior work
[9], for the same material composition, this ratio decreases with
increasing thickness. Thus, the comparison shown in Table 1 is for
the closest available thicknesses.

The ratio SEA/thickness for PCF of this work is lower than that of
the PCF polymer-matrix composite of prior work [9]. This difference
is partly attributed to the much lower fiber volume fraction of the
present work (Table 1). It is also partly attributed to the fact that the
tow segments in this work are physically separate from one another
by a gap, whereas the tows are adjacently positioned so that they
are physically in contact in the polymer-matrix composite of the
prior work [9]. The lateral contact between the tows helps the
conduction in the longitudinal direction, due to the fact that there
are defects in the fibers and the lateral contact allows the current to
detour around defects [57]. Without the lateral contact between
the tows, the detouring from one tow to another is not possible.
This means that, in practice, the tow arrangement is preferably such
that the adjacent tow segments touch one another, in contrast to
the non-touching tow configurations of this work (Fig. 1). The non-
touching configurations are used in this work in order to focus on
the effect of the geometric arrangement.

For the same arrangement, the ratio SEA/thickness is higher for
NCCF than PCF. The values obtained in this work for PCF (23) and



Table 1
Comparison of SEA/thickness at 1.0e1.5 GHz for various carbon materials. CNF¼ carbon nanofiber.

Material Thickness (mm) vol% fiber SEA/thickness (dB/mm)

Unidirectional Crossply Random
PCF composite [9] 0.957e0.966 49.5 14.3 64.6 /
PCFa (this work) 1.3 11.8 3.8 23 /
NCCFa (this work) 1.3 45.1 13 31 /
CNF mat [56] 2.86 6.1 / / 16.4

a 12 K tow, Arrangement 2A/2B.
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NCCF (31) in the crossply arrangement are higher than the value of
16.4 for carbon nanofiber (CNF) mat in which the CNF is randomly
oriented [56]. This is partly because of the much lower CNF volume
fraction (only 6.1%) and the larger CNF mat thickness (2.86mm).

3.4. Applicability to carbon fiber polymer-matrix composites

Although this work concerns carbon fibers in the absence of a
matrix, the findings are applicable to carbon fiber polymer-matrix
composites. This is because the polymer matrix (akin to air) is
typically essentially transparent to the radiation. The method of
planar coil fabrication involving adhesive tape, as used in this work,
will need to be modified for the fabrication of a polymer-matrix
composite containing the planar coil. For example, in the com-
posite fabrication, the planar coil arrangement of the tow may be
secured by stitching to form a fiber preform, followed by infiltration
with the polymer or its precursor.

4. Conclusion

The present work reports the effects of macroscale planar ar-
rangements of continuous PAN-based carbon fiber (7.0-mm diam-
eterwithout the nickel coating and 7.5-mmdiameter with the nickel
coating) on its EMI shielding performance for normal-incident
unpolarized plane wave in the frequency range of
200MHze2000MHz. The experimental results obtained using the
Coaxial Cable Method are essentially in agreement with electro-
magnetic theory.

The fiber arrangements are planar coil, unidirectional and
crossply arrangements, with the center-to-center distance between
adjacent tow segments being 5.0mm, and the gap between the
proximate edges of adjacent tow segments being 3.0mm and
2.0mm for 12 K and 24K tows, respectively. The inter-related effects
of the planar arrangements, nickel coating (0.25-mm thick) and tow
size (12 K and 24 K) on the SE are studied systematically for the first
time. Of importance is that the planar coil arrangement, which fa-
vors magnetic interaction, has not been previously reported for EMI
shielding with any material. For any of the arrangements, the total
shielding (SET) is dominated by absorption (SEA) rather than
reflection (SER), whether the nickel coating is present or not.

For PCF, the planar coil configuration gives the lowest SET values
of 2e6 dB, while the crossply configuration provides the highest
values of 33e37 dB. Both SET and SEA are greatly improved by the
nickel coating for the planar coil arrangement, but not for the
unidirectional or crossply arrangement. The nickel coating in-
creases SET from 2‒6 dB to 13e26 dB for the planar coil arrange-
ment, but has little effect for the unidirectional or crossply
arrangement. Moreover, for the planar coil configuration below
1000MHz, the nickel coating increases the absorption contribution
(by fraction) from 53%‒78% to 83%e94%. The nickel coating also
increases the absorption contribution for all three arrangements,
from �50% to �85%. The nickel coating has more effect on the
absorption contribution (particularly below 1000MHz) for the coil
arrangement than the linear arrangements, due to the magnetic
interaction domination in case of the coil arrangement. Moreover,
the nickel coating reduces the frequency dependence of SEA for any
of the three arrangements.

The ratio of SEA of the crossply arrangement to that of the uni-
directional arrangement is much greater for PCF than NCCF, due to
the much higher electrical conductivity of NCCF compared to PCF.
This means that the advantage of the crossply configuration over
the unidirectional configuration is greater for PCF than NCCF.

The increase in the PCF tow size from 12 K to 24 K raises SEA for
planar coil and unidirectional arrangements, due to the increased
specimen thickness and increased fiber volume fraction. However,
for the crossply arrangement, the tow size has essentially no effect,
due to the high degree of electrical interaction provided by this
arrangement. The increase in the PCF tow size has little effect on the
inherently low SER for the planar coil arrangement, but tends to
decrease SER for the unidirectional arrangement and increase SER
for the crossply arrangement.

The above results pertaining to carbon fibers indicate the
following generalized conclusions concerning materials for EMI
shielding that involves normal-incident unpolarized plane wave.
These generalized conclusions serve to strengthen the science base
for the design of materials for shielding. The parameters in the
design include the material's geometric configuration (arrange-
ment), magnetic character, conductivity and thickness.

(i) A planar coil arrangement attenuates electromagnetic radi-
ation mainly through the magnetic interaction, so it gives
good EMI shielding performance only formagnetic materials.
On the other hand, the linear arrangements are dominated
by electrical interaction with the electromagnetic field, and
thus it is attractive for shielding using conductive materials,
regardless of the magnetic character.

(ii) Amagnetic material is attractive for promoting EMI shielding
through increasing the absorption loss, due to the magnetic
interaction, whether the arrangement is a planar coil
configuration or a linear arrangement. The shielding
improvement for a planar coil arrangement resulting from
the magnetic character of the material is more significant
compared to the corresponding shielding improvement for a
linear arrangement.

(iii) A crossply configuration is more effective for shielding than a
unidirectional configuration for unpolarized plane wave. The
advantage of the crossply configuration over the unidirec-
tional configuration is greater for shielding materials that are
both non-magnetic and relatively low in the electrical
conductivity.

(iv) The increase in thickness improves the shielding effective-
ness for planar coil and unidirectional arrangements through
increasing the absorption loss. However, for the crossply
arrangement, in case of a material with substantial conduc-
tivity, both the magnetic coating and specimen thickness
increase have little effect on the shielding performance, due
to the high shielding inherently associated with the combi-
nation of substantial conductivity and crossply arrangement.



H. Guan, D.D.L. Chung / Carbon 152 (2019) 898e908908
(v) High conductivity and magnetic character contribute to
decreasing the dependence of the absorption loss on the
frequency.
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