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Abstract 

This dissertation addresses the science behind the dielectric and electromagnetic behavior 

of carbon fiber materials, in addition to the application of the science in nondestructive 

evaluation (NDE) and electromagnetic interference (EMI) shielding. The dielectric behavior 

pertains to the electric permittivity (a material property) in the low-frequency regime (2 kHz), as 

is relevant to electrical and electrochemical applications that use carbons as conductive 

materials. In contrast, the electromagnetic behavior pertains to the absorption loss per unit 

thickness (the same as the linear absorption coefficient except for a numerical factor) and the 

reflection loss in the radio wave regime (around 1 GHz), as is relevant to EMI shielding and low 

observability (Stealth). 

In relation to the dielectric behavior, this dissertation provides the first determination of 

the electric permittivity of carbon fibers in the low-frequency regime. The relative permittivity 

at 2 kHz in the axial direction is 4960 ± 662 and 3961 ± 450 for the P-100 (more graphitic) and 

P-25 fibers (less graphitic ), respectively. These values are much higher than those previously 

reported for discontinuous carbons, but they are lower than those previously reported for steels. 

The continuity of the carbon fibers enables the charge carriers to move by relatively long 

distances during polarization, thereby resulting in permittivity values that are much higher than 

those of discontinuous carbons. Thus, the defects associated with a relatively low degree of 

graphitization hinder the carrier movement, thereby decreasing the permittivity. The 

conductivity ratio of the two types of fiber ( 6.7) is higher than the corresponding permittivity 

ratio (1.3). Hence, the conductivity is negatively affected by these defects much more than the 

permittivity. 

The relative permittivity of the composite at 2 kHz is 2156 ± 509 and 1640 ± 328 for the 

xv 



longitudinal (fiber) and transverse directions, respectively. The corresponding relative 

permittivity of the fiber (PAN-based) is 4352 ± 510 and 3310 ± 696 for the longitudinal and 

transverse directions, respectively. The longitudinal value for the fiber is comparable to those 

obtained for the abovementioned mesophase-pitch-based fibers. The permittivity anisotropy of 

the PAN-based carbon fiber composite is 1.3, which is much lower than the resistivity anisotropy 

of at least 930. 

The dielectric behavior of carbon fiber enables the capacitance of a continuous carbon 

fiber polymer-matrix composite to change upon damage, thereby providing capacitance-based 

self-sensing (NDE). This dissertation provides the first report of this self-sensing. The 

conductivity of carbon fiber helps the current spreading, so that the sensing can occur at 

substantial distances from the electrodes. The two aluminum foil electrodes for capacitance 

measurement can be coplanar or sandwiching. The presence of a dielectric film ( double-sided 

adhesive tape) between the electrode and the composite surface is necessary, due to the 

conductivity of the composite and the fact that an LCR meter is not designed to measure the 

capacitance of a conductor. In practical implementation, the paint on the composite structure can 

be a part of the dielectric film. The method is simpler for implementation than the previously 

reported resistance-based self-sensing of carbon fiber composites. 

Continuous carbon fiber polymer-matrix composites have been previously shown to be 

effective for EMI shielding. This dissertation provides the first study of the effect of the fiber 

lay-up configuration on the shielding effectiveness. Under unpolarized normal-incidence 

radiation (1 GHz), the performance indicated by the absorption loss per unit thickness is superior 

for the crossply composite than the unidirectional composite with the same number of laminae, 

with the ratio of - 4 being in accordance with electromagnetic theory. 
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This dissertation also addresses explicitly the linear absorption coefficient a of carbon 

materials at around 1 GHz and shows that a decreases with increasing carbon thickness in 

accordance with the Skin Effect. On the other hand, a is essentially independent of the carbon 

microstructure, due to the large value of the radio-wave wavelength. 

The quality of the electrical contact ( as controlled by the fastening torque) between the 

carbon specimen and the EMI testing fixture is shown in this work to affect the testing results, 

such that the effect depends on the mechanical behavior of the carbon specimen. For carbon fiber 

mat, increasing the torque causes decrease in the measured shielding effectiveness. In contrast, 

for carbon nanofiber mat and flexible graphite, increasing the torque causes increase in the 

measured shielding effectiveness. 
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CHAPTER 1: Introduction 

This dissertation addresses the dielectric and electromagnetic behavior of carbon fiber 

materials, with relevance to the multifunctionality of carbon fiber polymer-matrix composites as 

lightweight structural materials. This chapter presents the motivation behind the work and the 

objectives of this dissertation. 

1.1 Dielectric behavior of carbon materials 

The electrical behavior of material is described in terms of its electrical conductivity and 

electric permittivity. The conductivity and permittivity are related to the electrical resistance and 

polarization (capacitance), respectively. The electric permittivity is a fundamental material 

property that is important to the numerous electrical, electrochemical, thermoelectric, 

electromechanical and electromagnetic applications. In particular, the dielectric behavior in the 

low-frequency regime (below 100 kHz) has received little prior attention, though it is important 

for all of the abovementioned applications other than those related to the microwave or radio 

wave regime, which mainly pertains to the GHz frequency range. Since the electric dipole 

friction increases significantly with increasing frequency, the behavior at GHz frequency range 

tends to be very different from that at low frequencies, such as the kHz range and the behavior at 

the low frequencies cannot be inferred from the behavior at the high frequencies. 

A complication related to the study of the dielectric behavior a conductive material, such 

as carbons, pertains to the fact that an LCR meter is not designed for measuring the capacitance 

of an electrical conductor. As a result, incorrect or questionable values of the permittivity have 

been reported [ 1-4]. In particular, very high incorrect values of the permittivity have been 

reported due to this pitfall, as shown by the recent prior work of Professor Chung [ 5]. Another 

complication relates to the need to decouple the contributions of the capacitance by the specimen 

1 



and the specimen-electrode interface. Without the decoupling, and with the assumption that the 

interface contributes negligibly, the obtained values of the permittivity deviate from the true 

values. Still another complication relates to the wide usage of impedance spectroscopy, which 

involves measurement of the impedance as a function of frequency and fitting the frequency 

dependence with assumed equivalent circuit models. Because the circuit models are not unique, 

the circuit parameters in the model are not very meaningful from the viewpoint of fundamental 

science. 

Recent work by Professor Chung and her students [5-10] has provided a breakthrough in 

the study of the dielectric behavior of carbon materials in the low-frequency regime (kHz and 

below), due to the addressing of the abovementioned complications. Thus, the permittivity of a 

number of discontinuous carbons, including reduced graphite oxide [5] , graphite oxide [6,7] , 

exfoliated graphite [8,9] , activated carbon [9] , natural graphite [9] and carbon black [9,10]. 

However, the prior work has not addressed continuous carbon fibers, which are highly important 

as reinforcement in lightweight structural composites. As carbon fibers are available in different 

grades, which differ in the degree of graphitization. The effect of the degree of graphitization on 

the conductivity has long been studied, but this effect on the permittivity has not been previously 

investigated. Carbon fibers are highly anisotropic, due to the preferred orientation of the carbon 

layers along the fiber axis. Prior work [11] has addressed the through-thickness permittivity of 

continuous carbon fiber epoxy-matrix composites in the low-frequency regime. However, no 

prior work has addressed the permittivity in the direction of the fibers in this frequency regime. 

Discontinuous carbons and continuous carbons differ in the much larger dimension, at 

least in one direction, of the latter. The larger dimension allows the charge carriers to move over 

larger distances during polarization and during conduction. Therefore, the dimensions can affect 
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the behavior. The comparison of the behavior of discontinuous carbons and continuous carbons 

is expected to shed light on this dimensional dependence. 

In view of the abovementioned status of the field of the dielectric behavior of carbon 

materials, this dissertation is partly aimed at measuring for the first time the permittivity of 

continuous carbon fibers along the fiber axis in the low-frequency regime. In addition, the effect 

of the degree of graphitization of the carbon fiber on the permittivity is included in the 

investigation. 

1.2 Self-sensing in carbon fiber polymer-matrix structural composites 

Continuous carbon fiber polymer-matrix composites are widely used in structural 

materials due to their lightweight (such as aircrafts and satellites) [12]. Aside from their 

lightweight, their mechanical properties include high strength, high elastic modulus and low 

density, making them a very useful structural material. Nondestructive evaluation (NDE) of the 

condition of a structure ( also known as structural health monitoring) is needed to reduce 

structure-related hazards and enable timely structural repair. This is particularly important for 

aircraft, which suffers from aging, bird strike, hail strike and other environmental factors. 

Particularly attractive is NDE that allows real-time monitoring of the damage. It is also desirable 

for the equipment used for NDE to be portable, so that the inspection can be performed in the 

field. The NDE methods of prior work include microwave, electromagnetic and impedance 

methods [ 13-18], electrical resistivity methods [ 19], electrochemical methods [20-22] , ultrasonic 

and acoustic methods [23-32] , stress wave methods [33], x-ray methods [34-40] , gamma ray 

methods [41] , infrared spectroscopy [42] , vibrational and stress methods [43-52] , air 

permeability testing [53] , and nuclear magnetic resonance (NMR) [54,55]. 
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Self-sensing refers to the ability of a structural material to sense its own condition 

without the need for embedded or attached sensors. This is of critical importance to an aging 

structure (e.g., aircraft). Compared to the use of embedded or attached sensors, self-sensing 

provides low cost, high durability, a large functional volume and absence of mechanical property 

loss. In contrast, embedded sensors degrade the mechanical properties of the structure and are 

not amenable to repair or maintain Prior work on structural self-sensing mostly involves 

electrical resistance measurements. [56-78]. The resistance (DC) increases upon damage, thereby 

allowing damage sensing. In case of continuous carbon fiber polymer-matrix composites, the 

damage includes delamination and fiber breakage. Delamination increases the through-thickness 

resistance, while fiber breakage increases the longitudinal resistance [56]. 

In spite of the success of the resistance-based self-sensing, the method suffers from the 

need for electrical contacts (electrodes) that are intimate to the structure, so that the contact 

resistance is low. This means that any paint on the surface of the composite needs to be removed 

at the locations where the electrical contacts are applied. It also means that the material for 

making the contacts need to be able to conform well to the surface topography of the structure. 

An example of such a contact material is silver paint, which is both conductive and conformable, 

but is very expensive. Colloidal graphite is less expensive, but is less effective [79]. 

Even when the contact resistance is not high, it can still contribute to the measured 

resistance and it tends to change as the structure is being stressed. In other words, the change in 

the measured resistance upon loading is partly due to the change in the quality of the contacts as 

loading occurs. As a consequence, the change of the structure's volume resistance upon loading 

can be masked by the change of the contact resistance. For a conductive material such as a 

carbon fiber composite, the volume resistance tends to be low. Under this situation, the contact 
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resistance becomes influential to the measured resistance. In order to essentially remove the 

contribution of the contact resistance from the measured resistance, four electrical contacts are 

used, with the outer two contacts used for passing current and the inner two contacts used for 

voltage measurement [73 ,80]. This is known as the four-probe method. In contrast, the use of 

only two electrical contacts (i.e. , the two-probe method) results in the inclusion of the contact 

resistance in the measured resistance. Although the four-probe method is effective and reliable, 

its implementation is more complicated than that of the two-probe method. 

An NDE method pioneered by Professor Chung and demonstrated for cement-based 

material self-sensing [81-84] and metal-based material self-sensing [85,86] involves the 

measurement of the capacitance of the structural material. This method alleviates the problems 

mentioned above in relation to resistance-based self-sensing. Specifically, electrical contacts that 

are intimate to the structure are not required and the four-probe method is not required. In other 

words, the paint on the structure does not need to be removed and only two electrical contacts are 

needed. In case of the structure being conductive, capacitance-based self-sensing is complicated 

by the fact that an LCR meter is not designed to measure the capacitance of an electrical 

conductor. However, a dielectric film present between the electrical contact and the structure, as 

provided by the paint on the structure, for example, suffices to remove this problem. 

In view of the abovementioned status of the field of self-sensing in carbon fiber 

composites, this dissertation is partly aimed at investigating for the first time the capacitance

based self-sensing of damage in carbon fiber polymer-matrix composites. In this connection, the 

effects of the fiber orientation and of the distance of the defects from the electrodes on the self

sensing effectiveness are also studied. 
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1.3 Electromagnetic interference shielding effectiveness of carbon materials 

Electromagnetic interference (EMI) shielding [58] is needed to protect electronics from 

the interference from radio wave or microwave sources and to avoid the emitting of the radiation 

from radiation sources. Due to the abundance and sensitivity of microelectronics, the problem is 

increasingly severe. The science of the interaction of electromagnetic radiation with materials is 

central to the study of the shielding effectiveness of materials. This science also pertains to low 

observability (Stealth), which pertains to the ability of a material to be essentially undetectable 

by a radar. Shielding involves a combination of the absorption and reflection of the radiation by 

the shielding material. The permittivity and permeability of the shielding material contribute to 

the absorption, due to the interaction of the electric dipoles in the material with the AC electric 

field in the radiation and the interaction of the magnetic dipoles in the material with the AC 

magnetic field in the radiation. The conductivity of the shielding material helps both the 

absorption and reflection. In contrast, low observability requires low reflection and high 

absorption [87]. 

Carbon materials are known to be effective for shielding due to their ability to absorb 

radiation over a large range of frequencies. Numerous forms of carbon materials have been 

shown to be effective. An example is flexible graphite, the shielding effectiveness of which 

reach an exceptionally high value of 130 dB at 1 GHz [88]. Along with its resiliency, flexible 

graphite is useful as an EMI gasket material. The high effectiveness of flexible graphite is partly 

due to it high specific surface area and the Skin Effect ( the phenomenon in which the radiation 

interacts with only the near-surface region of a conductor). Other examples include graphene 

foam [89,90], graphene film [91 ,92] , carbon nanofiber mat (with discontinuous carbon 

nanofibers) [93] , and carbon fiber mat (with discontinuous carbon fibers) [94]. Still other 
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examples include nickel-coated carbons [95-101], which are attractive due to the magnetic 

character and conductivity of the nickel coating. 

In spite of the prior extensive work on the shielding effective of various types of 

discontinuous carbons [89-102] , which include polymer-matrix composites with discontinuous 

carbon fibers [95-102] , there has been relatively little work on the shielding effectiveness of 

continuous carbons. Prior work on continuous carbons has addressed flexible graphite [88] and 

continuous carbon fiber polymer-matrix composites [103,104] and continuous carbon fiber 

carbon-matrix composites [ 103]. The continuous carbon fiber carbon-matrix composites are 

superior to the continuous carbon fiber polymer-matrix composites for shielding, due to the 

higher electrical conductivity/connectivity of the former. When carbons without metal coating 

are considered, the continuous carbons [88,103,104] give superior shielding effectiveness than 

the discontinuous carbons [89-102]. The superiority of the continuous carbons is attributed to 

the electrical continuity, which helps the shielding. 

Continuous carbons in the form of continuous carbon fiber composites are particularly 

attractive, because they are structural materials and the shielding ability of these composites 

makes these composites multifunctional. The fiber lay-up configuration is the main parameter in 

the design of continuous fiber composites in terms of the mechanical performance. The principle 

of this design for mechanical performance is well established and is embodied in the lamination 

theory. However, the principle of the design in terms of the lay-up configuration for shielding 

performance has received little prior attention. Therefore, this dissertation is partly aimed at 

investigating the effect of the fiber lay-up configuration on the shielding behavior of continuous 

carbon fiber polymer-matrix composites. In connection with this, this dissertation is also aimed 
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providing a theoretical explanation of the effect of the fiber lay-up configuration on the shielding 

behavior. 

The shielding of carbon materials tends to be dominated by absorption. The absorption 

loss (in dB) is proportional to the thickness. Thus, the absorption loss per unit thickness is a 

meaningful measure of the absorption performance. It is the same as the linear absorption 

coefficient (a material property), except for a factor of 4.35. On the other hand, the electric field 

decays exponentially with distance as the radiation traverses through the specimen, with the rate 

of the decay related to the skin depth, which is the distance at which the electric field decreases 

to 1/e of the value at the surface of the specimen. Therefore, the absorption loss per unit 

thickness is expected to depend on the thickness. Although the absorption loss per unit thickness 

has been reported for a variety of discontinuous carbons, its dependence on the thickness and the 

microstructure has not been previously reported. Therefore, this dissertation is partly aimed at 

studying the effect of thickness and microstructure on the linear absorption coefficient of various 

carbons, including a continuous carbon (flexible graphite) and discontinuous carbons (carbon 

fiber mat and carbon nanofiber mat), which differ in the microstructure. 

The shielding effectiveness is commonly measured by using a waveguide which contains 

the specimen to be evaluated. The specimen should be electrically connected to the waveguide. 

This connection is commonly achieved by fastening. Hence, the fastening torque is expected to 

affect the quality of the electrical connection. However, the quality of this connection has 

received little attention in the extensive prior work on testing the shielding effectiveness of 

materials. The effect of the torque on the measured shielding effectiveness has been previously 

reported by Professor Chung and her student in relation to the testing of steel [85]. They reported 

that the measured shielding effectiveness increased from 52 to 89 dB upon the increase of the 
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torque. However, carbons (e.g. , carbon fiber mat) differ greatly from steel in terms of the 

mechanical behavior, so the effect of torque may be quite different between steel and carbon 

materials. Therefore, this dissertation is partly aimed at studying for the first time the effect of 

the fastening torque on the measured shielding effectiveness of carbon materials. 

1.4 Objectives 

As motivated by the considerations discussed in the above sections, the objectives of this 

dissertation are listed below. 

1. To advance the fundamental science behind the dielectric and electromagnetic 

behavior of carbon fiber materials. 

2. To determine, for the first time, the electric permittivity of carbon fibers in the low 

frequency regime, and to study the effect of the degree of graphitization on the 

permittivity. 

3. To investigate for the first time capacitance-based self-sensing of carbon fiber 

polymer-matrix composite and to support this investigation with the determination of 

the in-plane electric permittivity of the composite. 

4. To strengthen the science base of EMI shielding effectiveness testing by studying the 

effect of the specimen fastening torque on the measured shielding effectiveness. 

5. To determine the radio-frequency linear absorption coefficient of carbon materials 

and to investigate the effects of specimen thickness and carbon structure on this 

coefficient. 

6. To investigate the effect of the fiber lay-up configuration on the EMI shielding 

effectiveness of continuous carbon fiber polymer-matrix composite 
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CHAPTER 2: Electric permittivity of carbon fiber 

Abstract 

The electric permittivity is a fundamental material property that affects electrical, 

electromagnetic and electrochemical applications. This work provides the first determination of 

the permittivity of continuous carbon fibers. The measurement is conducted along the fiber axis 

by capacitance measurement at 2 kHz using an LCR meter, with a dielectric film between 

specimen and electrode (necessary because an LCR meter is not designed to measure the 

capacitance of an electrical conductor), and with decoupling of the contributions of the specimen 

volume and specimen-electrode interface to the measured capacitance. The relative permittivity 

is 4960 ± 662 and 3960 ± 450 for Thomel P-100 (more graphitic) and Thomel P-25 fibers (less 

graphitic ), respectively. These values are high compared to those of discontinuous carbons, such 

as reduced graphite oxide (relative permittivity 1130), but are low compared to those of steels, 

which are more conductive than carbon fibers. The high permittivity of carbon fibers compared 

to discontinuous carbons is attributed to the continuity of the fibers and the consequent 

substantial distance that the electrons can move during polarization. The P-1 00/P-25 permittivity 

ratio is 1.3, whereas the P-100/P-25 conductivity ratio is 6.7. Thus, defects associated with a low 

degree of graphitization hinder conduction more than polarization. 

2.1 Introduction 

Carbon fibers are outstanding among reinforcements in their combination of high 

strength, high elastic modulus, low density, and wide availability. In addition, they are attractive 

for their low coefficient of thermal expansion, high electrical and thermal conductivity, 

resistance to high temperatures, and biocompatibility. Therefore, carbon fibers and their 
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composites (mostly commonly with polymer matrices) are used for lightweight structures 

(particularly in aircraft), lightning protection, electromagnetic interference (EMI) shielding (e.g., 

for computer cases), Stealth (low observability), antistatic structures, biomedical prosthetics, heat 

sinks, resistance (Joule) heating elements, current collectors, electrochemical electrodes (e.g. , for 

batteries and supercapacitors ), fluid filtration media (particularly in the form of activated carbon 

fiber) , etc. [1]. 

Many of the applications exploit the electrical properties of the carbon fibers. Even for 

structural applications, the electrical properties are valuable for rendering the structure 

multifunctional. For example, the electrical conductivity is used to render the structural 

composite capable of sensing its own condition (e.g. , strain, stress, temperature and damage) 

through the dependence of the condition on the electrical resistance [2,3]. Since no embedded or 

attached sensor is involved, this capability is known as self-sensing. For electrochemical 

electrodes, which are commonly in the form of a fiber felt, the electronic conductivity of the 

fiber is utilized. 

The electrical behavior of a material is described in terms of the electrical conductivity 

and the electric permittivity. The conductivity relates to the electrical resistance, whereas the 

permittivity relates to the polarization, which results in a capacitance. Much attention has been 

given to the conductivity of carbon fibers. The conductivity increases with increasing degree of 

graphitization of the fiber. However, relatively little attention has been given to the permittivity, 

in spite of the effect of polarization on the charge carrier movement and the fact that the 

capacitance causes signal propagation delay, as commonly described in terms of the RC time 

constant. 
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A pitfall in the measurement of the permittivity of an electrically conductive material 

relates to the fact that an LCR meter used to measure the capacitance is not designed to measure 

the capacitance of an electrical conductor. To circumvent this problem, a dielectric film should 

be positioned between the specimen and an electrode. 

A relative permittivity value of 700 ( 10 kHz) has been previously reported for a short 

carbon fiber (14.7 vol%) polymer-matrix composite, with the polymer being acrylic

polyurethane [4]. Since the electrical resistivity of 100 fl.cm (10 kHz) [4] is not low, this 

permittivity value is probably correct, even though it was measured using an LCR meter in the 

absence of a dielectric film at the interface between the specimen and electrode. 

A relative permittivity value of 2000 ( 100 Hz) has been previously reported for a short 

carbon nanofiber (0.15 µm diameter, 15.55 vol.%) polymer-matrix composite, with the polymer 

being an ethylene-octene copolymer [5]. The resistivity of this composite is 2.34 fl.cm (DC), 

which is low. The high value of 2000 [5] is questionable, due to the substantial conductivity and 

the absence of a dielectric film at the interface between the specimen and electrode. 

A relative permittivity value of 10,000 (100 Hz) has been previously reported for a 

carbon nanotube (0.02 µm diameter, 21.40 vol.%) polymer-matrix composite, with the polymer 

being an ethylene-octene copolymer [ 5]. The resistivity of this composite is 11.6 fl.cm (DC), 

which is low. The high value of 10,000 [5] is questionable, due to the substantial conductivity 

and the absence of a dielectric film at the interface between the specimen and electrode. The 

error source is similar to that resulting in the erroneous high relative permittivity of 4 x 109 (20 

Hz) previously reported for reduced graphite oxide [6]. 

A high relative permittivity of 110,000 (60 Hz) has been previously reported for a 

continuous carbon fiber epoxy-matrix composite in the through-thickness direction (with 
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electrical resistivity 20 n.cm), and an even higher value of 200,000 (60 Hz) has been reported 

for a corresponding composite with carbon nanotubes grafted on the carbon fibers (with 

resistivity 15 n.cm) [7]. These high permittivity values are said to correspond to colossal 

permittivity [7] , but their correctness is questionable, due to the conductivity of the specimens 

and the absence of a dielectric film in the use of an LCR meter. 

The frequency used in this work (kHz) is much lower than that of the microwave regime 

(GHz), which is relevant to EMI shielding and Stealth [3]. In the microwave regime, the testing 

uses a vector network analyzer rather than an LCR meter. The mechanism of electromagnetic 

wave propagation involves radiation rather than conduction in the microwave regime. 

Furthermore, the ability of an electric dipole to respond to an AC electric field varies with the 

frequency. Therefore, comparison of the permittivity obtained in this work with the values of 

prior work in the microwave regime is not very suitable. Nevertheless, at 8 GHz, the axial 

complex relative permittivity (with the continuous carbon fibers parallel to the electric field) and 

the transverse complex relative permittivity (with the fibers perpendicular to the electric field) 

have been reported to be 27 and 29, respectively [8]; the axial value is lower than the transverse 

value. In contrast, at 2.6-8.2 GHz, the axial permittivity (with the fibers preferentially parallel to 

the electric field) of short fiber (3 mm long) epoxy-matrix composite has been reported to be 

about five times that of the transverse permittivity (with the fibers preferentially perpendicular to 

the electric field) [9]. At 8.2 GHz, a very high axial relative permittivity value of 32,000 has 

been reported for carbon fibers, based on the measurement of the permittivity of short (10 mm 

long) carbon fiber epoxy-matrix composites [10]. The permittivity increases with increasing fiber 

length [10] , suggesting the importance of the testing of continuous carbon fibers. 
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This chapter is directed at providing the first measurement of the permittivity of 

continuous carbon fiber. In particular, this work addresses the fiber's axial direction at low 

frequencies (below microwave frequencies). The axial direction is the important direction for 

most applications of carbon fibers. The low-frequency regime is important for electrochemical, 

self-sensing and resistance heating applications. In addition, this chapter is aimed at studying the 

effect of the degree of graphitization on the permittivity, as indicated by comparison of the 

permittivity of mesophase-pitch-based fibers with different degrees of graphitization. 

2.2 Methodology of permittivity measurement 

In order to circumvent the problem of an LCR meter being not designed to measure the 

capacitance of an electrically conductive material, a dielectric film is positioned at the interface 

between the specimen and each of the two electrodes. In this work, the dielectric film is in the 

form of multiple layers of double-sided adhesive tape. The number of layers needs to be 

adequate to provide enough resistance for the purpose of circumventing the problem mentioned 

above. However, the number of layers should not be excessive, as this would result in too large 

a voltage drop across the layers and hence too small a voltage drop across the specimen. By 

using a dielectric film in the form of multiple layers of the adhesive tape, the dielectric film can 

be suitably tailored. In general, the lower is the resistance of the specimen, the more is the 

number of layers needed. 

The contribution of the specimen-electrode interface (with the interface including the 

dielectric film) to the measured capacitance can be decoupled from the contribution of the 

specimen itself to the measured capacitance by conducting the capacitance measurement at three 

or more different lengths of the specimen between the two electrodes. As the two interfacial 

23 



capacitances (for the two specimen-electrode interfaces) and the specimen volumetric 

capacitance are three capacitors in series, the measured capacitance Cm is given by 

1/Cm = 1/C + 2/C , (2.1) 

where C is the specimen volumetric capacitance, and C is the interfacial capacitance for one 

interface. The C relates to the relative permittivity K of the specimen in the direction along the 

abovementioned length l of the specimen by the equation 

C = E:0 KA/l, (2.2) 

where E:a is the permittivity of free space, and A is the area of the specimen in the plane 

perpendicular to the length l of the specimen. Combining Eq. (2.1) and (2.2) gives 

1/Cm = l/(E:aKA) + 2/C. (2.3) 

Based on Eq. (2.3), in case that l is a variable, a plot of 1/Cm vs. l gives a line of slope equal to 

1/(E:aKA) (Fig. 2.1 ). Hence, from the slope, Kis obtained. 

The abovementioned method of permittivity measurement involving the dielectric film 

and the decoupling has been previously applied to the study of a variety of discontinuous carbon 

materials [11-16]. These carbon materials include reduced graphite oxide [11] , graphite oxide 

[12,13], exfoliated graphite [14,15] , activated carbon [15] , natural graphite [15] and carbon black 

[15,16] , but they do not include carbon fibers. 

2.3 Experimental methods 

2.3.1 Materials 

Two types of carbon fiber are studied, labeled type A and type B. They are both mesophase

pitch-based, unsized, without twist, with 10-µm diameter and 2000 filaments in a tow, as 
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manufactured by Amoco Performance Products, Inc. , presently owned by Cytec Industries Inc. 

(Woodland Park, New Jersey, U.S.A.). 

Type A is Thornel P-100, with density 2.130 ± 0.005 g/cm3
, tensile modulus 760 GPa, tensile 

strength 2.4 GPa, tensile ductility 0.30% [17] and axial electrical resistivity 1.8 x 10-4 n.cm (as 

measured for a single fiber using the four-probe method) [18]. Type Bis Thornel P-25, with 

density 1.920 ± 0.005 g/cm3
, tensile modulus 159 GPa, tensile strength 1.56 GPa, tensile 

ductility 0.9% and axial electrical resistivity 1.2 x 10-3 n.cm [19]. Compared to type B, type A 

exhibits higher modulus, higher strength, lower ductility, higher density, lower electrical 

resistivity, and higher degree of graphitization. The ratio of the conductivity of the P-100 fiber to 

that of the P-25 fiber is 6.7. 

The P-100 fiber is in the carbon fiber category known as ultra-high modulus carbon fiber, 

whereas the P-25 fiber is in the category known as low-modulus carbon fiber. This means that 

these two types of fiber differ greatly in the modulus, when the modulus range of various grades 

of carbon fibers is considered. With the same carbon precursor (mesophase pitch), these two 

types of carbon fibers are obtained by using different heat treatment temperatures. Due to the 

much higher heat-treatment temperature used for fabricating the P-100 fiber, the degree of 

graphitization is much greater for P-100 than P-25. 

Two specimens are tested for each type of fiber. The two specimens of type A are labeled Al 

and A2. The two specimens of type Bare labeled Bl and B2. The specimen configuration for 

permittivity measurement is described in Sec. 2.3.2. 

2.3.2 Permittivity measurement method 

The experimental method for permittivity measurement is an extension of the method used in 

the prior work of Chung et al. [ 11-16]. The method involves the presence of a dielectric film 
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between the specimen and each electrode and the decoupling of the interfacial capacitance from 

the volumetric capacitance, as explained Sec. 2.2. However, the specimen configuration in this 

work is different from that in the prior work [11-16]. In the prior work [11-16], the specimen 

dimension is small in the direction ofcapacitance measurement. In the present work, the specimen 

dimension is large in the direction of capacitance measurement. 

In the prior work [11-16] , measurement is conducted with two electrodes for three specimen 

thicknesses in order to provide the data for the plot in Fig. 2.1. In the present work, four electrodes 

in the form of tin-coated copper wires are positioned on the top surface of the specimen at four 

points (essentially equally spaced at a distance ranging from 25.40 to 26.15 mm, with the exact 

distance between every two adjacent electrodes measured for each specimen) along the length of 

the specimen (Fig. 2.2). Each electrode is adhered to the top surface of the specimen by using 

three layers of double-sided adhesive tape, which serves as the dielectric film between the 

specimen and the electrode. Each electrode is 0.97 mm wide in the direction of the length of the 

specimen, such that it extends all the way along the 0.50-mm width of the specimen. By using 

different pairs of electrodes (i.e. , the 1st and 2nd
, the 1st and 3rd

, and the 1st and 4th
) , measurement 

of the capacitance is conducted over distances of- 26, - 52 and - 78 mm. The configuration ofFig. 

2.2 had been previously used for measuring the in-plane permittivity of steel foil [20] , which is 

even more conductive than carbon fibers. 

A rectangular alumina mold cavity is manually assembled by using a large number of alumina 

(96 wt.% Ab03) substrates of size 25.4 x 25.4 x 0.6 mm and through-thickness relative 

permittivity 8.5 (10 kHz) [21] that are oriented in the plane of the bottom surface of the mold 

cavity, and (ii) conventional adhesive tape to hold the substrates together. The mold cavity is 

used to contain the aligned fibers, the axis of which is along the longest dimension of the mold 
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cavity. Multiple tows are packed to fill the mold cavity. The fiber length extends for the entire 

length of the mold cavity (at least 128 mm), which is substantially longer than the distance (- 78 

mm) between the outermost (1 st and 4th
) electrodes. The width of the mold cavity is 5.0 ± 0.3 

mm for Specimens Al and A2, and is 6.510 ± 0.030 mm for Specimens Bl and B2. The 

thickness of the mold cavity is - 0.71 mm and - 1.56 mm (with the exact thickness measured for 

each specimen) for Specimens Al/A2 and Specimens Bl/B2, respectively. 

The fiber volume fraction is obtained by dividing the fiber volume ( obtained from the 

measured fiber mass and known fiber density) by the mold cavity volume. The fiber volume 

fraction is (66.5 ± 6.1) % and (61.5 ± 5.7) % for Specimens Al and A2, respectively, and is 

(26.49 ± 0.16)% and (25.52 ± 0.18)% for Specimens Bl and B2, respectively. The relatively low 

fiber volume fraction for Specimens Bl and B2 compared to Specimens Al and A2 is due to the 

fact that the P-100 fibers are macroscopically straighter than the P-25 fibers , as shown by visual 

inspection. 

The capacitance between the two electrodes is measured using a precision LCR meter (Instek 

LCR-816 High Precision LCR Meter, 100 Hz-2 kHz). The frequency used is 2 kHz, because this 

is the highest frequency provided by the meter and a frequency in the kHz range is commonly 

available and widely used. The use of frequencies below 2 kHz gives similar results. The error in 

the capacitance measurement is ±0.1 pF. The voltage is adjusted so that the electric field is the 

same for different distances between the electrodes. The electric field is obtained by dividing the 

applied AC voltage amplitude by the distance between the electrodes. It is kept constant for the 

different pairs of electrodes for the same specimen, as enabled by adjusting the voltage, and is 

essentially the same for all the specimens. The electric field is 16.06 ± 0.04 and 15.93 ± 0.04 V/m 

for Specimens Al and A2, respectively, and is 15.85 ± 0.04 V/m and 15.95 ± 0.04 V/m for 
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Specimens B 1 and B2, respectively. The capacitance is that for the LCR meter setting for the 

equivalent electrical circuit of a capacitance and a resistance in parallel. 

The relative permittivity KJOfthe fibers is calculated from the measured value K of the specimen 

in the mold by using the Rule of Mixtures with the fibers and air in parallel along the axis of the 

fibers. The parallel model (as opposed to the series model) is consistent with the physical 

configuration in which the fibers are electrically in parallel. In other words, KJ is obtained by using 

the equation 

(2.4) 

where Ka is the relative permittivity of air ( equal to 1.000) and VJ is the fiber volume fraction. 

The method ofthis work is not impedance spectroscopy, which involves measurement over 

a wide range of frequencies and analyzing the frequency dependence (e.g., in the form ofa Nyquist 

plot) by fitting it with the calculated frequency dependence for assumed equivalent circuit models. 

Due to the fact that the equivalent circuit model obtained from the fitting is not unique, the circuit 

parameters expressed by the circuit model are not very meaningful scientifically. 

2.4 Results and discussion 

Figure 2.3 shows the plot of 1/Cm vs. length l for the carbon fibers (plus air) in accordance with 

Eq. (2.3). The plot is linear for all specimens investigated (Al , A2, Bl and B2). From the slope 

of the plot, K is determined to be 3276 ± 195 and 3072 ± 244 for Specimens Al and A2, 

respectively, and is 1019 ± 114 and 1029 ± 120 for Specimens Bl and B2, respectively. The error 

of the slope is determined by considering the slope values obtained from different pairs of data 

points in the plot. Using Eq. (2.4), KJ is determined, as shown in Table 2.1. 

The error in the KJ value for each fiber type is substantial, as shown in Table 2.1. The ranges of 

the values for the two fiber types overlap to a minor degree. Nevertheless, the average KJ value is 
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higher for P-100 fiber than P-25 fiber, as expected due to the higher mobility of the electrons in P

l 00 - a consequence of the lower defect concentration due to the higher degree of graphitization. 

The ratio of the average permittivity of the P-100 fiber to that of the P-25 fiber is 1.3. In contrast, 

the ratio of the conductivity of the P-100 fiber to that of the P-25 fiber is 6.7. This means that the 

electron mobility affects the conductivity more than the permittivity. In other words, the defects 

associated with a low degree of graphitization (such as those associated with a small crystallite 

size or a low degree of preferred orientation of the carbon layers) affect the conduction more than 

polarization. This is partly due to the larger distance of charge movement in conduction than 

polarization. 

The relative permittivity values of both P-100 and P-25 are much higher than those previously 

reported for carbons in discontinuous forms (up to 1130, which is the value for reduced graphite 

oxide [11]). The high value for reduced graphite oxide is due to the functional groups [11]. In 

contrast, the high value obtained in this work for continuous carbon fibers is due to the long length 

and the consequent large distance that the charged species can move during polarization. The 

positive effect of dimensions on the permittivity is also supported by the increase of the 

permittivity of carbon black upon compressive squishing, which causes increase of the dimension 

[16]. It is also supported by the very high permittivity of monolithic steels [20] , as discussed 

below. 

By using a method that is essentially identical to that of this work, the relative permittivity 

(also at 2 kHz) oflow carbon steel and stainless steel (both in the in-plane direction) has been 

reported by the Prof. Chung research group to be 1.1 x 106 and 2.3 x 106
, respectively [20]. 

These values of steels are much higher than the value of 4960 ± 662 obtained in this work for the 

P-100 fiber. This is due to the greater abundance and higher mobility of the free electrons in the 
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steels compared to the carbon fibers, as supported by the fact that the chemical bonding in steels 

is purely metallic, whereas that in carbon fibers is not. In spite of the preferred orientation of the 

carbon layers along the axis of a carbon fiber, the carbon layers are not all aligned. Thus, the 

chemical bonding along the axis of a carbon fiber is partly metallic, partly covalent and partly 

Van der Waals, with the metallic and covalent aspects of the bonding being associated with the 

in-plane bonding of a carbon layer, and the Van der Waals' aspect of the bonding being 

associated with the out-of-plane bonding between the carbon layers. 

Although the permittivity values are higher for steels than carbon fibers , the values are high 

for both types of material. The high values for both steels in the in-plane direction and those for 

carbon fibers in the axial direction are due to the availability of charge carriers ( electrons in the 

case of steels and electrons and holes in the case of carbon fibers) , the long length and continuity 

of the specimen in the direction of capacitance measurement, and the consequent large distance 

that the charge carriers can move during polarization. The importance of long length for a high 

value of the permittivity is supported by the fact that the permittivity of steel foils is much lower 

in the through-thickness direction than the in-plane direction, with the through-thickness value 

being 28 and the corresponding in-plane value being 2 x 106 [22]. 

2.5 Conclusion 

The electric permittivity is a fundamental material property that is important to the numerous 

electrical and electrochemical applications. This work provides the first determination of the 

permittivity of continuous carbon fibers. The measurement is conducted by capacitance 

measurement at 2 kHz using an LCR meter, with the presence of a dielectric film between the 

specimen and each copper electrode ( the dielectric film being necessitated by the fact that an 

LCR meter is not designed to measure the capacitance of an electrical conductor), and with 
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decoupling of the contributions of the specimen volume and the specimen-electrode interface to 

the measured capacitance. The decoupling is enabled by capacitance measurement at three 

different length segments of each specimen. 

Each specimen is in the form of multiple fiber tows that are packed along the direction of 

capacitance measurement in an alumina mold cavity. No matrix material is used with the fibers. 

The fiber permittivity is calculated from the measured specimen permittivity by using the Rule of 

Mixtures for dielectric components in parallel. 

The relative permittivity in the axial direction is 4960 ± 662 and 3961 ± 450 for the P-100 

(more graphitic) and P-25 fibers (less graphitic ), respectively. These ranges overlap to a minor 

degree, but the average value is higher for the P-100 fiber than the P-25 fiber. 

The ratio of the average permittivity of the P-100 fiber to that of the P-25 fiber is 1.3, 

compared to the corresponding conductivity ratio of 6.7. This means that the defects associated 

with a low degree of graphitization affect the conduction more than polarization. 

The relative permittivity values mentioned above for the P-100 and P-25 fibers are high 

compared to previously reported values of discontinuous carbon materials, such as reduced 

graphite oxide, the relative permittivity of which is 1130. However, they are low compared to 

previously reported values of steels, which are more conductive than carbon fibers. The high 

values of the continuous carbon fibers compared to discontinuous carbons are attributed to the 

continuity of the fibers and the consequent relatively large distance that the electrons can move 

during polarization. 
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Tables 

Table 2.1 Relative permittivity (KJ) of carbon fibers at 2 kHz. 

Fiber type 1st specimen 2nd specimen Combined value* 
P-100 4922 ± 535 4998 ±788 4960 ± 662 
P-25 3842 ± 430 4027 ± 471 3961 ± 450 

*Value based on the results of both 1st and 2nd specimens. 
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Figures 

0 )l 
Fig. 2.1 Schematic plot of 1/Cm vs. l , for the determination of the relative permittivity K based on 

Eq. (2.3). The slope equals 1/(caKA). The l is the thickness of the specimen and A is the area of 

the specimen. The intercept on the vertical axis equals 2/C , where C is the specimen-electrode 

interfacial capacitance. 
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Fig. 2.2 Configuration for measuring the axial permittivity of carbon fiber. All dimensions are in 

mm. The dimensions shown are those for Specimen Al. The vertical dimensions in (b) are not to 

scale, as the thickness is much smaller than the length. (a) Top view. (b) Side view. 
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Fig. 2.3 Representative plots of 1/Cm vs. length l for the carbon fibers (plus air) for permittivity 

measurement in accordance with Eq. (3). (a) Specimen Al (P-100 fiber). (b) Specimen Bl (P-

25 fiber). 
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CHAPTER 3: First report of capacitance-based self-sensing and 

in-plane electric permittivity of 

carbon fiber polymer -matrix composite 

Abstract 

Capacitance-based damage self-sensing and the in-plane electric permittivity of continuous 

carbon fiber polymer-matrix composite are unprecedentedly reported. A 220x220-mm2 

unidirectional one-lamina polyamide-6-matrix composite is used. The capacitance (2 kHz) is 

measured in the through-thickness and in-plane directions using 25x25-mm2 aluminum-foil 

electrodes that are sandwiching and coplanar, respectively. Due to the composite's electrical 

conductivity, a dielectric film ( double-sided adhesive tape) is positioned between electrode and 

specimen, so that the capacitance is correctly measured using an LCR meter. In practical 

implementation, the dielectric film can be the paint on the composite structure. Judiciously 

positioned artificial damage (1.1-mm diameter through-holes) causes the through-thickness 

capacitance to increase monotonically with increasing damage, and causes the in-plane 

capacitance to decrease monotonically, due to the effect of the damage on the fringing electric 

field emanating from the electrodes. The relative permittivity is 2160±510 and 1640±330 for 

the longitudinal (fiber) and transverse directions, respectively; the permittivity anisotropy is 1.3. 

The DC electrical resistivity is 0.0072±0.0004 and 10.9±0.9 fl.cm in the longitudinal and 

transverse directions, respectively; the resistivity anisotropy is 1500. The conductivity controls 

the current spreading, while the high permittivity provides the capacitance effect. The 

resistivity anisotropy causes the dependence of the capacitance-based sensing on the fiber 

orientation. The axial fiber permittivity derived from the longitudinal composite permittivity is 
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consistent with that reported in Chapter 2 for mesophase-pitch-based carbon fibers. 

3.1 Introduction 

Due to the high strength, high elastic modulus and low density of continuous carbon fibers, 

carbon fiber polymer-matrix composites are important structural materials for lightweight 

structures, such as aircraft, satellites and sporting goods. Because of the strategic nature and 

aging of aircraft and related structures, nondestructive evaluation (NDE) is needed. This relates 

to structural health monitoring, which allows damage to be detected for timely repair and safety 

enhancement. For wide applicability, the method of evaluation should be suitable for existing 

structures, rather than being limited to new structures that involve unconventional composites 

(such as continuous carbon fiber composites containing carbon nanotubes) or require the 

embedment of sensors ( such as optical fibers) in the composites. In addition, it is preferred that 

the evaluation method is suitable for real-time monitoring, so that the damage can be detected as 

it occurs and the evolution of the damage can be monitored. 

Self-sensing refers to the ability of a structural material to sense its own condition without 

the need for embedded or attached sensors. Relevant attributes to be sensed include stress, strain, 

damage, temperature, etc. Due to the aging of aircraft, structural health monitoring of the 

airframe is critically needed. Compared to the use of attached or embedded sensors, the 

advantages of self-sensing include low cost, high durability, large sensing volume and absence of 

mechanical property loss. Embedded sensors tend to degrade the mechanical properties of the 

structural material, in addition to being not amenable to repair or maintenance. 

Self-sensing involving electrical resistance measurement has been widely reported in 

continuous carbon fiber polymer-matrix composites [1-10]. This method is based on the effect of 
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defects on the electrical resistivity of the composite. Due to the electrical conductivity of carbon 

fibers and the nonconductivity of the polymer matrix, defects such as delamination and fiber 

breakage affect the conductivity of the composite [1]. 

There are disadvantages to the resistance-based self-sensing. Its implementation involves 

the application of electrical contacts. The electrical resistance associated with an electrical 

contact must be small enough, so that it does not overshadow the resistance associated with the 

volume of the material under evaluation. Thus, the electrical contacts must be high in quality, 

with the electrically conductive material (typically a metal) that makes up the electrical contact 

being in intimate contact with the structural composite material. Even if the resistance of the 

electrical contact is small, it may still vary as the condition ( e.g., stress, strain, damage, 

temperature, etc.) changes. This means that both the resistance of the electrical contact and the 

resistance within the composite material can change with the condition. The resistance within 

the composite is the quantity that is indicative of the condition. The variation of the contact 

resistance with the condition may cause the measured resistance to be not indicative of the 

condition. To alleviate this problem, four electrical contacts rather than two contacts are used, 

[11] , thereby largely eliminating the contact resistance from the measured resistance. In spite of 

its superior reliability, the four-probe method makes the implementation of the technique more 

difficult and more expensive. 

The alternating current (AC) impedance is a related quantity that can be measured. It differs 

from the direct current (DC) resistance in that it is a complex quantity that consists of a real part 

(the resistance) and an imaginary part (the capacitance and inductance, with the capacitance 

being more relevant than the inductance). An advantage of impedance measurement over 

resistance measurement relates to the essential absence of the effect of polarization on the 
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measured impedance, in contrast to the gradual increase in the measured DC resistance as the 

measurement progresses [12,13]. 

Because the impedance includes the resistance (its real part), the measurement of the 

impedance involves the same issues as mentioned above in relation to the measurement of the 

resistance. The real part of the impedance has been used for providing self-sensing [ 14]. 

The variation of the impedance with the frequency can be analyzed in terms of equivalent 

circuit models for describing the electrical behavior. The analysis typically involves the fitting 

of the curve in the Nyquist plot (plot of the imaginary part of the impedance to the real part of 

the impedance for various frequencies). However, the equivalent circuit model obtained by the 

curve fitting is not unique. As a consequence, the values of the circuit parameters (resistances 

and capacitances) in the circuit model are only meaningful in the context of the particular circuit 

model and are not generally meaningful. 

Capacitance-based self-sensing has been previously reported in steel [15] and cement-based 

materials (without any conductive admixture) [16-19] by the same research group as this work, 

using the same method as this work. Capacitance measurement of conductive materials is 

unconventional. Steel is more conductive electrically than carbon fiber composites. The success 

of capacitance-based self-sensing in steel suggests that success in carbon fiber composites is 

likely. This chapter provides the first report of capacitance-based self-sensing in carbon fiber 

composites. 

The electrical behavior of a material involves both the electrical conductivity (pertaining 

to the conduction behavior) and the electric permittivity (pertaining to the dielectric behavior). 

The permittivity relates to the electric polarization, which involves the interaction of electric 

dipoles and/or space charges in the material with the applied AC electric field. The frequency of 
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the AC electric field affects the type of interaction. The conductivity relates to the resistance, 

whereas the permittivity relates to the capacitance. 

Carbon materials are well-known for their conductivity, which is utilized for numerous 

applications, including electrochemical electrodes (for batteries, supercapacitors, etc.), 

electromagnetic interference (EMI) shielding ( as needed to protect electronics and to shield 

radiation sources), electrical-resistance-based self-sensing (the ability of a structural material to 

sense its own condition without embedded or attached devices), and resistance heating ( e.g, for 

deicing). An electrochemical electrode is an electronic conductor, the permittivity of which can 

affect the performance of the electrode. The dielectric behavior is important for EMI shielding 

and low-observability (Stealth), because its contributes to the ability of the material to absorb 

electromagnetic radiation. On the other hand, for applications in electrical conduction, the 

dielectric behavior tends to be disadvantageous, as the capacitance causes signal propagation 

delay, as commonly described in terms of the RC time constant. 

The permittivity is a fundamental material property that is relevant to the capacitance

based sensing mentioned above. In particular, the in-plane permittivity of the continuous carbon 

fiber composite is relevant. However, the in-plane permittivity has not been previously reported 

for any continuous carbon fiber composite. 

Carbon materials have received much attention in relation to the conductivity and 

associated applications. Much less attention has been given to the permittivity, partly because of 

the common assumption that the permittivity is not significant for a material that is highly 

conductive. This assumption stems from the notion that a highly conductive material would 

short-circuit the two electrodes of a parallel-plate capacitor used to measure the capacitance of 

the material sandwiched between the two electrodes. However, this short-circuiting problem can 
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be avoided by positioning a dielectric film at the interface between the specimen and at least one 

of the two electrodes. The avoiding of the short-circuit situation is also necessitated by the fact 

that an LCR meter used to measure the capacitance is not designed to measure the capacitance of 

an electrical conductor. 

The objectives of this chapter are (i) to show the feasibility of capacitance-based self

sensing in a continuous carbon fiber polymer-matrix composite, (ii) to develop the methodology 

for the capacitance measurement, (iii) to evaluate the effectiveness of the self-sensing for various 

electrode configurations and various damage locations relative to the electrode positions, and (iv) 

to determine for the first time the in-plane electric permittivity of a continuous carbon fiber 

composite. 

3.2 Methodology of capacitance-based sensing 

The parallel-plate capacitor geometry is commonly and classically used for measuring the 

capacitance of a material that is sandwiched by the two sandwiching plates (i.e. , two conductor 

plates referred to as electrodes). The capacitance is in the direction perpendicular to the plates. 

However, coplanar electrodes can be used instead to measure the in-plane capacitance. 

A pitfall in capacitance measurement pertains to the fact that the LCR meter is not designed 

for measuring the capacitance of an electrical conductor. When an impedance meter is used for 

testing a conductive material, such as a carbon, the capacitance value that it outputs can be off 

from the true value by a large amount (even off by orders of magnitude) [20,21]. 

A parallel-plate capacitor is associated with a fringing electric field, which spreads to the 

region surrounding the parallel conductive plates. In case that the sandwiched material is 

conductive and extends from the sandwiched region to the region away from the electrodes, the 

fringing field becomes large and the measured capacitance (the apparent capacitance) becomes 
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higher than the value in the absence of the fringing field. The fringing field serves as a probe, as 

the measured capacitance is sensitive to the defects that are present in the part of the material that 

extends from the part that is sandwiched by the electrodes. 

Instead of measuring the apparent through-thickness capacitance using the conventional 

parallel-plate capacitance configuration, the apparent in-plane capacitance can be measured by 

using two electrodes that are on the same surface of the specimen being evaluated. The electric 

field lines spread between the two electrodes, thus serving as a probe for detecting defects in the 

specimen. 

In practice, the capacitance-based testing involves one of two configurations ( though

thickness or in-plane) and an LCR meter. The frequency does not need to be varied, as this is 

not impedance spectroscopy. Since an impedance meter is not meant to measure the capacitance 

of a conductor, an electrically insulating (dielectric) film must be positioned between the 

specimen and at least one of the two sandwiching electrodes. This method has been successfully 

used to measure the permittivity of various carbon materials, such as reduced graphite oxide, 

graphite oxide, exfoliated graphite, carbon black, activated carbon, etc. [20,22-26]. The 

electrodes can be in the form of pressure contacts, though the pressure should be adequate for the 

measured capacitance, which increases with increasing pressure, to level off in the plot of 

capacitance vs. pressure. More conveniently, the dielectric film can be a double-sided adhesive 

film, the adhesion ability of which eliminates the need for pressure application on the electrodes. 

The capacitance-based self-sensing is more attractive than the previously reported 

resistance-based self-sensing in several aspects. Firstly, it does not require an intimate contact 

between the electrode and the composite specimen. In fact, the presence of a dielectric film 

between the electrode and the specimen is necessary. Since composite structures are often 
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painted, the paint can serve as the dielectric film. Hence, local removal of the paint is not 

necessary for installing the electrodes. In contrast, paint removal is necessary for installing the 

electrodes for resistance measurement. Secondly, only two electrodes are needed for 

capacitance measurement, whereas four electrodes are needed for reliable resistance 

measurement. 

3.3 Experimental methods 

3.3.1 Materials 

A unidirectional continuous carbon fiber prepreg (Designation QNC 4162) is used, as 

supplied by Quadrax Corp. (Portsmouth, Rhode Island). The carbon fiber is PAN-based, with 

designation 34-700, from Grafil, Inc. , Sacramento, California. The fiber diameter is 6.9 µm. 

The fiber content in the prepreg is 62 wt.%. Based on this weight fraction and the densities of 

the fiber and Nylon-6, the fiber volume fraction and matrix volume fraction are 49.5% and 

50.5%, respectively. A single lamina of the prepreg is used as received, without annealing. The 

thickness is 0.253 ± 0.006 mm. 

The composite involves polyamide-6 (Nylon-6) as the thermoplastic matrix. Its glass 

transition temperature is 40-60°C. Its melting temperature is 220°C. Its relative permittivity is 

3.45 ± 0.05 [27,28]. 

This particular composite has been previously shown to be able to sense its own damage and 

strain by electrical resistivity measurement in either the longitudinal (fiber) or through-thickness 

direction [29]. In addition, this particular composite has been previously shown to be 

piezoelectric in the through-thickness direction, as demonstrated using the converse piezoelectric 

effect [30]. The glass transition and melting of the matrix of this particular composite have been 
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detected upon heating by electrical resistivity measurement [31]. 

3.3.2 NDE method 

The capacitance is measured using Configurations I and II for through-thickness and in

plane capacitance measurements, respectively. In both configurations, the composite specimen is 

square and each electrode is a square aluminum foil (thickness 0.017 mm) that is much smaller 

in area than the specimen. A dielectric film of size equal to or slightly larger than that of the 

electrode is positioned between each of the two electrodes and the specimen. For Configurations 

I, the dielectric film is a stack of two layers of double-sided adhesive tape (77 µm thick for each 

layer). For Configuration II, the dielectric film is a stack of three layers of double-sided adhesive 

tape (77 µm thick for each layer). In general, the lower the resistance of the specimen, the larger 

is the number of layers of adhesive tape needed. 

Configuration I is illustrated in Fig. 3.1 (top view) and Fig. 3.2 (side view). It involves the 

parallel-plate capacitor geometry, with two electrodes sandwiching the specimen symmetrically. 

Each electrode is of dimensions 25 .4 x 25 .4 mm and is two-dimensionally centered on the square 

composite specimen of dimensions 215.9 mm x 215.9 mm. 

Configuration II involves two coplanar electrodes that are positioned along a line that is 

either perpendicular or parallel to the fiber direction of the composite (Fig. 3.3). Each electrode 

is of dimensions 25.6 x 25.6 mm and is positioned along the mid-point of each of two opposite 

edges of the square composite specimen of dimensions 222.6 mm x 222.6 mm, such that the 

edge of each square electrode coincides with an edge of the square specimen. 

The capacitance is measured using a precision LCR meter (Instek LCR-816). The 

frequency used is 2 kHz. The AC electric field is 2.4 V/mm (through-thickness) and 0.0035 V/mm 

(in-plane) for Configurations I and II, respectively, as provided by adjustment of the AC voltage 
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provided by the meter. The capacitance provided by the meter is that for the equivalent electrical 

circuit of a capacitance and a resistance in parallel. 

3.3.3 Damage infliction and configurations 

Damage in the specimen is artificially inflicted by manual penetration at selected points 

of the specimen using the sharp end of a thumb tack, which is pushed through beyond the tapered 

end of the pin. The penetration is complete, resulting in a through hole. The diameter of the 

main part (not the tapered part) of the pin of the thumb tack is 1.105 mm. 

For Configuration I, the locations of the holes are as shown in Fig. 3 .1. There are a total of 

105 cases that correspond to the case of no damage (Case 0) and 104 cases (Cases 1-104) of 

progressively more damage as the case number increases. For Configuration II (whether the 

fibers are perpendicular or parallel to the line joining the two electrodes), the location of the 

holes are as shown in Fig. 3.4. There are 126 cases that correspond to the case of no damage 

(Case 0) and 126 cases (Case 1-126) of progressively more damage as the case number increases. 

The capacitance is measured prior to damage and after damage infliction for damage 

corresponding to each of the above mentioned progressively increasing levels of damage. 

3.3.4 Electrical resistivity measurement method 

To strengthen the science base of the capacitance-based NDE method of this work, the 

DC electrical resistivity of the single-lamina composite in the longitudinal (fiber) and transverse 

directions is measured. The resistivity is measured using the four-probe method, with stranded 

tin-coated copper wire in conjunction with silver paint as the electrical contacts. The outer two 

contacts are for passing current; the inner two contacts are for voltage measurement. The 

specimen is a single-lamina composite in the form of a rectangular strip of dimensions 74.54 mm 
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x 10.05 mm x 0.253 mm. The four contacts are symmetrically positioned relative to the center of 

the length of the strip, with the proximate edges of the outer contacts 60.97 mm apart and the 

proximate edges of the inner contacts 19.05 mm apart. Each electrical contact is 1.79 mm wide 

and extends in the direction perpendicular to the long dimension of the specimen for the entire 

10.05-mm width of the specimen. Two types of specimen are tested. In one type, the fibers are 

along the long direction of the specimen, so that the conductivity measured is in the longitudinal 

or fiber direction. In the other type, the fibers are transverse to the long direction of the 

specimen, so that the conductivity measured is in the transverse direction. A Keithley digital 

multimeter Model 2002 is used for measuring the voltage, while a Keithley 224 programmable 

current source is used for providing a current of 0.1 mA. 

3.3.5 Permittivity measurement method 

To strengthen the science base of the capacitance-based NDE method of this work, the 

electric permittivity of the single-lamina composite in the longitudinal (fiber) and transverse 

directions is measured. The permittivity is measured in these directions rather than the through

thickness direction, because the current spreading (fringing field) utilized in the NDE occurs 

mainly in the in-plane direction. 

The experimental method for permittivity measurement is an extension of the method 

used in the prior work of Chung et al. for studying a variety of carbon materials, which include 

reduced graphite oxide [20] , graphite oxide [22,23], exfoliated graphite [24,25], activated carbon 

[24] , natural graphite [24] and carbon black [24,26] , but they do not include carbon fibers or 

carbon fiber composites. 

The method involves a dielectric film between the specimen and each electrode and the 

decoupling of the interfacial capacitance from the volumetric capacitance. However, the specimen 
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configuration in this work is different from that in the prior work [20,22-26]. In the prior work, 

the specimen dimension is small in the direction ofcapacitance measurement. In the present work, 

the composite specimen is in the form of a rectangular strip, such that the long direction is along 

the direction of capacitance measurement ( either the longitudinal or the transverse direction). 

In the prior work [20,22-26] , measurement is conducted with two electrodes for three 

specimen thicknesses in order to provide the data for the plot in Fig. 3.5. In the present work, four 

electrodes in the form of stranded tin-coated copper wires are positioned on the top surface of the 

specimen at four points (essentially equally spaced at a distance of ~25 mm, with the exact value 

measured for each specimen) along the length ofthe specimen (Fig. 3.6). Each electrode is adhered 

to the top surface ofthe specimen by using three layers ofdouble-sided adhesive tape, which serves 

as the dielectric film between the specimen and the electrode. Each electrode is 0.97 mm wide in 

the direction of the length of the specimen, such that it extends all the way along the 10-mm width 

for the axial and 5 mm for the transverse sample (with the exact value measured for each specimen) 

of the specimen. By using different pairs of electrodes (i.e., the 1st and 2nd
, the 1st and 3rd

, and the 

1st and 4th
) , measurement of the capacitance is conducted over distances of - 25, - 50 and - 75 mm, 

with the exact value measured for each specimen. The configuration of Fig. 3.6 had been 

previously used for measuring the in-plane permittivity of steel foil [15] , which is even more 

conductive than carbon fibers. 

The capacitance is measured using a precision LCR meter (Instek LCR-816 High Precision 

LCR Meter, 100 Hz-2 kHz). The frequency used is 2.000 kHz, because this is the highest 

frequency provided by the meter and a frequency in the kHz range is commonly available and 

widely used. The error in the capacitance measurement is ±0 .1 pF. The capacitance reported is 

that for the equivalent electrical circuit of a capacitance and a resistance in parallel. This circuit 
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model is intended to indicate the setting used in the LCR meter, rather than the method of 

analysis. The voltage is adjusted so that the electric field is the same for different distances 

between the electrodes. The electric field is 12.00±0.24 V/m for both longitudinal and transverse 

specimens. 

Because the meter is not designed for measuring the capacitance of an electrical 

conductor, a dielectric film is positioned at the interface between the specimen and each 

electrode. The contribution of the specimen-electrode interface (with the interface including the 

dielectric film) to the measured capacitance can be decoupled from the contribution of the 

specimen itself to the measured capacitance by conducting the capacitance measurement at three 

different lengths along the direction of capacitance measurement. Whether the electrodes are 

sandwiching or coplanar, the two interfacial capacitances (for the two specimen-electrode 

interfaces) and the specimen volumetric capacitance are three capacitors in series. Hence, the 

measured capacitance Cm is given by 

1/Cm = 1/C + 2/C , (3.1) 

where C is the specimen volumetric capacitance, and C is the interfacial capacitance for one 

interface. The C relates to the relative permittivity K of the specimen in the direction 

perpendicular to the plane of the parallel-plate capacitor by the equation 

C = E:0 KA/ l, (3.2) 

where E:a is the permittivity of free space (8.85 x 10-12 F/m), A is the area of the specimen in the 

plane of the parallel-plate capacitor (i.e., in the plane perpendicular to the direction of 

capacitance measurement), and l is the length of the specimen between the two electrodes in the 

direction of the capacitance measurement. Neglecting C, thereby assuming that Cm= C, can 

result in an incorrect determination of C from the measured Cm. Without a reliable determination 
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of C, K cannot be reliably obtained by using Eq. (3 .2). Specifically, neglecting the term 2/C in 

Eq. (3.1) causes 1/C to be overestimated, thus causing Cto be underestimated, and causing K to 

be also underestimated. Combining Eq. (3.1) and (3.2) gives 

1/Cm = l/(caKA) + 2/C . (3.3) 

Based on Eq. (3.3), in case that l is a variable, a plot of 1/Cm vs. l gives a line of slope equal to 

1/(caKA) (Fig. 3,5). Hence, from the slope, K is obtained. 

The relative permittivity KJ Of the fibers is calculated from the measured K of the specimen 

using the Rule of Mixtures with the fibers and matrix in parallel along the axis of the fibers. The 

parallel model (as opposed to the series model) is consistent with the physical configuration in 

which the fibers are electrically in parallel. In other words, Kf is obtained by using the equation 

K = VJ KJ + VjKm, (3.4) 

where Km is the relative permittivity ofNylon (Sec. 3.3.1) and v1is the fiber volume fraction (Sec. 

3.3.1). 

Prior work not involving the dielectric film has resulted in umeasonably high values of 

the permittivity, due to the inability of the LCR meter to measure the capacitance of a conductor. 

For example, the use of the above mentioned method gives a value of 1130 at 50 Hz for reduced 

graphite oxide [20] , whereas a related method involving no dielectric film gives an erroneous 

value of 4 x 109 (20 Hz) for this material [32]. This high (erroneous) value is said to correspond 

to colossal dielectricity [32]. 
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3.4 Results and discussion 

3.4.1 Electrical resistivity 

The electrical resistivity is 0.0072 ± 0.0004 and 10.9 ± 0.9 fl.cm in the longitudinal 

(fiber) and transverse directions, respectively. Hence, the resistivity anisotropy is 1500. The 

longitudinal resistivity is higher than and in line with the resistivity of 0.0015 fl.cm previously 

reported for a PAN-based carbon fiber (not a composite) [33]. 

3.4.2 Permittivity 

Figure 3.7 shows the plot of 1/Cm vs. length l for the composite for longitudinal and 

transverse permittivity measurements, in accordance with Eq. (3.3). The plot is linear for every 

specimen in either direction. From the slope of the plot for each specimen, along with 

consideration of the data scatter in the slope, K is determined to be 214 7 ± 570 and 2164 ± 449 

for the two longitudinal specimens, and 1564 ± 312 and 1715 ± 343 for the two transverse 

specimens. With the results of the two specimens of each direction considered together, K is 

2156 ± 509 and 1640 ± 328 for the longitudinal and transverse directions, respectively. That K is 

lower in the transverse direction than the longitudinal direction of the composite is consistent 

with the continuity of the carbon fibers in the longitudinal direction. 

The relative permittivity of the carbon fiber is 4352 ± 510 and 3310 ± 697 for the 

longitudinal and transverse direction, respectively, as obtained from the composite permittivity 

by using Eq (3.4). Hence, the permittivity anisotropy of the carbon fiber is 1.3, which is much 

lower than the abovementioned resistivity anisotropy of 1500. 

The frequency used in this work (2 kHz) is much lower than that of the microwave 

regime (GHz), in which the testing uses a vector network analyzer rather than an LCR meter. 
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The mechanism of electromagnetic wave propagation involves radiation rather than conduction 

in the microwave regime. Furthermore, the ability of an electric dipole to respond to an AC 

electric field varies with the frequency. Therefore, comparison of the permittivity obtained in 

this work with the values of prior work in the microwave regime is not very suitable. 

Nevertheless, low permittivity anisotropy of 1.1 has been previously reported for the longitudinal 

and through-thickness directions of a unidirectional carbon fiber epoxy-matrix composite at 8 

GHz [34]. On the other hand, at 2.6-8.2 GHz, the axial permittivity (with the fibers 

preferentially parallel to the electric field) of short fiber (3 mm long) epoxy-matrix composite 

has been reported to be about five times that of the transverse permittivity (with the fibers 

preferentially perpendicular to the electric field) [35]. At 8.2 GHz, a high axial relative 

permittivity value of 32,000 has been previously reported for carbon fibers, based on the 

measurement of the permittivity of short (10 mm long) carbon fiber epoxy-matrix composites; 

the permittivity increases with increasing fiber length [36]. 

The large difference between the resistivity anisotropy and the permittivity anisotropy 

obtained in this work points to the difference between conduction and polarization. Although the 

fibers are nominally in the longitudinal direction, they exhibit a degree of waviness and there are 

fiber-fiber contacts in the transverse direction, as supported by the fact that the electrical resistivity 

in this direction is not infinity. The existence of fiber-fiber contacts has been previously discussed 

in relation to the transverse and through-thickness conduction of continuous carbon fiber epoxy

matrix composites [37,38]. The fiber-fiber contacts are apparently more detrimental to conduction 

than polarization. The high permittivity in both longitudinal and transverse directions contributes 

to causing the effectiveness of the capacitance-based NDE reported in Sec. 3.4.3 and 3.4.4. 
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Both longitudinal and transverse permittivity values reported here for carbon fiber 

composite are much higher than those previously reported for carbons in discontinuous forms (up 

to 1130, which is the value for reduced graphite oxide [20]). The high value for reduced graphite 

oxide is due to the functional groups [20]. In contrast, the high values obtained in this work for 

carbon fiber composite is due to the long specimen length and the consequent large distance that 

the charged species can move during polarization, as supported by the parallel experiment to 

measure the permittivity of monolithic steels [15] , as discussed below. 

By using the method of this work, the relative permittivity (2 kHz) of low carbon steel 

and stainless steel (both in the in-plane direction) has been reported to be 1.1 x 106 and 2.3 x 106
, 

respectively [15]. These values are even higher than the value of 4352 ± 510 (2 kHz) obtained in 

Sec. 3.4.3 for the carbon fiber in the longitudinal direction, due to the greater abundance of free 

electrons in the steels compared to the carbon fiber. The high values for both steels in the in

plane direction and carbon fiber composite in the longitudinal direction are due to the availability 

of charge carriers, the long length and continuity of the specimen in the direction of capacitance 

measurement, and the consequent large distance that the charged species can move during 

polarization. 

A relative permittivity value of 110,000 (60 Hz) previously reported for the through

thickness direction of continuous carbon fiber epoxy-matrix composite [38] is much higher than 

the value of 3310 ± 697 (2 kHz) obtained in Sec. 3.4.2 for the carbon fiber in the transverse 

direction. The permittivity of a material tends to decrease with increasing frequency. The 

permittivity is much lower for this work, in spite of the higher frequency used in this work. The 

high value of 110,000 [39] is likely erroneous, resulting from the substantial through-thickness 

conductivity of the composite and the absence of a dielectric film at the interface between the 
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composite specimen and electrode. The error source is similar to that resulting in the erroneous 

high relative permittivity of 4 x 109 (20 Hz) previously reported for reduced graphite oxide [32]. 

These permittivity values for the fiber are comparable to the fiber permittivity values 

obtained in Sec. 2.4 for mesophase-pitch-based fibers in the absence of a matrix ( 4960 ± 662 and 

3960 ± 450 for P-100 and P-25 fibers, respectively). The permittivity anisotropy is 1.3 for both 

the PAN-based fiber of this chapter and the mesophase-pitch-based fiber of Chapter 2. Thus, 

there is consistency between the two types of fiber in terms of the permittivity anisotropy. 

A relative permittivity value of 700 ( 10 kHz) has been previously reported for a short 

carbon fiber (14.7 vol%) polymer-matrix composite, with the polymer being acrylic

polyurethane [40]. Since the electrical resistivity of 100 fl.cm (10 kHz) [40] is not low, this 

permittivity value is likely not erroneous, even though it was measured using an LCR meter in 

the absence of a dielectric film at the interface between the specimen and electrode. The value of 

700 is smaller than but in line with the higher values obtained in this work for the continuous 

carbon fiber composite. 

A relative permittivity value of 2000 ( 100 Hz) has been previously reported for a short 

carbon nanofiber (0.15 µm diameter, 15.55 vol.%) polymer-matrix composite, with the polymer 

being an ethylene-octene copolymer [ 41]. The LCR meter is used in the absence of a dielectric 

film. The resistivity of this composite is 2.34 fl.cm (DC), which is low. The high value of 2000 

[41] is questionable, due to the substantial conductivity and the absence of a dielectric film at the 

interface between the specimen and electrode. Nevertheless, this relative permittivity value is in 

line with the values of this work. 

A relative permittivity value of 10,000 (100 Hz) has been previously reported for a 

carbon nanotube (0.02 µm diameter, 21.40 vol.%) polymer-matrix composite, with the polymer 
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being an ethylene-octene copolymer [ 41]. The LCR meter is used in the absence of a dielectric 

film. The resistivity of this composite is 11.6 fl.cm (DC), which is low. The high value of 

10,000 [41] is questionable, due to the substantial conductivity and the absence of a dielectric 

film at the interface between the specimen and electrode. 

An issue with all prior reports of the permittivity of carbon composites is the absence of 

decoupling of the volumetric and interfacial contributions. The interface is that between the 

specimen and electrode. For different material compositions, both the volumetric and interfacial 

contributions can differ. Thus, the assumption that the interface does not contribute can result in 

erroneous determination of the permittivity. 

3.4.3 NDE Configuration I (through-thickness capacitance) 

For Configuration I, the measured through-thickness capacitance increases monotonically 

with increasing case number, as shown in Fig. 3.8(a). The holes cause the capacitance to 

increase, due to the electric field lines not being able to go through the hole, thereby causing 

increase in the effective area reached by the fringing field, which decreases with increasing 

distance from the electrodes. Fig. 3.8(b)-3.8(e) show this monotonic increase in groups of three 

damage squares (A-C, D-F, G-1, and J-L), respectively. Hence, the monotonic increase is similar 

for each group and for all of the squares viewed together (Fig. 3.8(a)). Fig. 3.9 shows the 

fractional change in through-thickness capacitance relative to the case of no damage (Case 0). 

For the highest level of damage (Case 104), the fractional increase in capacitance is 3%. Fig. 

3.10 shows the fractional change in capacitance relative to the case of no holes for a particular 

square. This fractional change tends to be lower for squares (holes) that are farther away from 

the electrodes. For example, for the highest level of damage (8 holes) for a particular square, this 

fractional change relative to the case of no hole for this particular square is 0.2% for square A 
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(farthest from the electrodes) and 0.3% for square M (closest to the electrodes). This dependence 

on the hole distance is because (i) the current density decreases with increasing distance from the 

electrodes and a lower current density results in a lower contribution to the capacitance, (ii) a 

lower contribution of a distant position to the capacitance causes the denominator of the fraction 

used to calculate the fractional change in capacitance to be small for the square associated with 

this position, and (iii) a smaller value of the denominator causes the fractional change in 

capacitance to be high. 

3.4.4 NDE Configuration II (in-plane capacitance) 

Figure 3 .11 shows that the in-plane capacitance decreases monotonically with increasing 

damage, whether the fibers are perpendicular or parallel to the line joining the two coplanar 

electrodes. This trend is because the holes impede the current spreading from the two coplanar 

electrodes. Less current spreading results in a lower capacitance. 

Figure 3.12 shows that the capacitance relative to the case of no damage (Case 0). At the 

highest level of damage (Case 126), the capacitance relative to the case of no damage is 0.973 

and 0.966 for the parallel and perpendicular orientations, respectively. For any level of damage, 

this value is lower for the perpendicular orientation than the parallel orientation. This means that 

the fractional decrease in capacitance due to the damage is greater for the perpendicular 

orientation than the parallel orientation. In other words, the damage sensing is superior for the 

perpendicular orientation. This is because the current spreading is more significant for the 

perpendicular configuration, so the negative effect of the holes on the current spreading is more 

significant for the perpendicular configuration. 

Figure 3 .13 shows that the capacitance C relative to the value C for the case of no hole 

associated with rectangle i decreases with increasing number of holes (up to 6) associated with 
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rectangle i , such that the decrease tends to be more significant when the holes (rectangle) are 

closer to the line joining the two electrodes. This trend is because the current density increases 

with decreasing distance from the line joining the two electrodes. A higher current density 

results in a greater contribution to the capacitance and hence a higher damage sensitivity. The 

smallest value of C/C is 0.9979 and 0.9984, as obtained for the largest number of holes (6), for 

the perpendicular and parallel configurations, respectively. Hence, the damage sensitivity is 

superior for the perpendicular configuration. However, the parallel configuration gives better 

distinction among the various rectangles, as shown by the greater differences in C/C among the 

different rectangles in Fig. 3 .13(b ). 

Figure 3.14 shows that, for the same rectangle i (whether i = 1, 5, 10, 15 or 20), C/C 

decreases with increasing number of holes more significantly for the perpendicular orientation 

than the parallel orientation. This is due to the greater degree of current spreading for the 

perpendicular case and the consequent greater effect of the holes on the current spreading. Fig. 

3.14 further shows that, the higher the rectangle number i (i.e. , the closer the holes to the line 

joining the electrodes), the less is the difference in C/C between the perpendicular and parallel 

orientations. This is because the extent of current spreading required for hole detection decreases 

with decreasing distance of the holes from the line joining the electrodes. 

Figure 3 .15 more clearly shows the above mentioned difference in C/C between the 

perpendicular and parallel orientations in cases of Rl , RIO, R15 and R20. A smaller value of 

C/C means greater damage sensitivity. In addition, Fig. 3.15 shows that C/C is smaller for Rl 

than R20/R15/R10 for the perpendicular configuration, and is larger for R20/R15/R10 than Rl 

for the parallel configuration. The former is because the perpendicular orientation promotes the 

current spreading, thereby increasing the sensitivity for holes (Rl) that are far from the line 
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joining the two electrodes. The latter is because the parallel orientation is associated with 

relatively little current spreading and hence greater sensitivity for holes (R20/R15/R10) that are 

relatively close to the line joining the two electrodes. 

3.5 Practical self-sensing implementation 

In practical implementation of the self-sensing technology of this work, the in-plane 

capacitance measurement (Configuration II) is simpler than the through-thickness capacitance 

measurement (Configuration I). This is because a large structure, such as an aircraft panel, may 

not be accessible from both sides of the panel. 

A structural composite consists of fibers in multiple directions, in contrast to the 

unidirectional composite studied in this work. However, for a laminate with the fibers oriented 

in different directions in various laminae in the laminate, the in-plane capacitance measurement 

will involve current that penetrates only a part of the lamina that is closest to the surface where 

the electrodes are positioned. This single lamina is unidirectional, so the results of this work will 

be directly applicable. On the other hand, the in-plane capacitance measurement is not capable of 

sensing damage that is below the top lamina. For sensing deep damage, the through-thickness 

capacitance measurement is recommended. 

The capacitance measurement requires the presence of a dielectric film between the 

electrode and the composite surface. The paint that tends to be on the surface of a composite 

structure can serve as this dielectric film. This means that the removal of the paint is not 

necessary in the application of electrodes for capacitance measurement. Thus, the electrodes for 

capacitance measurement can be moved around on the surface of a composite structure without 

disturbing the paint. This is in contrast to the need for paint removal if the self-sensing involves 

electrical resistance measurement rather than capacitance measurement. 
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3.6 Conclusion 

The capacitance-based self-sensing method reported here for the first time for assessing 

damage in a continuous carbon fiber polymer-matrix composite nondestructively is effective, as 

shown for damage in the form of 1.1-mm diameter through holes (artificially inflicted) at various 

distances from the 25x25-mm2 aluminum-foil electrodes (with a dielectric film between each 

electrode and the specimen) at various positions up to the rim of the 220x220-mm2 unidirectional 

composite specimen. The through-thickness capacitance is measured using sandwiching 

electrodes (Configuration I), whereas the in-plane capacitance is measured using coplanar 

electrodes (Configuration II). In relation to Configuration II, measurement is made with the 

fibers being either perpendicular or parallel to the line joining the two electrodes. 

The through-thickness capacitance increases monotonically with increasing damage. This is 

most likely due to the holes causing the electric field lines to detour away from the holes. Along 

with the decrease of the fringing electric field with increasing distance from the electrodes, this 

causes an increase in the effective area reached by the fringing field and hence an increase in the 

measured capacitance. The fractional change in capacitance due to the holes associated with a 

square, relative to the case of no hole being associated with this square, tends to be higher for 

squares (with holes) that are farther away from the electrodes. 

The in-plane capacitance decreases monotonically with increasing damage, whether the 

fiber orientation is perpendicular or parallel to the line joining the two coplanar electrodes. The 

perpendicular orientation yields greater sensitivity of the in-plane capacitance to the damage than 

the parallel orientation. This is due to the greater degree of current spreading for the 

perpendicular orientation. 

The in-plane capacitance C relative to the value C for the case of no hole associated with 
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rectangle i decreases with increasing number of holes associated with rectangle i. For the 

perpendicular orientation, the decrease is more significant when rectangle i is farther from the 

two electrodes. For the parallel orientation, the decrease is more significant when the rectangle i 

is closer to the two electrodes. The perpendicular orientation promotes the current spreading, 

thereby increasing the sensitivity for holes that are far from the two electrodes. In contrast, the 

parallel orientation is associated with relatively little current spreading and hence greater 

sensitivity for holes that are close to the two electrodes. 

For the same rectangle, regardless of its distance from the electrodes, C/C decreases with 

increasing number of holes more significantly for the perpendicular orientation than the parallel 

orientation. However, the difference in C/C decrease between the two orientations decreases 

with decreasing distance from the electrodes. This means that the perpendicular orientation 

gives higher damage sensitivity regardless of the distance from the electrodes, though the 

superiority of the perpendicular orientation is more significant for damage that is farther away 

from the electrodes. 

The scientific origin of the capacitance-based sensing reported here relates to the dielectric 

and conduction behavior of the carbon fiber composite. In relation to the dielectric behavior, this 

work provides the first determination of the in-plane permittivity of continuous carbon fiber 

composite. The relative permittivity is high at 2156 ± 509 and 1640 ± 328 for the longitudinal 

(fiber) and transverse directions, respectively; the permittivity anisotropy is 1.3. These values of 

the relative permittivity are considerably higher than those of previously reported discontinuous 

carbons. In relation to the conduction behavior, the DC electrical resistivity is 0.0072 ± 0.0004 

and 10.9 ± 0.9 fl.cm in the longitudinal and transverse directions, respectively; the resistivity 

anisotropy is 1500. The much greater anisotropy in the resistivity compared to that in the 
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permittivity suggests that the fiber-fiber contacts (interfaces) in the transverse direction hinder 

conduction more than polarization. 

In relation to the capacitance-based sensing, the in-plane conductivity controls the current 

spreading, while the high in-plane permittivity contributes to causing the large effect of damage 

on the capacitance. Moreover, the conductivity anisotropy results in the observed dependence of 

the capacitance-based sensing on the fiber orientation in the composite. 
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Fig. 3.1 Testing configuration I (top view) for through-thickness capacitance measurement. The 

electrodes are located at the center of the square composite specimen - one above the specimen 

and the other below the specimen. The artificial damage is in the form of through holes. There 

are a total of 105 cases, which correspond to no damage (Case 0) and 104 damage levels (Cases 

1-104). The through holes are positioned at selected locations (labeled 1, 2, . . . , 8, located at the 

four comers and the mid-point of each of the four edges of a square, such that the damage extent 

is progressively in the order 1, 1 +2, 1 +2+3, 1 +2+3+4, 1 +2+3+4+5, 1 +2+3+4+5+6, 

1 +2+ 3+4+5+6+ 7, and 1 +2+ 3+4+5+6+ 7+8) of each of 13 squares (labeled A, B, . . . , M, listed in 

the order of decreasing size). The spacing between the edges of adjacent squares is 4.76 mm 

(3/16 inch). All dimensions are in mm. Case 0 is for the absence of holes. Cases 1-8 are for the 

presence of 1-8 holes (respectively) at square A. Cases 9-16 are for the presence of 1-8 holes 

(respectively) at square B. Cases 17-24 are for the presence of 1-8 holes (respectively) at square 

C. Cases 25-32 are for the presence of 1-8 holes (respectively) at square D. Cases 33-40 are for 

the presence of 1-8 holes (respectively) at square E. Cases 41-48 are for the presence of 1-8 holes 

(respectively) at square F. Cases 49-56 are for the presence of 1-8 holes (respectively) at square 

G. Cases 57-64 are for the presence of 1-8 holes (respectively) at square H. Cases 65-72 are for 

the presence of 1-8 holes (respectively) at square I. Cases 73-80 are for the presence of 1-8 holes 

(respectively) at square J. Cases 81-88 are for the presence of 1-8 holes (respectively) at square 

K. Cases 89-96 are for the presence of 1-8 holes (respectively) at square L. Cases 97-104 are for 

the presence of 1-8 holes (respectively) at square M. 
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Fig. 3.2 Testing configuration I (side view) for through-thickness capacitance measurement. The 

fibers are in the horizontal direction of the drawing. All dimensions are in mm. The vertical 

dimensions are not to scale. 
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Fig. 3.3 Testing configuration II for in-plane capacitance measurement. The two coplanar 

aluminum electrodes are located at the midpoints of two opposite edges of the square composite 

specimen. All dimensions are in mm. (a) Top view for the perpendicular configuration, i.e. , the 

line connecting the two electrodes being perpendicular to the fiber direction. (b) Top view for the 

parallel configuration, i.e., the line connecting the two electrodes being parallel to the fiber 

direction. (c) Side view, with the vertical dimensions being exaggerated (not to scale). 

69 



\0 
N 
N 
N 

\0 
N 
N 
N 

,. 222.6 ,..... 
7.11 

222.6 7.~1r 
' 

-- --------· 
II\ 

A 

-Rt 

75.6,1 L,25.6, 25.6 .1 1}5.6.... 
.... ,, ,, ~ ,, ' .,,1-... 1, 

~ \0 
co N0 NN Nr~ ~1 

' 

I~ ~1 

CaseO 'I/ Case 1 
-- · 

(a) (b) 

222.6 222.6 
7.11 7.1 

➔1:i-1 
~I~ ~ ,__ 

-- ······· • ······ 11\ 
I I\ 

A 
,~a.A 

-Rt -Rt 

1.,-
25.60 I 25.6( }5,6~1 .,.25.6, ,, / ' ,,' ..... / ..... ,, ....." r-,. 

~ ~ \0 

C0 co N 
0 0 N 
N N NI~ ~r 1~ ~r 

B B
\I Case 2 \I Case 3 

....... c, ...... ······• ········- -- '11-~ 

(c) (d) 

70 

https://1.,-25.60


-- ---

--

222.6 )I I( )I222.67.tt 7.tt 

______.......,_________----,;1J~ -Vu
-• ----e 

I\I\ 
I\ CA ✓ \tA.i 

-Rt LRt 

25.6025.61 125.60 / ' ( ) ( ) ' / 

~ 
\0 ~ \0C0
N 0 co N
N N 0 N
N N N~I 

,1)i>B \ I ]) B 
- :,.._ • ---• Case4 

_:,_ • ····· • ········· Case 5 " ~:...._ 
-'--

(e) (f) 

222.6 
222.6 ) I

7.tt 7.tt 

WJ ➔w~. 
,.....------,,.......~A-.-,;f\_,..._4_.7_6___;,I '~A~ 

I-Rt -R2 

25.625.6 I 25.6 
/ .....~ ' I/ 

/ ..... '/ ..... /
' 1 

~ \0N co ~ :)()()()()(): NN 0
N NN N 

\0 n t 
>Bi;, \V-'- ~ Case~l. ~ .. ~ Case 6 ...,_______fL..._.• ......_.• --------'~~ 

(h)(g) 

71 



-- --

.

222.6 )I I( )I222.67.11 

➔u-~,r I 

~-,~ 4 76 r-------__~.~~-~.-7f.....-4-.7....6---...,~ 
-~----I\ ·If ■ 

I[\ C,A -R2A-R2 

25.6 1_..25.6~ 25.6 .I I 25.60 
/ / ' / ' , , ' ' / ' /' ' 

'° '° N C0 '° NN Q\ NN ~T~c ~ N 

\[/ B ,11 B--.---- Case8 - ,_._
&--- -• ---• •.............• Case 9 , 11-~ 

(i) G) 

222.6 222 6/ ' , / ',' 7.11 7.1 
➔ ~ 

7.1 
~I ~~I, 

/[\ •• , - 47 
¥1· 

' 

-~ t=::::,~ 4.76 /\,,,:-; """"if _· 
I[\ 1:A : 

~ -R2 -R2 

125.6 .,, 25.6 1..,25.6~l5.6>1 / ' ' ,
' ' ' 

co '°'° Q\ C0 '° N NQ\~N N1~ '° 
, , 

I~ ~, ~N ~ N 

,11 I)B wl>B- ,_.__ 
-~\[/ •....... ......• Case 10 ----

· 
~ 

······· ·····•I> Case 11 
--\I 

(k) (1) 

72 



222 6 222.6/ '-.,,'-

7.11 7.1 

➔i; Y1~7.11 
~I 

---;;r •-•~- I[\- ·=·=·_I 
I[\ 

-----♦---' 4.76 -~ -~· if 4.76I~A E"""if I\ A 
-R2 

-R3 

/ 
25.6

'-
I 1}5,6, , 25.6'-I .,, 25.6 

.,, , .,, , ~ 
'- I' ' " 

\0 \0 
C0 Q\N NQ\N C0 N~_ll 
\0 r~ ~N N ~ 

~ 

~ 

w DB J;" -~w 
-- ._._, , 

~ 

\V Case 12 ······• ······" Case 13 w-~ --•-· --•-· -~ 
(m) (n) 

73 



• • • • 

222.6 
7.11 

I1A 
-4.7 I\ 

t ~ Iip~: ::,::, ::,::, 

~ 
25.60 I I I 

~~::,::, 1r= 
•
• 

0\ 

::,::, 
--.J 

N 

::,::, 
w 

I 2s.6
( ) 

~ 
N ::,::, ::,::, 

N 
N 

--.J 

~ L:llli1-

::,::, 
00 ::,::, 

~ 

N 

°' 

1~ 
\I 

(o) 

Fig. 3.4 Testing configuration II for in-plane capacitance measurement, showing the locations of 

the artificial damage, which is in the form of through holes. The through holes associated with a 

rectangle (labeled Rl, R2, ... , R21) are positioned at selected six locations labeled A, B ... F, 

such that the damage extent is progressively in the order A, A+B, A+B+C, A+B+C+D, 

A+B+C+D+E and A+B+C+D+E+F. The spacing between adjacent holes in the direction parallel 

to the line joining the two electrodes is 7.11 mm (0.28 inch). The spacing between the top edges 

of adjacent rectangles is 4.76 mm (0.28 inch). All dimensions are in mm. There are a total of 127 

cases of different levels of damage. (a) Case 0 with no damage. (b)-(g) Cases 1-6 with damage 

located at positions associated to Rl. (h)-(m) Cases 7-12 with damage located at positions 

associated with Rl and R2. (n) Case 13 with holes associated with Rl, R2 and R3. (o) Case 128 
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with holes associated with Rl-R21. Not separately shown are Cases 13-18 with holes associated 

with R3, Cases 19-24 with holes associated with R4, Cases 25-30 with holes associated with R5, 

Cases 31-36 with holes associated with R6, Cases 3 7-42 with holes associated with R 7, Cases 

43-48 with holes associated with RS, Cases 49-54 with holes associated with R9, Cases 55-60 

with holes associated with RIO, Cases 61-66 with holes associated with Rl 1, Cases 67-72 with 

holes associated with R12, Cases 73-78 with holes associated with R13, Cases 79-84 with holes 

associated with R14, Cases 85-90 with holes associated with R15, Cases 91-96 with holes 

associated with R16, Cases 97-102 with holes associated with Rl 7, Cases 103-108 with holes 

associated with R18, Cases 109-114 with holes associated with R19, Cases 115-120 with holes 

associated with R20, and Cases 121-126 with holes associated with R21. 
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0 )l 

Fig. 3.5 Schematic plot of 1/Cm vs. l , for the determination of the relative permittivity K based on 

Eq. (3.3). The slope equals 1/(c:aKA). The l is the distance between the electrodes in the direction 

of capacitance measurement and A is the area of the specimen in the plane perpendicular to the 

direction of the capacitance measurement. The intercept on the vertical axis equals 2/C , where C 

is the specimen-electrode interfacial capacitance. 
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(a) 

/ Copper electrode Specimen

Ill Ill/ Ill0.253 _± 
t 25 25 25 

(b) 

Fig. 3.6 Configuration for measuring the axial permittivity of carbon fiber composite. All 

dimensions are in mm. The vertical dimensions in (b) are not to scale, as the thickness is much 

smaller than the length. (a) Top view. (b) Side view. 
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Fig. 3.7 Representative plots of 1/Cm vs. length l for the carbon fiber composite for permittivity 

measurement in accordance with Eq. (3.3). (a) Longitudinal direction, with relative permittivity 

3489 ± 756 obtained from the slope. (b) Transverse direction, with relative permittivity 2521 ± 

528 obtained from the slope. 
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Fig. 3.8 The effect of damage on the measured through-thickness capacitance (Configuration I). 

(a) All case numbers corresponding to the undamaged case (case 0) and damage cases 1-104, 

with the damage associated with the holes in square A to square M. (b) Case numbers 

corresponding to the holes in square A(♦) , square B ( □) and square C (•). (c) Case numbers 

corresponding to the holes in square D (o), square E (•) and square F (◊). (d) Case numbers 

corresponding to the holes in square G (•), square H (x) and square I(~)- (e) Case numbers 

corresponding to the holes in square J (-), square K ()K) and square L (- ). 

- 3 
~ 

CLI 
'-' 
C: 2.5 
11' 

.'!::: 
'-' 
11' 2C. 
11' 
'-' 
C: 1.5 
CLI 
0.0 
C: 
11' 

.s::. 1 
'-' 
11' 

.9 
C: 0.5 ... 
'-' 
11'.... 
u. 0 

0 20 40 60 80 100 
Case No. 

Fig. 3.9 Fractional change in through-thickness capacitance (Configuration I) relative to the 

undamaged case (Case 0) vs. Case No. for all levels of damage (i.e., all the cases). 
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Fig. 3.10 Fractional change in through-thickness capacitance (Configuration I) relative to the 

case of no hole for the particular square. (a) Fractional change in capacitance for holes in square 

A(♦) , square D (o), square G (•), square J (-), and square M (X). (b) Fractional change in 

capacitance for holes in square A ( ♦) and square M (X). 
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0 

Fig. 3.11 The effect of all levels of damage (i.e. , all the cases) on the in-plane capacitance 

(Configuration II) for the undamaged case (Case 0) and Cases 1-126 (with holes in rectangles Rl 

to R21). (a) The fibers being perpendicular to the line joining the two coplanar electrodes. (b) 

The fibers being parallel to the line joining the two coplanar electrodes. 
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Fig. 3.12 Comparison of the sensing characteristics for the perpendicular and parallel 

orientations of the fibers for all cases (i.e., all levels of damage). The in-plane capacitance C 

(Configuration II) relative to the value Ca for no damage vs. Case No. is shown. • : Fibers being 

parallel to the line joining the two coplanar electrodes. o: Fibers being perpendicular to the line 

joining the two coplanar electrodes. 
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Fig. 3 .13 Comparison of the sensing characteristics for holes associated with different rectangles 

(Rl , RS, RIO, RlS and R20) and for the perpendicular and parallel orientations of the fibers. The 

in-plane capacitance C (Configuration II) relative to the value C for the case of no hole 

associated with rectangle i (♦Rl , ■RS , •RIO, -RlS or •R20) vs. the number of holes 

associated with rectangle i is shown. (a) Fibers being perpendicular to the line joining the two 

coplanar electrodes. (b) Fibers being parallel to the line joining the two coplanar electrodes. 
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Fig. 3 .14 Comparison of the sensing characteristics for the perpendicular and parallel 

orientations of the fibers. The in-plane capacitance C (Configuration II) relative to the value C 

for the case of no hole associated with rectangle i (RI , RS, RIO, RlS or R20) vs. the number of 

holes associated with rectangle i is shown. ♦ : Fibers being perpendicular to the line joining the 

two coplanar electrodes. ■: Fibers being parallel to the line joining the two coplanar electrodes. 

(a) Rl. (b) RS. (c) RIO. (d) RlS. (e) R20. 
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Fig. 3 .15 Comparison of the sensing characteristics for holes associated with two different 

rectangles (Rl and R20/R15/R10) and for the perpendicular and parallel orientations of the 

fibers. The in-plane capacitance C (Configuration II) relative to the value C for the case of no 

hole associated with rectangle i vs. the number of holes associated with rectangle i is shown. ♦: 

Rl, with the fibers being perpendicular to the line joining the two coplanar electrodes. ◊: 

R20/Rl 5/Rl 0, with the fibers being perpendicular to the line joining the two coplanar electrodes. 

■: Rl, with the fibers being parallel to the line joining the two coplanar electrodes. □: 

R20/Rl 5/Rl 0, with the fibers being parallel to the line joining the two coplanar electrodes .. 

(a) Rl and R20. (b) Rl and R15. (c) Rl and RIO. 
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CHAPTER 4: Effect of fiber lay-up configuration on the 

electromagnetic interference shielding effectiveness of 

continuous carbon fiber polymer-matrix composite 

Abstract 

Continuous carbon fiber polymer-matrix multifunctional structural composites capable of 

electromagnetic interference (EMI) shielding are needed for electronics and radiation sources. 

The laminate's fiber lay-up configuration affects the shielding effectiveness, as shown in this 

work for unmodified conventional carbon fiber polymer-matrix composite laminates with high

strength PAN-based carbon fiber and a polyamide thermoplastic matrix. The radiation is normal

incidence unpolarized plane-wave, as commonly used. The shielding is dominated by absorption 

rather than reflection - more so for crossply composites than unidirectional composites. Due to 

the electrical conductivity longitudinal-to-transverse ratio of 930 for a lamina, the absorption

loss/thickness longitudinal-to-transverse ratio is 30 at 1.0 GHz. This factor of 30 means that the 

contribution of the fibers transverse to the electric field to absorption is negligible compared to 

that of the fibers parallel to the electric field. The ratio of absorption-loss/thickness for the 

crossply composite to that for the unidirectional composite with the same number of laminae is 

- 4, and the ratio of the reflection loss for the crossply composite to that for the unidirectional 

composite is - 2. The values of these ratios are consistent with electromagnetic theory for 

unpolarized radiation. This work strengthens the science base for the design of continuous fiber 

composites for shielding. 
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4.1 Introduction 

A continuous fiber composite in the form of multiple laminae of fibers can have various fiber 

lay-up configurations. In each configuration, the fibers are in the same direction within the same 

lamina, but are typically in different directions for different laminae. The multidirectional fiber 

lay-up configuration is advantageous for the mechanical properties of the composite, since it 

enables the composite to be adequate in strength and elastic modulus in multiple directions. In 

contrast, if all the fibers in all the laminae are in the same direction, the composite would have 

adequate strength and modulus only in one direction. Laminate theory [ 1] in relation to the 

mechanical properties of composites with various lay-up configurations is well established. 

Electromagnetic interference (EMI) shielding refers to the blocking of electromagnetic 

radiation by using a material shield. The blocking mainly involves the absorption and/or 

reflection of the incident radiation. The shielding is practically important for protecting 

electronics from the interference from radio waves, and for avoiding the emission of radio waves 

by radiation sources such as cell phones and microwave ovens. With the growing abundance, 

importance and sensitivity of electronics, EMI shielding is increasingly needed. 

Carbon materials are effective for shielding [2,3]. They include flexible graphite (compacted 

exfoliated graphite) [ 4] , carbon fiber/nanofiber mats [5] with more details to follow in chapter 5, 

graphene [6-8] and carbon fiber composites with polymer [9] , carbon [9] and carbon-Sic hybrid 

[10] matrices. In addition, due to the skin effect and the small diameter of carbon nanotubes, the 

combined use of continuous carbon fiber and carbon nanotubes in a polymer-matrix composite is 

attractive for shielding [ 11]. Due to the electrical conductivity of metals, and, in some cases, 

also the magnetic character of the metals, the combined use of continuous carbon fibers and 
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metal (e.g., nickel, copper and stainless steel) wires [12,13] or metal particles (e.g. , nickel) [14] 

in the same composite is also effective. 

Due to their low density, high strength and high elastic modulus, continuous carbon fiber 

polymer-matrix composites are the dominate advanced structural materials for lightweight 

structures, such as airframe. In addition, these composites are highly effective for EMI shielding 

[9,11 ,15]. Thus, they are used for multifunctional structures that provide both structural and 

shielding functions. For a crossply carbon fiber epoxy-matrix composite laminate of thickness 

2.08 mm, the shielding effectiveness is 125 dB at 1 GHz [9]. Applications include airframe, 

computer cases and cell phone cases. 

Polymer-matrix composites containing short (discontinuous) carbon fibers also show 

effectiveness for shielding [16,17], but they are inferior to the continuous carbon fiber 

composites in both shielding and mechanical performance. The inferiority is due to the 

relatively low maximum carbon fiber volume fraction and the relatively low degree of fiber 

alignment for the short fiber composites. For example, at the highest volume fraction of 40 

vol.% short fibers , the shielding effectiveness is only 70 dB at 1 GHz [ 17]. 

Prior experimental work on the EMI shielding of continuous carbon fiber composites has 

involved composites with fibers in different orientations, as provided, for example, by a 

unidirectional fiber lay-up configuration [15] , a crossply fiber lay-up configuration [9,10,15] , a 

quasi-isotropic fiber lay-up configuration [11] , or a woven fabric [13]. Prior theoretical work 

based on electromagnetic theory has addressed the effect of the fiber orientation, specifically the 

fiber lay-up configuration [18,19] and the weave structure [20] , on the shielding effectiveness of 

carbon fiber polymer-matrix composites. However, due to the experimental and theoretical work 
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essentially not overlapping in any of the prior study, theory-based elucidation of the 

experimental results on the effect of the fiber orientation has been inadequate. 

This chapter is aimed at strengthening the science base for the design of composites with 

continuous and electrically conductive fiber for EMI shielding. Specifically, it is directed at 

providing an experimental investigation and theoretical elucidation of the effect of the fiber 

orientation in a continuous carbon fiber polymer-matrix composite on the shielding effectiveness 

for normal-incident unpolarized plane-wave radiation, which is the most common scenario in 

prior work and in practical applications. Two fiber orientations are comparatively studied. They 

are the unidirectional and crossply fiber lay-up configurations. Although the unidirectional 

configuration is not attractive for the structural performance, this comparison is scientifically 

revealing regarding the effect of the fiber orientation on the shielding. The secondary aim of this 

work is to explain the observed absorption and reflection losses for unidirectional and crossply 

composites in comparison, based on electromagnetic theory. 

4.2 Experimental methods 

4.2.1 Materials 

The unidirectional carbon-fiber prepreg (Designation QNC 4162) supplied by Quadrax Corp. 

(Portsmouth, Rhode Island) has thickness 250 µm. It is used for making both unidirectional and 

crossply composites. 

The polymer matrix is a thermoplastic polymer, namely the polyamide Nylon-6 with glass 

transition temperature 40-60°C and melting temperature 220°C, electrical resistivity 1015 fl.cm 

[21] and density 1.084 g/cm3 [22]. This is one of the most common thermoplastic polymer 

matrices used in structural fiber composites. 
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The continuous carbon fiber is PAN-based of the high-strength type ( as commonly used for 

structural composites), with designation 34-700, as supplied by Grafil, Inc. , Sacramento, 

California. For the fiber, the diameter is 6.9 µm, the density is 1.80 g/cm3
, the tensile strength is 

4.83 GPa, the tensile modulus is 234 GPa [23] and the electrical resistivity is 1.8 x 10-3 fl.cm 

[24,25]. Hence, the fiber resistivity is lower than the polymer matrix resistivity by 18 orders of 

magnitude. 

The fiber weight fraction in the prepreg is 62%. Based on this weight fraction and the 

densities of the fiber and Nylon-6, the fiber volume fraction and matrix volume fraction are 

49.5% and 50.5%, respectively. 

The prepreg sheets are cut into annular plates of size and shape as shown in chapter 6. 

Unidirectional [0°] composites (Fig. 4.l(a)) with different numbers oflaminae (ranging from 1 to 

4) and crossply [0°/90°] composites (Fig. 4. l(b)) with different numbers oflaminae (ranging 

from 2 to 4) are prepared by manually stacking the annular prepreg layers and subsequently 

consolidating the stack by hot pressing at 300°C and 3.78 kPa for 30 min. All the composites, 

regardless of the number oflaminae, had been hot pressed. This is in contrast to the I-lamina 

composite of the same composition in Chapter 3; this composite had not been subjected to hot 

pressmg. 

4.2.2 DC electrical conductivity testing method 

The DC electrical conductivity is measured by using the four-probe method, with the outer 

two electrical contacts for passing current and the inner two electrical contacts for measuring the 

voltage. Each contact is made of silver paint in conjunction with copper wire. The specimen is a 

single-lamina composite in the form of a rectangular strip. Two types of specimen are tested. In 

one type, the fibers are along the long direction of the specimen, so that the conductivity 
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measured is in the fiber direction. In the other type, the fibers are transverse to the long direction 

of the specimen, so that the conductivity measured is in the transverse direction. 

Four specimens (labeled 1, 2, 3 and 4) are tested. Specimens 1 and 2 are rectangular strips 

along the fiber axis; specimens 3 and 4 are rectangular strips along the transverse direction. The 

specimen dimensions are similar for all four specimens, specifically 78.41 mm x 9.12 mm x 

0.247 mm, 78.41 mm x 9.12 mm x 0.247 mm for specimens 1 and 2, respectively, and 75.99 mm 

x 9.12 mm x 0.247 mm and 76.03 mm x 9.11 mm x 0.249 mm for specimens 3 and 4, 

respectively. 

For each specimen, the four contacts are symmetrically positioned relative to the center of 

the strip, with the proximate edges of the outer contacts 60.97 mm apart and the proximate edges 

of the inner contacts 19.05 mm apart. Each electrical contact is 1.79 mm wide and extends in the 

direction perpendicular to the long dimension of the specimen for the entire 9.1-mm width of the 

specimen. A Keithley digital multimeter Model 2002 is used for measuring the voltage, while a 

Keithley 224 programmable current source is used for providing a current of 0.1 mA. 

4.2.3 Shielding testing method 

The EMI shielding effectiveness is measured by an HP-8752C Network Analyzer using the 

coaxial cable method. The testing method and equipment are the same as those of our 

investigation, which will be described in chapter 6. The specimen is in the form of an annular 

ring of outer diameter 98 mm and inner diameter 29 mm. The specimen is held by an Elgal SET 

19A (Israel) shielding effectiveness tester, which, due to its dimensions, theoretically allows 

testing at frequencies up to 1.5 GHz. The frequency used in this investigation is 1.0 GHz, unless 

noted otherwise. 
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The specimen is sandwiched symmetrically by the large ends of two horn-shaped metal 

fixtures. Each fixture has an inner conductor (which is to be in electrical contact with the inner 

rim of the annular specimen) and an outer conductor (which is to be in electrical contact with the 

outer rim of the annular specimen). The electrical contact is provided by using an electrically 

conductive elastomeric gasket ring that is positioned at the surface of the each of the two 

fixtures, with these surfaces being proximate to the sandwiched specimen. The assembly is held 

together by fastening using four symmetrically positioned pairs of bolt and nut that are located 

just outside the outer rim of the specimen and are along the same circle, which is concentric to 

the circular rim of the specimen. 

The error in the shielding effectiveness increases with increasing attenuation ( dB). At 

attenuation below 10 dB, it is better than ±1 dB; at attenuation greater than 70 dB, it is ±5 dB. 

The system is calibrated by using a Hewlett-Packard APC-7 Calibration Kit and the two-port 

one-pass method. 

4.2.4 EMI shielding data analysis method 

The loss in electromagnetic radiation propagation is defined as 

Loss (dB)= - 10 log (P/Pi), (4.1) 

where P is the output power and Pi is the power input. 

The shielding effectiveness SEr (total) is given by 

SEr = - 10 log10 (Pr /Pi), (4.2) 

where Pr is the transmitted power. 

The shielding involves absorption and reflection of the radiation. The part of the 

shielding due to reflection loss (SER) is given by 

SER= -10 log10 (1 - R), (4.3) 
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where R is the fraction of the incident power that is reflected. The part of the shielding due to 

absorption loss (SEA) is given by 

SEA= -IO log10 [T I (I - R)] , (4.4) 

where Tis the fraction of the incident power that is transmitted. The quantities R and Tare 

measured. 

4.3 Results and discussion 

4.3.1 Electrical conductivity 

The DC electrical conductivity of a single-lamina composite is 145 ± 12 and 0.156 ± 0.001 

(.O.cmt1 in the longitudinal (fiber) and transverse (perpendicular to the fibers) directions, 

respectively. Hence, the longitudinal/transverse conductivity ratio is 930. 

This anisotropy of 930 is lower than the value of 1500 reported in Chapter 3. This is because 

the composite in Chapter 3 had not been subjected to hot pressing, whereas those of this chapter 

had been subjected to hot pressing. The hot pressing results in annealing and consequently the 

partial removal of defects associated with longitudinal microcracks parallel to and between the 

fibers. The microcracks degrade the transverse conductivity, but essentially do not affect the 

longitudinal conductivity, thus increasing the anisotropy. 

Although the prepreg is described as being unidirectional, the fibers are not perfectly straight 

or perfectly parallel. As a result, there is a degree of fiber-fiber contact in the transverse 

direction, as indicated by the fact that the transverse resistivity is not infinity. This is consistent 

with the fact that the through-thickness resistivity of the composite material with the same 

composition as this work is not infinity, due to the fiber-fiber contact in the through-thickness 
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direction, as shown by the prior work of this research group on a composite with multiple 

laminae [26]. 

The conductivity of a laminate depends on the lay-up configuration, as the different lamellae 

are electrically in parallel in the in-plane direction of conductivity measurement. However, the 

longitudinal laminae dominate the conductivity of a laminate. 

Based on the conductivity, the skin depth J is calculated using the equation 

(4.5) 

where v = frequency, 

µ=magnetic permeability= µr/1,., 

µ = relative magnetic permeability, 
r 

JLo = 4n x 10-7 H/m, and 

1O'= electrical conductivity in n-1.m- . 

Using Eq. (4.5), the skin depth at 1.0 GHz is calculated to be 0.13 mm and 4.03 mm for the 

electric field in the longitudinal and transverse directions, respectively. The values at various 

frequencies are shown in Table 4.1. The skin depth is much larger for the transverse direction 

than the longitudinal direction. With the composite thicknesses shown in Table 4.2, these values 

of the skin depth mean that the longitudinal electric field does not penetrate the full thickness of 

a composite at electric field values that are at least 1/e of the value at the surface of the specimen, 

whereas the transverse electric field penetrates the full thickness of a composite at electric field 

values that are at least 1/e of the value at the surface of the specimen. 

According to electromagnetic theory [27] 

(4.6) 

SER= 168.2 + 10 log [O"r!(µ ,.v)] (4.7) 
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where t is the thickness in meter, v is the frequency in Hz, 6 r is the electrical conductivity relative 

to that of copper, andµ ,. is the relative magnetic permeability (i.e. , magnetic permeability relative 

to that of vacuum, the value of which is µo = 4n x 10-7 Him). 

Based on Eq. ( 4.6), for a given frequency, SEA/thickness is directly related to ✓(6,µ,). Since 

carbon is not ferromagnetic or ferrimagnetic, for a given frequency, SEA/thickness is 

approximated as being directly related to ✓6, where 6 is the electrical conductivity. Using the 

abovementioned values of the conductivity, for a given frequency, SEA/thickness is essentially 

proportional to 12.0 and 0.40 for the electric field in the longitudinal and transverse directions, 

respectively. Hence, for a given frequency, the ratio of longitudinal SEA/thickness to transverse 

SEA/thickness is approximately 12.0/0.40 = 30. This factor of 30 means that the contribution of 

the fibers transverse to the electric field to absorption is negligible compared to that of the fibers 

parallel to the electric field. 

4.3.2 Shielding effectiveness 

The frequency is 1.0 GHz, unless noted otherwise. Table 4.2 shows that, at 1.0 GHz, for each 

combination of lay-up configuration and thickness, SEA is much higher than SER and SEA per unit 

thickness is much higher than SER per unit thickness. This indicates the dominance of absorption 

over reflection in contributing to the shielding. 

Figure 4.2 shows plots of SEA/thickness, SER/thickness and SEr/thickness vs. the thickness for 

1.0 GHz. Simplistic theoretical consideration indicates that SEA/thickness of a material is 

independent of the thickness. However, both SEA/thickness and SER/thickness decrease with 

increasing thickness, but the latter decreases more significantly than the former. The quantity 

SEA/thickness is the same as the linear absorption coefficient, except for a constant numerical 

factor, which will be explained in chapter 5. The decrease of SEA/thickness with increasing 
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thickness is consistent with the data in chapter 5, showing that the linear absorption coefficient of 

carbon decreases with increasing thickness, mainly due to (i) the Skin Effect, and (ii) the fact that 

the skin depth in the fiber direction of the composite (Sec. 4 .3 .1) is substantial compared to the 

specimen thickness. The decrease of SER/thickness with increasing thickness is more significant 

than that of SEA/thickness. This is attributed to the fact that absorption loss measurement 

involves measurement of the fraction of the incident power that is transmitted, so that the 

traverse of the radiation through the entire thickness of the specimen is involved. In contrast, 

reflection loss measurement involves measurement of the fraction of the incident power that is 

reflected, so that the radiation does not have to interact with the entire thickness of the specimen. 

As a consequence, a smaller fraction of the specimen thickness contributes to causing the 

reflection when the thickness increases. Due to the effect of the thickness on SEA/thickness and 

SER/thickness, the values ofSEA/thickness and SER/thickness at a smaller thickness are more 

meaningful, and comparison of unidirectional and crossply composites should be made at similar 

thicknesses, as obtained by having the same number of laminae. 

For the crossply configuration, the number of fibers in the 0° and 90° directions are essentially 

equal for the 2-lamina [0°/90°] and 4-lamina [0°/90°/0°/90°] composites, but the fibers in one 

direction are twice as many as those in the other direction for the 3-lamina [0°/90°/0°] composite. 

Therefore, the 2-lamina and 4-lamina crossply composites are more optimum for interaction with 

the unpolarized radiation than the 3-lamina crossply composite. Indeed, SEA/thickness is 

considerably lower for the 3-lamina crossply composite than the 2-lamina crossply composite 

(Table 4.2). 
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The ratio SEAISErranges from 0.79 to 0.82 for the unidirectional composites and ranges from 

0.87 to 0.93 for the crossply composites, as shown for 1.0 GHz in Table 4.2. The higher values of 

this ratio for the crossply composites reflect the greater effectiveness for absorption. 

Table 4.3 shows that the frequency ranging from 0.1 to 1.0 GHz has little effect on SEAor 

SER. The essential independence of the frequency is particularly clear for the unidirectional 

composites. For the crossply composites with 3 or 4 laminae, the frequency has a minor effect. 

Table 4.4 shows the ratio of the corresponding quantities (e.g., SEA/thickness) of crossply 

composite and unidirectional composite for the frequencies of 1.0, 0.5 and 0.1 GHz. For each 

quantity, the ratio is for the crossply composite value to the unidirectional composite value. For 

SEA/thickness, this crossply/unidirectional ratio tends to increase with increasing thickness, 

because the thickness increase affects the unidirectional value more than the crossply value. 

Because SEA/thickness decreases with increasing thickness, as described in chapter 5, the value 

of SEA/thickness at the smallest thickness studied is considered to be relatively representative of 

the material behavior. In contrast, for SER/thickness, the crossply/unidirectional ratio decreases 

with increasing thickness, because of the fact that the reflection involves the interaction of the 

radiation with the top lamina of the specimen more than the laminae below. At the largest 

thickness, the crossply/unidirectional ratio for SER/thickness approaches 1, which means that the 

crossply and unidirectional composites give similarly low values of SER/thickness. Furthermore, 

the skin depth in the fiber direction of the composite is less than the thickness of a single-lamina 

composite. Thus, for SER/thickness, the value of the crossply/unidirectional ratio at the lowest 

thickness (that of the 2-lamina composite) is taken as being relatively representative of the 

material behavior. Hence, the crossply/unidirectional ratio is taken as 3.6 ± 0.4, 2.0 ± 0.3 and 2.1 
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± 0.3 (1.0 GHz, Table 4.2) for SEA/thickness and SER/thickness and SER, respectively, i.e., 

approximately 4, 2 and 2, respectively. 

For SEr/thickness, Table 4.4 shows that, at 1.0 GHz, the crossply/unidirectional ratio is 

3.3±0.3 for the smallest thickness. Prior work [15] reported that this ratio is 4 at 3 GHz. Thus, 

our results are roughly consistent with the prior work, which did not report on SEAor SER. In 

general, SEA and SER are scientifically more meaningful than SEr. 

Since the radiation is unpolarized with normal incidence, the electric field vector is radial in 

the plane of the specimen, such that its direction is two-dimensionally random. This unpolarized 

field can be represented by its two orthogonal in-plane components, i.e., the components in the x

and y- directions. The fibers are highly anisotropic. For the unidirectional composite, interaction 

between the composite and radiation occurs along the fiber direction, which can be taken as one 

of the orthogonal directions, say, the x-direction. For the crossply composite, the fibers are along 

both x- and y - directions, so the interaction between the composite and radiation occurs along 

both x- and y - directions. 

Based on the above argument for unpolarized radiation and the finding (Sec. 4 .3 .1) that the 

contribution of the fibers transverse to the electric field to absorption is negligible compared to 

that of the fibers parallel to the electric field, the relationship of the SEA/thickness for the 2-

lamina crossply composite (Fig. 4.l(b)) and that for the 2-lamina unidirectional composite (Fig. 

4.l(a)) is obtained for a given frequency. Based on Eq. (4.6), SEA/thickness for the 2-lamina 

crossply composite is estimated to be directly related to 

(4.9) 

for a given frequency. The term ✓(a-,µ,)x on the right side ofEq. (4.9) is the corresponding 

SEA/thickness estimate for the unidirectional composite with the same number of laminae. 
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Hence, for a given frequency, the ratio of SEA/thickness for the crossply composite to that for the 

corresponding unidirectional composite is 4 theoretically. 

According to electromagnetic theory [27] , as shown in Eq. (4.7), for a given frequency, SER 

(not SER/thickness) is directly related to log (6,./µ,). For unpolarized radiation, SER for the 

crossply composite (Fig. 4 .1 (b)) is estimated to be related to 

(4.10) 

The term log (6,./µ,)x on the right side ofEq. (4.10) is the corresponding SER estimate for the 

unidirectional composite. Hence, for a given frequency, the ratio of SER for the crossply 

composite to that for the unidirectional composite is 2 theoretically. 

The experimental results for the two abovementioned ratios (Table 4.4) are thus consistent 

with electromagnetic theory for unpolarized radiation. This consistency has not been previously 

shown. The results of this work further mean that the use of multidirectional fibers (not 

necessarily crossply) is important for rendering high shielding effectiveness to carbon fiber 

composites. The crossply form of multidirectionality enhances SEA/thickness more than 

SER/thickness by a factor of - 4/2 = - 2. 

This work is for carbon fiber prepreg that exhibits a high degree of fiber alignment, as is 

typical for prepregs, which are fabricated with the fiber tows continuously fed under a tensile 

stress. This alignment is supported by the high degree of electrical conductivity anisotropy 

between the longitudinal and transverse directions. As shown in our parallel study involving 

continuous carbon fiber tows aligned manually in the absence of a matrix or stress application 

(i.e. , without the application of a tensile stress that may straighten the fibers to a degree), we find 

that the lower is the degree of fiber alignment, as obtained in the absence of a matrix, the more 

effectively multidirectional is the unidirectional composite, the higher is SEA/thickness for the 
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unidirectional composite (34 vs. 23 dB/mm for the case of two laminae at 1 GHz) , and, as a 

consequence, the lower is the ratio of SEA/thickness of the crossply composite to that of the 

unidirectional composite (2.4 instead of 3.6 for the case of two laminae at 1 GHz), and the lower 

is the ratio of SER of the crossply composite to that of the unidirectional composite (1.6 instead 

of2.1 for the case of two laminae at 1 GHz). On the other hand, the degree of fiber alignment 

has negligible effect on SEA/thickness for the crossply composite (82 vs. 84 dB/mm for the cases 

without and with the matrix, respectively), as expected due to the multidirectionality of the fibers 

in the crossply composite. Thus, a sufficiently high degree of fiber alignment, as is typical for the 

fibers in a structural composite, is necessary for obtaining high ratio values that are in line with 

electromagnetic theory. 

Although this work uses one particular type of high-strength carbon fiber, the findings of this 

work in relation to the consistency between the experimental results and theoretical predictions 

are expected to be applicable to other types of carbon fiber, including high-modulus carbon 

fibers. Even metal-coated carbon fiber [28] is expected to be suitable. However, the presence of 

carbon nanotubes along with the carbon fibers [29] is not expected to be suitable, due to the 

transverse electrical connectivity of the fibers provided by the intervening nanotubes and the 

consequent resemblance from an electrical viewpoint of a low degree of fiber alignment. 

The key to the applicability of the EMI-oriented composite design addressed in this work is a 

high degree of conductivity anisotropy within a lamina between the longitudinal and transverse 

directions, as achieved by having a high degree of fiber alignment. This key is satisfied by 

conventional continuous carbon fiber composites that are commonly and widely used. 

The polymer matrix of the composite of this work serves as a binder and is essentially 

transparent to the radiation, due to its high electrical resistivity, low permittivity and low 
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permeability. Other types of polymer (whether thermoplastic or thermosetting) are expected to 

exhibit similar electromagnetic behavior, as long as they are high in the resistivity and low in the 

permittivity and permeability. On the other hand, for matrices in the form of conductive 

polymers, carbon, ceramic, cement or metal, the matrix is expected to contribute to the 

absorption and reflection of the radiation. The extent of the effect of the matrix depends on the 

conductivity, permittivity and permeability of the matrix material. The effect is expected to be 

particularly significant for carbon and metal matrices. As a consequence, the behavior of the 

composites with these matrices may deviate from the simple relationships obtained in this work 

concerning the effect of the fiber lay-up configuration. 

4.4 Conclusions 

This work provides the observation and elucidation of the effect of fiber lay-up configuration 

(unidirectional vs. crossply) on the EMI shielding effectiveness of multifunctional continuous 

carbon fiber (PAN-based) polymer-matrix (polyamide Nylon-6) composite. The composite is 

conventional, without modification. The radiation is an unpolarized plane wave with frequency 

1.0 GHz (unless noted otherwise) and normal incidence. 

The electrical conductivity anisotropy (longitudinal-to-transverse conductivity ratio) is 930 for 

a lamina. As a consequence, the longitudinal-to-transverse ratio of SEA/thickness (i.e. , the ratio 

of SEA/thickness with the fibers parallel to the electric field to SEA/thickness with the fibers 

perpendicular to the electric field) is approximately 30. 

Whether the fiber lay-up is unidirectional or crossply, the shielding is much dominated by 

absorption as opposed to reflection. However, the degree of absorption dominance is greater for 

the crossply composites than the unidirectional composites. The SEA/thickness decreases with 
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increasing thickness, as previously reported for other carbon materials, see chapter 5 for more 

detail. 

The ratio of SEA/thickness for the crossply composite to that for the unidirectional composite 

increases slightly with increasing thickness and is approximately 4. The ratio of SER/thickness 

( or SER) for the crossply composite to that for the unidirectional composite is approximately 2 

when the composite thickness is small, as in case of two laminae in each composite. These ratio 

values are consistent with electromagnetic theory for unpolarized radiation and indicate that the 

use of multidirectional fibers is important for rendering high shielding effectiveness, particularly 

high absorption loss, to carbon fiber composites. 
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Tables 

Table 4.1 Skin depth in the longitudinal and transverse directions, as calculated from the 

measured DC electrical conductivity. 

Frequency Skin depth (mm) 
(GHz) Longitudinal Transverse 

0.1 0.42 ± 0.04 12.74 ± 0.15 
0.5 0.19 ± 0.02 5.70 ± 0.07 
1.0 0.13 ± 0.01 4.03 ± 0.05 

Table 4.2 EMI shielding testing results at 1.0 GHz. 

SErNo. 
SEA/thick- SER/thick- SErlthick-(dB)

SEA (dB) SER (dB) ness ness ness 
Thickness of 

(mm) lami- SEAISEr 
(dB/mm) (dB/mm) (dB/mm) 

nae 

0.249±0.001 1 9.8±1.0 2.15±0.25 12.0±1.0 0.82±0.11 39.4±4.1 8.6±1.0 48.1±4.1 

Uni- 0.452±0.002 2 10.5±1.0 2.73±0.25 13.3±1.0 0.79±0.10 23.3±2.3 6.0±0.6 29.4±2.2 
direc-
tional 0.740±0.002 3 12.9±1.0 2.85±0.25 15.8±1.0 0.82±0.08 17.5±1.4 3.9±0.3 21.3±1.4 

0.957±0.002 4 13.6±1.0 3.50±0.25 17.2±1.0 0.79±0.07 14.3±1.1 3.7±0.3 17.9±1.0 

0.476±0.002 2 39.8±2.0 5.8±0.5 45.6±2.1 0.87±0.06 83.6±4.3 12.1±1.1 95.8±4.2 
Cross-

0.743±0.002 3 49.8±2.0 6.6±0.5 56.5±2.1 0.88±0.05 67.0±2.8 8.9±0.7 76.0±2.7
ply 

0.966±0.002 4 62.4±2.0 4.4±0.5 66.9±2.0 0.93±0.04 64.6±2.1 4.6±0.5 69.2±2.1 
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Table 4.3 Effect of frequency on the absorption loss and reflection loss. 

Fiber No. of SEA(dB) SER(dB) 
lay-up laminae 0.1 GHz 0.5 GHz 1.0GHz 0.1 GHz 0.5 GHz 1.0GHz 

1 9.2±1.0 9.4±1.0 9.8±1.0 2.18±0.25 2.14±0.25 2.15±0.25 

Unidirec- 2 10.0±1.0 10.2±1.0 10.5±1.0 2.08±0.25 2.08±0.25 2.73±0.25 

tional 3 12.4±1.0 12.4±1.0 12.9±1.0 2.01±0.25 2.01±0.25 2.85±0.25 

4 13.0±1.0 13.0±1.0 13.6±1.0 2.73±0.25 2.73±0.25 3.50±0.25 

2 39.8±2.0 39.9±2.0 39.8±2.0 5.2±0.5 5.2±0.5 5.8±0.5 

Crossply 3 43.1±2.0 45.9±2.0 49.8±2.0 5.4±0.5 6.0±0.5 6.6±0.5 

4 57.3±2.0 63.9±2.0 62.4±2.0 4.3±0.5 3.3±0.5 4.4±0.5 

Table 4.4 Ratio of corresponding quantities of crossply composite and unidirectional composite. 

The ratio is the quantity for the crossply composite divided by that for the unidirectional 

composite with the same number of laminae. 

SEA/thickness SERf thickness SEr/thickness SER 
No. of ratio ratio ratio ratio* 
lamin- 0.1 0.5 1.0 0.1 0.5 1.0 0.1 0.5 1.0 0.1 0.5 1.0 

ae GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz GHz 
2 3.7± 3.7± 3.6± 2.4± 2.4± 2.0± 3.5± 3.5± 3.3± 2.5± 2.5± 2.1± 

0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.4 0.3 
3 3.5± 3.5± 3.8± 2.7± 2.7± 2.3± 3.4± 3.4± 3.6± 2.7± 2.7± 2.3± 

0.3 0.3 0.3 0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.4 0.3 
4 4.4± 4.4± 4.5± 1.5± 1.5± 1.3± 3.9± 3.9± 3.9± 1.6± 1.6± 1.3± 

0.4 0.4 0.4 0.2 0.2 0.2 0.3 0.3 0.3 0.2 0.2 0.2 
*Ratio of SER of the crossply composite to that of the unidirectional composite. 
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Figures 
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(a) 

1++-+-++++++-1-++-+-++++++-+-++-1-+++-++++++-1-++-111 7 

(b) 

Fig. 4.1 Fiber lay-up configurations, with the coordinates used in the theoretical analysis. (a) 

Unidirectional. (b) Crossply. 
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Fig. 4.2 EMI shielding testing results at 1.0 GHz. Solid circles: unidirectional composite. Open 

circles: crossply composite. (a) Absorption loss SEAper unit thickness. (b) Reflection loss SER 

per unit thickness. ( c) Shielding effectiveness SEr per unit thickness. 
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CHAPTER 5: Radio-frequency linear absorption coefficient of 

carbon materials, its dependence on the thickness and 

its independence on the carbon structure 

Abstract 

This work provides the first explicit report of the linear absorption coefficient a of 

materials in the radio frequency regime (0.1 - 1.5 GHz). The coefficient decreases with increasing 

carbon thickness. The highest a (940 mm-1
) is provided by the smallest carbon thickness (7 µm). 

The lowest a (38 mm-1
) is provided by the largest carbon thickness (460 µm). For carbon 

thicknesses that are much larger than the skin depth, a is essentially independent of the thickness. 

For any frequency, a depends negligibly on the carbon structure, as its values for carbon fiber, 

carbon nanofiber and flexible graphite fall on the same curve of a vs. carbon thickness. This is 

expected from the wavelength being long (30 cm at 1 GHz) compared to the carbon microstructural 

dimensions. At frequencies 2: 0.3 GHz, the decrease of a with the carbon thickness is 

approximately exponential, with the exponent related to the inverse of the skin depth. At 0.1 GHz, 

a tends to be below the value based on the exponential function. An absorption edge (with a 

increasing with increasing frequency) occurs at 0.5-1.0 GHz, as shown for carbon fiber mat. 

5.1 Introduction 

The interaction of electromagnetic radiation with materials is central to numerous material 

applications, such as electromagnetic interference (EMI) shielding [1] , radar, microwave 

processing, telecommunication, optical communication, optical data processing, optical data 

storage, optical interconnects, light detectors, solar cells, light-emitting diodes and solid-state 
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lasers. The main mechanisms of this interaction are absorption and reflection. The absorption can 

involve electronic, vibrational, rotational and other excitations, depending on the photon energy 

associated with the radiation. This work focuses on the radio frequency regime, which is relevant 

to EMI shielding and other applications. 

Due to absorption, the power of the radiation decays as it propagates in the material. This 

power decays exponentially with distance according to the equation 

(5.1) 

where Pi is the incident power, Pa is the power after absorption by the path of distance x, and a is 

the linear absorption coefficient (also called the absorption coefficient, with unit mm-1
) , which 

describes the tendency of a material to absorb electromagnetic radiation. Equation ( 5 .1) assumes 

that a is fixed as the radiation propagates in the material. In other words, it assumes that the 

probability of absorption in a slab of infinitesimal thickness in the specimen is independent of the 

depth x of the slab from the surface on which the radiation is incident. 

The linear absorption coefficient a has not been previously explicitly reported for any 

carbon material in the radio frequency regime. 

The loss in dB due to absorption is given by 

Absorption loss (dB)= - 10 log (Pa I Pi). (5.2) 

The absorption loss, which is not a material property, is commonly reported. For carbon materials, 

particularly ofthe types studied in this work, the absorption loss dominates over the reflection loss, 

so that absorption is the main mechanism of shielding in the radio frequency regime as described 

in Chapter 4. 

The combination ofEq. (5.1) and (5.2) gives 

Absorption loss (dB)= - 10 loge-ax = (10 / 2.3) ax= 4.35 ax. (5.3) 
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Thus, the absorption loss (in dB) is proportional to x. As a result, the absorption loss per unit 

distance (in dB/mm) is a quantity that is sometimes reported, as described in Chapter 4. According 

to Eq. (5.3), the absorption loss per unit distance is the same as a, except for a factor of 4.35. 

In relation to carbon materials, it has been reported that the linear absorption coefficient at 

the ultraviolet wavelength of 1.5 µmis high, with the value 20,000 mm-1
, for single-walled carbon 

nanotubes [3]. It has also been reported that the absorption loss per unit material thickness 

decreases with increasing material thickness for carbon fiber mat and flexible graphite in the radio 

frequency regime as described in chapter 4. However, the linear absorption coefficient has not 

been explicitly reported in the radio frequency regime for any material. 

Various types of carbon in the graphite family exhibit structures that differ in the 

crystallinity, texture, specific surface area, defects, functional groups, etc. These carbons include 

carbon fibers, carbon nanofibers, graphite, graphene, etc. Table 5.1 shows the shielding 

effectiveness results that have been previously reported by various workers for a large variety of 

carbon materials. In spite of the large number ofpublications, carbons with various combinations 

of structure and thickness have been studied previously in a collective fashion that does not allow 

the umavelling of the effects of carbon structure and thickness on a. The focus of this chapter is 

on a rather than the absorption loss or shielding effectiveness. 

This work is aimed at (i) determining the linear absorption coefficient a ofcarbon materials 

in the radio frequency regime, (ii) investigating the effect of the carbon thickness on a, thereby 

testing the validity of Eq. (5.1), and (iii) comparing various carbon materials (with different 

structures) in terms of a and its thickness dependence. 
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5.2 Experimental methods 

5.2.1 Materials 

The carbon materials investigated in this work are (i) carbon fiber mats of non-woven 

PAN-based carbon fiber diameter 7 µm, solid content 4.4 vol.% and thicknesses 0.15, 0.25, 0.42, 

0.84, 1.26 and 1.68 mm, as prepared by wet papermaking and provided by Technical Fibre 

Products (Newburgh, NY, U.S.A.), (ii) carbon nanofiber (originally known as carbon filament) 

mat ofnanofiber diameter 0.16 µm, solid content 10 vol.% and thickness 4.63 mm, with the 

amorphous nanofiber provided by Applied Sciences, Inc. (Cedarville, OH, U.S.A.) and the mat 

prepared by wet papermaking, and (iii) flexible graphite (Grade GTB) of solid content 49 vol.% 

and thicknesses 0.127, 0.254 and 0.381 mm. Refer to Chapter 4 for the details on these materials. 

5.2.2 Testing method 

The EMI shielding effectiveness is measured by an HP-8752C Network Analyzer using 

the coaxial cable method. The specimen is in the form of an annular ring of outer diameter 98 mm 

and inner diameter 29 mm. The specimen is held by an Elgal SET 19A (Israel) shielding 

effectiveness tester, which, due to its dimensions, theoretically allows testing at frequencies up to 

1.5 GHz. The frequency used in this investigation is ranges from 0.1 to 1.5 GHz. The maximum 

frequency of 1.5 GHz is limited by the dimensions of the testing fixture. 

The power loss in dB in electromagnetic radiation propagation is defined as 

Loss ( dB) = - 10 log (P/Pi), (5.4) 

where Pis the output power and Pi is the power input. The shielding effectiveness SEr (total) is 

given by 

SEr = - 10 log (Pr /Pi), (5.5) 

where Pr is the transmitted power. 
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The shielding involves absorption and reflection of the radiation. The part of the 

shielding due to reflection loss (SER) is given by 

SER= -10 log (1 - R), (5.6) 

where R is the fraction of the incident power that is reflected. The part of the shielding due to 

absorption loss (SEA) is given by 

SEA= -10 log [T I (1 - R)], (5.7) 

where T is the fraction of the incident power that is transmitted. The quantities R and T are 

measured. Note that 

(5.8) 

The absorption loss in dB (i.e. , SEA) is proportional to the linear absorption coefficient a in 

accordance with Eq. (5.3). 

Eq. (5.7) and (5.8) neglect the contribution of multiple reflections (successive reflections 

from the back and front surfaces of the specimen) to the shielding effectiveness. This is because 

the multiple reflections contribution tends to be small compared to the absorption and reflection 

contributions, particularly when the specimen thickness is not very small ( as in the case of this 

work). In other words, the absorption loss obtained by using Eq. (5.7) includes the small 

contribution (if any) from multiple reflections. 

5.3 Results and discussion 

Table 5 .1 and Fig. 5 .1 (b) show the linear absorption coefficient a of carbon for various 

combinations of carbon type and carbon thickness at 1 GHz. The carbon thickness refers to the 

thickness contributed by the carbon part of the specimen, with the pores or voids excluded 

through density consideration. This coefficient decreases with increasing carbon thickness, such 

that the data for all the three types of carbon fall on the same curve. This is reasonable, since the 
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wavelength (30 cm for a frequency of 1 GHz) is much larger than the size of the structural 

features (e.g., 7 µm diameter for the fibers in the carbon fiber mat) in the various carbon 

materials. In particular, carbon fiber mat and flexible graphite of similar carbon thicknesses give 

essentially the same value (236 mm-1
) of a . These different carbons are different in the degree of 

crystallinity, with flexible graphite being crystalline and CNF being amorphous. They also differ 

in the specific surface area, which is higher for the CNF mat than the carbon fiber mat, due to the 

small diameter of the CNF. A higher specific surface area is probably associated with more 

surface functional groups, the movement of which may occur upon excitation by the radio wave. 

Thus, the degree of crystallinity and the amount of surface functional groups apparently affect a 

to a negligible degree. Rather, the thickness of the carbon strongly affects a, such that the effect 

is essentially the same for all three types of carbon. However, the thickness effect weakens as 

the thickness increases. For thicknesses above about 100 µm, the effect of the thickness on a is 

small. For thicknesses below about 100 µm, the decrease of a with increasing thickness is quite 

abrupt. 

The highest value of a obtained in this work at 1 GHz is 940 mm-1
, as given by the 

carbon material with the smallest carbon thickness studied in this work, i.e., the carbon fiber mat 

with carbon thickness 7 µm. The lowest value of a obtained in this work at 1 GHz is 38 mm-1
, as 

given by the carbon material with the largest carbon thickness studied in this work, i.e., the 

carbon nanofiber mat with carbon thickness 460 µm. In case of carbon fiber at 1 GHz, the a 

value decreases from 940 to 190 mm-1 as the carbon thickness is increased from 7 to 74 µm. 

Figure 5.1 shows the dependence of a at various frequencies on the carbon thickness. The 

skin depth of carbon fiber of typical resistivity 1.2 x 10-3 n.cm is 45, 55, 78, 101 and 174 µmat 

1.5, 1.0, 0.5, 0.3 and 0.1 GHz, respectively [5]. The skin depth of flexible graphite of typical 
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resistivity 7.5 x 10-4 n.cm [6] is 36, 44, 62, 80 and 138 µmat 1.5, 1.0, 0.5, 0.3 and 0.1 GHz, 

respectively [5]. 

For frequencies 2: 0.3 GHz, the experimental data in Fig. 5.1 fit reasonably well a 

theoretical exponential decay curve in the form 

(5.9) 

where J is the skin depth (which depends on the resistivity) of carbon corresponding to the 

flexible graphite resistivity 7.5 x 10-4 n.cm, and Bis the value of a at the smallest carbon 

thickness studied. The theoretical curve fits the experimental points well. In the case that the 

resistivity is taken as the carbon fiber resistivity of 1.2 x 10-3 n.cm, the fit of the curve with the 

experimental data is not as good. However, the two theoretical curves are not far apart. Thus, at 

frequencies 2: 0.3 GHz, the decrease in a with increasing carbon thickness is indeed mainly due 

to the Skin Effect, which results in the decrease of the electric field amplitude with increasing 

depth. 

The a value relates to the probability of absorption by a slab of infinitesimal thickness. 

Since the electric field provides the excitation that is responsible for the absorption, this 

probability decreases with decreasing electric field amplitude. As a consequence, a decreases 

with increasing depth. In other words, Eq. (5.1), which considers that a is independent ofthe 

depth, is not exactly obeyed for carbon materials in the radio frequency regime. However, for 

thicknesses that are much larger than the skin depth ( e.g., thickness exceeding about 100 µm) , 

Eq. (5.1) is essentially obeyed, with a being essentially independent of the thickness. 

For frequencies 2: 0.3 GHz, at carbon thicknesses above about 100 µm, the measured a 

tends to be slightly above the theoretical curves for both resistivity values (Fig. 5 .1 ). This means 
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that the probability of absorption is above that expected for the electric field amplitude when the 

thickness exceeds about 100 µm. 

At frequency O.1 GHz, the theoretical curves for both resistivity values do not fit the 

experimental points well, with the experimental data lying below the theoretical curves. The fit is 

good only for the narrow range of carbon thickness below 3 7 µm. 

Because the experimental absorption loss reported here includes the small contribution, if 

any, from multiple reflections, the experimental a values reported here also include this 

contribution. If this contribution is deducted from the experimental absorption loss in order to 

obtain the true a, the true a may be slightly smaller than the experimental a values reported here. 

Since the multiple reflections contribution decreases with increasing thickness, their effect, if 

any, would be more substantial at smaller thicknesses. In the small-thickness regime, the 

experimental a values fit the theoretical curves well. Therefore, the multiple reflections 

contribution can be considered to be negligible, as expected from the substantial carbon 

thicknesses involved in this work. 

The negative deviation of the experimental values of a from the theoretical curve is more 

significant when the frequency is low (0.1 GHz) (Fig. 5.l(e)). A lower frequency corresponds to 

a longer wavelength, which would be less sensitive to features that involve small distances. On 

the other hand, small thicknesses promote multiple reflections loss. Thus, if the negative 

deviation were due to multiple reflections, the deviation would be smaller at lower frequencies. 

In fact, the deviation is large over a wide intermediate frequency range. 

At frequencies 2: 0.3 GHz, the experimental values of a are mostly close to the theoretical 

curves based on Eq. (5.9). However, at 0.1 GHz, most of the experimental values of a are 

significantly below the theoretical curves based on Eq. (5.9). This deviation implies a relatively 
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low probability of absorption at a given electric field amplitude when the frequency is low (0.1 

GHz). 

The positive deviation of the experimental values of a from the theoretical curve in the 

large-thickness regime (above about 100 µm, as observed at 2: 0.3 GHz, Fig. 5.1) is tentatively 

attributed to the inherent limitation ofEq. (5.1) [7]. In spite of the limitation, a is a meaningful 

quantity that describes a material property and this quantity is widely used in describing the 

interaction of electromagnetic radiation with materials over a large range of frequencies 

(including the optical band and x-rays ). Furthermore, the fact that a relates to the absorption loss 

per unit thickness makes it a quantity of practical interest. 

The plot of a (experimental) vs. frequency (Fig. 5.2(a)) shows that, as the frequency 

increases, a starts to increase at 0.5 GHz and levels off at about 1 GHz. In other words, there is 

an absorption edge at 0.5-1.0 GHz. This edge is attributed to an unidentified interaction between 

the radiation and the carbon fiber mat. In case of flexible graphite, the edge is less clear, 

probably due to the low values of a resulting from the large thicknesses; nevertheless, an 

increase in a occurs at 0.1-0.5 GHz (Fig. 5.2(b)). 

This chapter does not report deviation from the Beer-Lambert Law in the sense of the 

deviation from linearity in the relationship between the absorbance and the analyte 

concentration, as typically encountered in absorption spectroscopy of analytes at high 

concentrations. Rather, this chapter reports a significant dependence of a on the carbon 

thickness. Such dependence implies that a is not fixed, but decreases as the radiation penetrates 

the carbon, due to the Skin Effect. This observation is in contrast to the assumption of a fixed a 

value that is independent of the distance traversed in the basic exponential form of the Beer

Lambert Law (Eq. (5.1)). 
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The conductivity of the carbon is the same for all of the thicknesses of the carbon fiber 

mat (labeled CF in Table 5.1 , which is for 1.0 GHz), since all these mats are made of the same 

type of carbon fiber. However, a (experimental) decreases with increasing carbon thickness, 

following a rather smooth curve (though the experiment curve is not shown, Fig. 5.l(b) for 1.0 

GHz). This implies that the conductivity (which relates to the material structure) does not 

contribute to causing the observed effect of the carbon thickness on a. 

It was previously reported that an increase in conductivity reduces the optimal thickness 

for absorption, in case that the thickness is much below the skin depth [8-11]. However, all of the 

thicknesses of this work are much larger (2: 6.6 µm) than the nanometer thicknesses of the prior 

work. In addition, the conductivity of the carbons of this work are much lower than those of the 

graphene or aluminum of the prior work. The combination of nanometer thickness and very high 

conductivity is not the regime covered by the materials of this Chapter. 

Sec. 4.3.2 reports that the absorption loss per unit thickness differs between 

unidirectional and crossply continuous carbon fiber polymer-matrix composites with the same 

number of laminae. However, this chapter reports that the absorption loss per unit thickness is 

independent of the carbon's material structure. There is no contradiction. This is because the 

composites in Sec. 4.3.2 involve very high conductivity anisotropy of 1500 within each lamina. 

Such anisotropy is required for the results of Sec. 4.3.2 to be obtained. In contrast, this chapter 

involves carbon materials with in-plane isotropy. 

The electric permittivity and magnetic permeability are material properties that govern 

the interaction of a material with electromagnetic radiation. These properties of the carbon are 

necessarily the same for all of the thicknesses of the carbon fiber mat (CF, Table 5.1), since all 

these mats are made of the same type of carbon fiber. However, a (experimental) decreases with 
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increasing carbon thickness, following a rather smooth curve (though the experiment curve is not 

shown). This implies that the permittivity and permeability (which relate to the material 

structure) do not contribute to causing the effect of the carbon thickness on a. 

The range of carbon thickness among the carbon fiber mats (CF, Table 5.1) includes 

thicknesses below the skin depth (as low as 6.6 µm) and thicknesses above the skin depth (as 

large as 74 µm) , whether the skin depth is 44 or 55 µmat 1.0 GHz. The experimental values of 

a for all these carbon thicknesses fall on the same curve (to be distinguished from the theoretical 

curves) (Fig. 5.l(b)). This implies that the relation of the carbon thickness to the skin depth (i.e. , 

whether the carbon thickness is above or below the skin depth) does not govern the effect of the 

carbon thickness on a for the range of thickness studied. 

From an application viewpoint, the results in Fig. 5.1 mean that the key to achieving a 

high absorption loss per unit thickness is the use of a small thickness. However, the absorption 

loss rather than the absorption loss per unit thickness is the quantity that is most important for 

applications, so the availability of a material with a substantial thickness is important. 

5.4 Conclusion 

This work provides the first explicit report of the linear absorption coefficient a (a 

material property) of materials in the radio frequency regime (0.1 - 1.5 GHz), although the 

absorption loss (not a material property) has been widely reported and the absorption loss per 

unit thickness has been reported to a limited degree. The value of a decreases substantially with 

increasing carbon thickness up to at least about 500 µm, with the rate of decrease diminishing 

with increasing carbon thickness and the decrease being abrupt up to about 100 µm and gradual 

above 100 µm. The carbon thickness refers to the thickness contributed by the carbon part of the 

specimen, with the pores excluded. 
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At frequencies 2: 0.3 GHz, the decrease of a with the carbon thickness is approximately 

exponential, with the exponent being -x/<5, where J is the frequency-dependent skin depth and x 

is the carbon thickness. However, at 0.1 GHz, a tends to be below the value based on the 

exponential function. 

For any of the frequencies, there is negligible dependence of a on the type of carbon 

material ( carbon fiber, carbon nano fiber and flexible graphite), as all types of carbon studied fall 

on the same experimental curve of a vs. carbon thickness. This is expected from the fact that the 

wavelength (30 cm for a frequency of 1 GHz) is much longer than the carbon microstructural 

dimensions. The highest a of 940 mm-1 is provided by the smallest carbon thickness of 7 µm, as 

given by the thinnest carbon fiber mat. The lowest a of 38 mm-1 is provided by the largest 

carbon thickness of 460 µm, as given by the carbon nanofiber mat. However, for carbon 

thicknesses that are much larger than the skin depth, a is essentially independent of the thickness. 

An absorption edge, with a increasing with increasing frequency, occurs at 0.5-1.0 GHz, 

as shown for carbon fiber mat. The scientific origin of this edge has not been identified. 

For application in EMI shielding, both a high value of a and the availability of the 

material at a substantial thickness are needed. Although this work addresses only carbon 

materials, the finding concerning the thickness dependence of a likely applies to other materials 

as well, provided that the skin depth is large compared to the thickness. 

References 

[1] Chung DDL. Carbon materials for structural self-sensing, electromagnetic shielding and 
thermal interfacing. Carbon 2012;50:3342-3353. 

[2] Hong X, Chung DDL. Carbon nanofiber mats for electromagnetic interference shielding. 
Carbon 2017;111:529-527. 

129 



[3] Haque MS, Marinelli C, Udrea F, Milne WI. Absorption characteristics of single wall carbon 
nanotubes. NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-6-5 Vol. 1, 2006, p. 134-137. 

[4] Owston CN. Electrical properties of single carbon fibres. J. Phys. D 1970;3:1615-1626. 

[5] chemandy.com/calculators/skin-effect-calculator.htm (as viewed on May 5, 2017). 

[6] Luo X, Chung DDL. Electromagnetic interference shielding reaching 130 dB using flexible 
graphite, Carbon 1996;34(10):1293-1294. 

[7] Mayerhvfer TG, Mutschke H, Popp J. Employing theories far beyond their limits-the case 
of the (Boguer-) Beer-Lambert Law. ChemPhysChem 2016;17:1948-1955. 

[8] Bosman H, Lau YY, Gilgenbach RM. Microwave absorption on a thin film. Appl Phys Lett 
2003;82(9): 1353. 

[9] Batrakov K, Kuzhir P, Maksimenko S, Volynets N, Voronovich S, Paddubskaya A, Valusis 
G, Kaplas T, Svirko Y, Lambin P. Enhanced microwave-to-terahertz absorption in graphene. 
Appl Phys Lett 2016;108:123101. 

[10] Batrakov K, Kuzhir P, Maksimenko S, Paddubskaya A, Voronovich S, Lambin P, Kaplas T, 
Svirko Y. Flexible transparent graphene/polymer multilayers for efficient electromagnetic field 
absorption. Scientific Reports 2014;4(1):7191. 

[11] Andreev VG, Vdovin VA, Voronov PS. An experimental study of millimeter wave 
absorption in thin metal films. Tech Phys Lett 2003;29(11):953-955. 

130 

https://chemandy.com/calculators/skin-effect-calculator.htm
www.nsti.org


Tables 

Table 5 .1 Linear absorption coefficient of carbon for various types of carbon at 1.0 GHz. The 

entries are listed in the order of increasing carbon thickness. CF = carbon fiber mat. CNF = 

carbon nanofiber mat. FG = flexible graphite. 

Specimen Carbon Linear absorption 
Carbon thickness thickness Absorption coefficient of 

type (mm) (µm)* loss (dB) carbon (mm-1)t 

CF 0.150 ± 0.001 6.6 ± 0.5 27 ± 1 941 ± 77 

CF 0.250 ± 0.001 11.0 ± 0.4 32 ± 1 669 ± 31 

CF 0.421 ± 0.001 18.52 ± 0.04 43 ±2 534 ± 25 

CF 0.842 ± 0.001 37.05 ± 0.08 51 ± 2 317±13 

CF 1.263 ± 0.001 55.57 ± 0.13 57±4 236 ± 17 

FG 0.127 ± 0.001 60.96 ± 0.02 64±4 241 ± 15 

CF 1.684 ± 0.001 74.10±0.17 62±4 192 ± 12 

FG 0.254 ± 0.001 121.92 ± 0.03 82± 5 155 ± 10 

FG 0.381 ± 0.001 182.88 ± 0.04 101 ± 10 127 ± 13 

CNF 4.634 ± 0.005 463.4 ± 0.5 63 ± 5t 31 ± 2 
*Obtained by multiplying the specimen thickness by the solid volume fraction. 
t From Ref [2]. 
i Obtained by dividing the absorption loss by the carbon thickness and further 
dividing by 4.35. 
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Fig. 5.1 Effect of the carbon thickness on the linear absorption coefficient a of carbon. • Carbon 

fiber mat. o Carbon nanofiber mat. ~ Flexible graphite. The curves are theoretical, based on Eq. 

(5.9). The solid curve is for carbon fiber resistivity 1.2 x 10-3 n.cm [6]; the dashed curve is for 

flexible graphite resistivity 7.5 x 10-4 n.cm [8]. The data points are experimental. The error bars 

are too small to be clearly shown for some of the data points. (a) 1.5 GHz. (b) 1.0 GHz. (c) 0.5 

GHz. (d) 0.3 GHz. (e) 0.1 GHz. 
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Fig. 5.2 Effect of the frequency on the linear absorption coefficient a. (a) Carbon fiber mat. • 

Carbon thickness= 7 µm. o Carbon thickness = 11 µm. (b) Flexible graphite. • Carbon thickness 

= 61 µm. • Carbon thickness = 183 µm. 
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CHAPTER 6: The importance of the electrical contact between 

specimen and testing fixture in evaluating the electromagnetic 

interference shielding effectiveness of carbon materials 

Abstract 

The quality of the electrical contact between the specimen and electromagnetic interference 

(EMI) shielding testing fixture ( coaxial cable method) is found to be critical to shielding 

effectiveness testing. The carbon fiber (CF) mat (0.15-0.42 mm thick) and carbon nanofiber 

(CNF) fiber mat ( 4.4-4.6 mm thick) are similar in the shielding effectiveness (68-70 dB), but the 

former is much superior in the effectiveness per unit thickness (200 vs. 15 dB/mm), due to the 

dinginess of the CF mat (resulting from short fiber protrusion) promoting good electrical 

contact, even at zero specimen-fixture fastening torque. Flexible graphite (0.13-0.38 mm thick) 

is superior to CF/CNF mats in both the shielding effectiveness (110 dB) and shielding 

effectiveness per unit thickness (560 dB/mm), partly due to its deformability promoting the 

electrical contact. For the CF mat, the shielding effectiveness decreases monotonically with 

increasing fastening torque, due to the increase in the degree of in-plane fiber preferred 

orientation and the consequent degradation of the electrical contact between the specimen and 

testing fixture. In contrast, for both CNF mat and flexible graphite, the torque enhances the 

shielding. The absorption loss per unit thickness reaches 165, 14 and 500 dB/mm for CF mat, 

CNF mat and flexible graphite, respectively. 
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6.1 Introduction 

Electromagnetic interference (EMI) shielding is increasingly important due to the 

abundance and sensitivity of electronics, electrical systems and medical devices, the performance 

of which tends to be negatively affected by electromagnetic radiation in the radio wave or 

microwave regimes. Medical devices that can be interfered include ventilators, defibrillators, 

bedside monitoring equipment in intensive care units, and pacemakers. The interference can jam 

sensitive equipment, bum out electric circuits, and even cause explosions. Such radiation is emitted 

by power supplies, fluorescent lights, electric motors, electromechanical switches, relays, 

integrated circuits, two-way radios, pagers, mobile phones, power lines, transformers and medical 

equipment. Shielding is needed to keep electronic devices from interfering with others, and to keep 

other devices from interfering with one's own device. 

Materials for EMI shielding include metals, conductive polymers [1-5] , carbon [6-11], and 

conductive cement-based materials [12-14]. Conventional polymers are non-conductive and are 

transparent to electromagnetic waves. Due to their low density, low cost, moldability and 

flexibility, conventional polymers that have been rendered the ability to shield by the addition of 

conductive fillers are increasingly used for computer enclosures, mobile phone casings, medical 

equipment components and other electronic products. The fillers include particles, flakes, short 

fibers , nanofibers and nanotubes. 

The testing of a material for its EMI shielding effectiveness commonly involves a 

waveguide, which directs the electromagnetic wave so that the wave is incident on the material 

specimen under testing. The wave is partly reflected by the specimen and partly absorbed by the 

specimen. The part of the wave that remains after the reflection and absorption constitutes the 

138 



transmitted wave. The shielding effectiveness is obtained by measuring the transmitted power in 

comparison with the incident power. 

In the shielding effectiveness testing method, the specimen must be electrically and 

mechanically connected to the waveguide. For example, in the coaxial cable method, the specimen 

is commonly in the form of an annular ring that is sandwiched by two fixtures that function like 

expanded coaxial cables. The mechanical connection is commonly achieved by fastening. The 

inner circular edge ofthe annular ring is electrically connected to the inner conductor ofthe coaxial 

cable form of the waveguide, while the outer circular edge is electrically connected to the outer 

conductor of the waveguide. In case that the coaxial cable method is not used and a waveguide 

without the central conductor is used, the specimen needs to be similarly connected electrically 

and mechanically to the two parts of the metal waveguide that sandwich the specimen. The 

electrical connection is in the form of a pressure contact. The connection is commonly made with 

the help ofa conductive gasket positioned between the specimen surface and the proximate surface 

of the waveguide. The specimen is held between the two parts of the waveguide by fastening, 

which involves the use of fasteners, such as bolts and nuts, at points near the rim of the specimen. 

The quality of the electrical connection must be adequate in order to avoid leakage of the 

electromagnetic radiation at the seam. Leakage would cause the measured shielding effectiveness 

to be lower than the true value. Thus, the fastening load, which affects the quality of the electrical 

connection, is an experimental parameter that affects the result of the shielding effectiveness 

measurement. 

In case of stainless steel as the specimen, it has been previously reported that the measured 

shielding effectiveness increases with the fastening torque [3]. At 1-2 GHz, the shielding 

effectiveness increases from 52 dB at a torque of2 in.lb (0.23 N.m) to 88 dB at a torque of 12 in.lb 
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(1.36 N.m), and essentially does not increase further upon further increase of the torque to 16 in.lb 

(1.81 N.m). There is little prior report of the effect of the fastening load or the quality of the 

electrical contact on the measured shielding effectiveness. In particular, there is no prior report of 

the effect of the fastening load or electrical contact quality on the measured shielding effectiveness 

of carbon materials. The effect of the fastening load or electrical contact quality is expected to 

depend on the material under testing, since different materials tend to have different required 

conditions for becoming electrically connected to a given surface under pressure. In particular, it 

is expected to depend on the resiliency, thickness and surface microstructure of the material. 

Without adequate information on this effect, the testing of a given material may not be performed 

under the optimum condition, so that the measured shielding effectiveness may deviate from the 

true value. 

Carbon materials [ 6-11] are attractive for EMI shielding, due to their ability to absorb 

electromagnetic radiation over a wide range of frequencies and their availability in numerous 

forms, such as carbon fibers, carbon nano fibers, carbon nanotubes, flexible graphite ( compacted 

exfoliated graphite), graphene, mats and composites. Due to the Skin Effect (the phenomenon in 

which high-frequency electromagnetic radiation penetrates only the near surface region of an 

electrical conductor), the high specific surface area of some of these forms adds to the 

attractiveness of these materials for shielding. Because of their difference in structure, the different 

types of carbon materials are expected to exhibit different requirements for forming an electrical 

connection with a given surface under pressure. 

The objectives of this chapter are (i) to strengthen the science base of EMI shielding 

effectiveness testing, (ii) to investigate the effect of the fastening load or pressure electrical 

contact quality on the measured EMI shielding effectiveness of carbon materials, and (iii) to 
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compare carbon fiber mat, carbon nanofiber mat and flexible graphite in their shielding behavior 

and in the dependence of their shielding effectiveness on the fastening load. 

6.2 Experimental methods 

6.2.1 Materials 

The carbon materials studied in this investigation are short carbon fiber (CF) mats of 

thickness ranging from 0.15 to 0.42 mm, carbon nanofiber (CNF, originally known as carbon 

filament) mats of thickness ranging from 4.4 to 4.6 mm, and flexible graphite (fabricated 

commercially by the compaction of exfoliated graphite [15]) of thickness ranging from 0.13 to 

0.38mm. 

6.2.1.1 Carbon fiber mats 

The CF mats are nonwoven, made by a wet papermaking process and provided by 

Technical Fibre Products (Newburgh, NY, USA). The carbon fibers are PAN-based. The fiber 

diameter is 7 µm. The fiber density is 1.8 g/cm3
. The mat contains 50% 12-mm long fibers and 

50% 6-mm long fibers. The mat also contains a binder (crosslinked polyester) in the amount of 10 

wt.%. The areal densities are 12, 20 and 34 g/m2
, corresponding to thicknesses (at 10 kPa) 0.15, 

0.25 and 0.42 mm, respectively, and densities 0.076, 0.074 and 0.081 g/cm3
, respectively. For the 

mat with the highest areal density of 34 g/m2
, testing is also conducted for stacks of 2, 3 and 4 

mats, which have thicknesses (at 10 kPa) 0.84, 1.26 and 1.68 mm, respectively. Thus, specimens 

of six different thicknesses are tested. 

The layers in a stack of CF mat cling to one another strongly. Fig. 6.1 shows an optical 

microscopy photograph of the top view of a carbon fiber mat. Fiber ends are abundantly present, 

so that some ofthe fibers protrude from the plane of the mat. The protrusion implies that the fibers' 
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degree of in-plane orientation is limited. This microstructure is consistent with the observed 

dinginess of the mat. This dinginess refers to the mechanical affinity between the layers of the 

mat, rather than the affinity between the fibers in the same layer. 

6.2.1.2 Carbon nanofiber mats 

The CNF was commercially made by Applied Sciences, Inc. (Cedarville, OH, U.S.A.), 

using methane as the primary source gas and an iron containing catalyst. The CNFs have not been 

graphitized and are amorphous, with essentially no graphite 002 peak in the X-ray diffraction 

pattern [16]. The diameter is 0.16 µm. The inner hole diameter varies from approximately 20 to 

75 nm, as shown by transmission electron microscopy (TEM) [15]. The true density is 2 g/cm3
. 

The aspect ratio is 50-200. The CNF material is the same as the type designated "ADNH (as 

received)" in a prior investigation [17]. The nanofibers have an intertwined morphology prior to 

the mat fabrication. Such intertwined morphology also exists in the CNF mats and enables a degree 

of three-dimensional connectivity of the CNFs in the mat. The connectivity occurs in spite of the 

preferred orientation of the CNFs in the plane of the mat. 

The CNF mats are prepared by using a wet papermaking method [9]. In this method, the 

CNFs are dispersed in water in the absence of a binder, using a blender to form a slurry, followed 

by casting the slurry into a Teflon-lined steel mold and then applying a controlled uniaxial pressure 

(6.7 and 13.3 MPa for samples designated Samples 8 and 9 [9] , respectively) via a matching steel 

piston for squeezing out most of the water from the cast slurry and consolidating the material to 

form a wet cake. The pressure causes a degree of preferred orientation of the CNFs in the plane 

perpendicular to the pressure direction [17]. However, the CNFs are randomly oriented in this 

plane. The higher is the compaction pressure, the higher is the bulk density ( the higher is the solid 

volume fraction) of the resulting mat. By controlling the mass of material in the mold and the 
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compaction pressure, the thickness and bulk density ofthe resulting mat are controlled. The density 

is 0.193 and 0.219 g/cm3 for Samples 8 and 9, respectively. The solid volume fraction is 8.8% and 

10% for Samples 8 and 9, respectively. The thickness is 4.385 and 4.634 mm for Samples 8 and 9, 

respectively. The mold cavity has the same annular shape and dimensions as the specimens used 

for EMI effectiveness testing. Subsequently, the wet cake is demolded and then dried in air at 

105°C for 6 h in the absence of applied pressure. 

6.2.1.3 Flexible graphite 

Flexible graphite sheets (Grade GTB) of thickness 0.005 in (0.13 mm), 0.010 in (0.25 mm) 

and 0.015 in (0.38 mm), as provided commercially, exhibit density 1.1 g/cm3
, ash content 1.8%, 

carbon content 98.2%, tensile strength 44 MPa, compressibility 43% at 35 MPa, and recovery 15% 

after 35 MPa. 

6.2.2 DC electrical conductivity testing method 

The DC electrical conductivity is measured by using the four-probe method, with the outer 

two electrical contacts for passing current and the inner two electrical contacts for measuring the 

voltage. Each contact is made of silver paint in conjunction with copper wire. The specimen is a 

single-lamina composite in the form of a rectangular strip. Two types of specimen are tested. In 

one type, the fibers are along the long direction of the specimen, so that the conductivity 

measured is in the fiber direction. In the other type, the fibers are transverse to the long direction 

of the specimen, so that the conductivity measured is in the transverse direction. 

Four specimens (labeled 1, 2, 3 and 4) are tested. Specimens 1 and 2 are rectangular strips 

along the fiber axis; specimens 3 and 4 are rectangular strips along the transverse direction. The 

specimen dimensions are similar for all four specimens, specifically 78.41 mm x 9.12 mm x 

0.247 mm, 78.41 mm x 9.12 mm x 0.247 mm for specimens 1 and 2, respectively, and 75.99 mm 
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x 9.12 mm x 0.247 mm and 76.03 mm x 9.11 mm x 0.249 mm for specimens 3 and 4, 

respectively. 

For each specimen, the four contacts are symmetrically positioned relative to the center of 

the strip, with the proximate edges of the outer contacts 60.97 mm apart and the proximate edges 

of the inner contacts 19.05 mm apart. Each electrical contact is 1.79 mm wide and extends in the 

direction perpendicular to the long dimension of the specimen for the entire 9.1-mm width of the 

specimen. A Keithley digital multimeter Model 2002 is used for measuring the voltage, while a 

Keithley 224 programmable current source is used for providing a current of 0.1 mA. 

6.2.3 EMI shielding testing method 

The EMI shielding effectiveness is measured by an HP-8752C Network Analyzer using 

the coaxial cable method (Fig. 6.2 (a)). The testing method and equipment are the same as those 

of a prior investigation [9]. The specimen is in the form of an annular ring of outer diameter 98 

mm and inner diameter 29 mm. The specimen is held by an Elgal SET 19A (Israel) shielding 

effectiveness tester, which, due to its dimensions, theoretically allows testing at frequencies up to 

1.5 GHz. The frequency used in this investigation is 1.0 GHz. 

The specimen is sandwiched by two metal fixtures, each having an inner conductor and an 

outer conductor. The inner conductor should be in electrical contact with the inner rim of the 

annular specimen, while the outer conductor should be in electrical contact with the outer rim of 

the annular specimen. Each electrical contact involves an electrically conductive elastomeric 

gasket positioned between the specimen and the fixture, which are held together by fastening using 

four symmetrically positioned pairs ofbolt and nut. The bolts are positioned just outside the outer 

rim of the specimen. 
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The error in the shielding effectiveness is better than ±1 dB at <10 dB, and ±5 dB at >70 

dB. The error increases with increasing attenuation (dB). Prior to the tests, the measurement system 

is calibrated by using a Hewlett-Packard APC-7 Calibration Kit. The calibration is conducted using 

the two-port one-pass method. 

6.2.4 EMI shielding data analysis method 

This work addresses the frequency regime m which the electromagnetic radiation 

propagates mainly by radiation rather than conduction or induction. In general, the electric field 

in the electromagnetic radiation interacts with the electric dipoles (if any) in the material, while 

the magnetic field in the radiation interacts with the magnetic dipoles (if any) in the material. In 

addition, both electric and magnetic fields interact with the mobile electrons (if any) in the 

material. In this investigation, no magnetic component is present in the materials. 

The loss in electromagnetic radiation propagation is defined as 

Loss ( dB) = - 10 log (P/Pi), (6.1) 

where P is the output power and Pi is the power input. With P < Pi, the loss is positive. The 

smaller is P, the greater is the loss. Thus, a shielding effectiveness of 40 dB corresponds to an 

attenuation of 99.99%, for example. 

The shielding effectiveness SEr (total) is given by 

SEr = - 10 log (Pr /Pi), (6.2) 

where Pr is the transmitted power. 

The shielding involves absorption and reflection of the radiation. The part of the shielding 

due to reflection loss (SER) is given by 

SER= -10 log (1 - R), (6.3) 
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where R is the fraction of the incident power that is reflected. The part of the shielding due to 

absorption loss (SEA) is given by 

SEA= -IO log [T I (I - R)] , (6.4) 

where T is the fraction of the incident power that is transmitted. The absorption loss in dB is 

proportional to the linear absorption coefficient, which is a material property. The quantities R and 

T are measured. 

6.2.5 Electrical resistivity measurement method 

In EMI testing, the electric field is in the plane of the specimen. Thus, the in-plane 

electrical resistivity of the mat is relevant. This resistivity of the carbon fiber mat (thickness 0.25 

mm) is measured by using a specimen of dimensions 61.15 mm x 20.36 mm. The resistance in 

the long direction of the specimen is measured. The four-probe method is used, using four 

electrical contacts in the form of silver paint in conjunction with copper wire. The inner probes 

are voltage contacts, which are 29.39 mm apart. The widths of the two voltage contacts in the 

direction of resistance measurement are 0.72 mm and 1.02 mm. The abovementioned distance of 

29.39 mm is that between the proximate edges of the two voltage contacts. The outer probes are 

current contacts, which are 44.43 mm apart. Each contact is in the form of a strip oriented along 

the width of the specimen, i.e., perpendicular to the direction of resistance measurement, and 

extends along the entire width of the specimen. 

Through-thickness compression of the entirety of the part of the specimen between the two 

voltage contacts is provided by the use of known metal weights, which do not touch the contacts 

and are electrically insulated from the specimen. The pressure is progressively increased, with the 

resistivity measured at each value of the pressure. 
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6.3 Results and discussion 

6.3.1 EMI shielding effectiveness 

6.3.1.1 Carbon fiber mats 

As shown in Fig. 6.3, the shielding effectiveness SEr, absorption loss SEA and reflection 

loss SER all increase with increasing thickness, such that SEr and SEA are essentially linearly 

related to the thickness for thicknesses greater than 0.4 mm. Below 0.4 mm, the increase is not as 

linear. The absorption greatly dominates over the reflection loss. 

Figure 6.4 shows that SEr and SEA decrease monotonically with increasing torque up to the highest 

torque (7 N.m) studied, whereas SER (small anyway) does not vary monotonically with the torque. 

Fig. 6.5 shows that SEr per unit thickness and SEA per unit thickness decrease with increasing 

torque, while SER per unit thickness (small anyway) does not vary monotonically with the torque. 

6.3.1.2 Carbon nanofiber mats 

For carbon nanofiber mat, Fig. 6.6 shows that SEr and SEA increase with increasing torque 

up to 1 N.m, and level off above 1 N.m, whereas SER (small anyway) does not show a monotonic 

dependence on the torque. Similarly, Fig. 6.7 shows that SEr per unit thickness and SEA per unit 

thickness increase with increasing torque up to 1 N.m, and level off above 1 N.m, whereas SER per 

unit thickness (small anyway) does not show a monotonic dependence on the torque. 

6.3.1.3 Flexible graphite 

For flexible graphite, Fig. 6.8 shows that SEr and SEA mcrease quite linearly with 

increasing thickness, whereas the reflection loss SER (small anyway) does not depend 

monotonically on the thickness. Fig. 6.9 shows that SEr and SEA increase monotonically with 

increasing torque up to the highest torque (7 N.m) studied, such that the increase is more abrupt 

below 0.6 N.m than above 0.6 N.m, whereas SER (small anyway) does not vary monotonically 
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with the torque. Fig. 6.10 shows that SEr per unit thickness and SEA per unit thickness increase 

monotonically with increasing torque up to the highest torque (7 N.m) studied, such that the 

increase is more abrupt below 0.6 N.m than above 0.6 N.m, whereas SER per unit thickness 

(relatively small) is quite independent of the torque. 

6.3.2 Electrical resistivity 

The effect of through-thickness compression on the in-plane electrical resistivity of the 

mat (thickness 0.25 mm) is shown in Fig. 6.11. The resistivity decreases monotonically with 

increasing pressure and levels off at pressure above about 0.01 MPa. This effect is attributed to 

the increasing degree of in-plane fiber preferred orientation as the pressure increases. 

The through-thickness compression may also enhance the electrical contact among the 

adjacent fibers in the mat. However, due to the presence of the non-conductive polyester binder 

(10 wt.% of the mat) at the fiber-fiber junctions and the low pressures (up to 0.022 MPa) used in 

this work, this effect is expected to be insignificant. The pressure required to increase the fiber 

preferred orientation is expected to be low compared to that required to decrease the thickness of 

the binder at the fiber-fiber junctions. Therefore, the observed decrease of the in-plane resistivity 

with increasing through-thickness pressure is attributed to the increase in the in-plane fiber 

preferred orientation. 

Based on the Rule of Mixtures (parallel model) and the porosity of the mat, the effective 

fiber resistivity is calculated. It ranges from 4.9 x 10-3 n.cm in the absence of applied pressure 

to 4.6 x 10-3 n.cm at the highest pressure. The parallel model of the Rule of Mixtures assumes 

that the fibers are continuous and parallel to one another in the in-plane direction of resistance 

measurement. This assumption is not accurate, as the fibers are discontinuous and not aligned. 

Furthermore, the binder is present at the junction of the adjacent fibers, thus reducing the 
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electrical connectivity of the fibers. Thus, the calculated values based on the parallel model 

overestimates the resistivity of the fibers. In spite of the shortcomings of the parallel model, the 

values obtained by using this model are comparable to the value of 1.2 x 10-3 fl.cm previously 

reported for individual general-purpose PAN-based carbon fibers [12]. Due to the presence of 

the non-conductive binder at the junctions of the adjacent fibers , there is substantial resistance at 

each junction. Due to the energy barrier associated with the jumping of the electrons across a 

junction, electronic conduction across a junction involves a hopping mechanism. The energy 

barrier (activation energy revealed by measuring the conductivity as a function of temperature) 

and the through-thickness compressive stress effect (with high stress up to 4 MPa decreasing the 

interlaminar interface resistance due to the increasing fiber-fiber contact across the interlaminar 

interface) have been reported in relation to the conduction across the interlaminar interface of a 

continuous carbon fiber epoxy-matrix composite [18]. The stress of 4 MPa [18] is much higher 

than that of this work. Study of the conduction mechanism is beyond the scope of this work. 

6.3.3 Discussion 

For CF mat, CNF mat and flexible graphite, the shielding is dominated by absorption, with 

reflection playing a minor role. Table 6.1 shows that flexible graphite is superior to both CF mat 

and CNF mat in SEr, SEA, SEr/thickness, SEA/thickness and SER/thickness. The high performance 

of flexible graphite is attributed partly to the resiliency ( deformability) of the material and the 

consequent ability of the material to make a good electrical contact with the testing fixture. The 

deformability is exploited in the use of flexible graphite as a gasket material. The SER is similar 

for all three carbon materials. The CF mat and CNF mat are similar in SEr, SEA and SER, but the 

CF mat is superior to CNF mat in SEr/thickness, SEA/thickness and SER/thickness. 
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The SErper unit thickness is 174 dB/mm for a prior investigation on carbon fiber mat [12]. 

This value is comparable to the highest value of 200 dB/mm obtained in this investigation for 

carbon fiber mat. 

A prior investigation on flexible graphite shows that the SErper unit thickness is 42 dB/mm 

for thickness 3.1 mm, and is 129 dB/mm for thickness 0.79 mm [13]. Hence, the SEr per unit 

thickness is higher for a smaller thickness. These values are much lower than the value of 560 

dB/mm obtained in this investigation for flexible graphite of thickness 0.38 mm. The difference 

between the previous investigation [ 13] and this one is attributed to the smaller thickness of the 

flexible graphite sheets used in this study. The small thickness facilitates the deformation of the 

flexible graphite, thereby enhancing the quality of the electrical contact. 

In spite of the small diameter of CNF compared to CF, and the Skin Effect, the CNF mat 

is inferior to the CF mat in the effectiveness per unit thickness. This is attributed to a degree of 

fiber protrusion from the CF mat surface and the consequent dinginess and ability of the CF mat 

(in spite of its small thickness) to make electrical contact with the testing fixture. 

The CF mat, CNF mat and flexible graphite are different in the effect of the torque on SEr 

and SEA. For CF mat, SErand SEA decrease monotonically with increasing torque. For CNF mat, 

SErand SEAincrease with increasing torque up to 1 N.m, above which they level off For flexible 

graphite, SErand SEA increase monotonically with increasing torque, such that the increase is more 

abrupt below a torque of 0.6 N.m than above this torque. These trends are explained below. 

The torque dependence of CF mat is attributed to the dinginess of this mat and the 

consequent ability of the mat to make electrical contact with the EMI shielding testing fixture even 

in the absence of torque. The dinginess stems from the protrusion of some of the fibers from the 

plane of the mat, and is consistent with the observed tendency of layers of the mat to cling to one 
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another strongly. An increase in torque probably decreases the extent of the fiber protrusion, due 

to the increase in the degree of in-plane preferred orientation of the fibers in the mat ( as supported 

by the decrease of the in-plane electrical resistivity), thereby degrading the electrical contact. Due 

to the increase in in-plane preferred orientation, an increase in torque causes fewer fiber ends to 

contact the testing fixture. Carbon fibers are anisotropic, with the conductivity higher in the axial 

direction than the transverse direction. Thus, having fewer fibers ends contacting the testing 

fixture is expected to degrade the electrical contact between the mat and the testing fixture. The 

observed torque dependence of the CF mat is consistent with the effect of through-thickness 

pressure on the in-plane DC electrical resistivity. 

For materials in general, a decrease in resistivity is typically associated with an increase in 

shielding effectiveness. However, as shown for the CF mat, the decrease in in-plane resistivity 

upon through-thickness compression is associated with a decrease in shielding effectiveness upon 

increase in torque. This correlation further supports the notion that, for the CF mat, the observed 

decrease in shielding effectiveness upon increase in torque is not due to the decrease in in-plane 

volume resistivity, but is due to the improved quality ofthe electrical contact between the specimen 

and the EMI testing fixture. 

The torque dependence of CNF mat means that a minimum torque of 1 N.m is needed to 

cause the mat to make a good electrical contact with the testing fixture. Increase in torque beyond 

this minimum does not enhance further the quality of the electrical contact. The CNF mat is not 

clingy, as expected from the small diameter and consequent non-robustness of the CNFs compared 

to the CFs. 

The torque dependence offlexible graphite means that the electrical contact with the testing 

fixture monotonically improves as the torque increases, such that the quality of the contact does 
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not level off This is attributed to the well-known resiliency (deformability) of the flexible graphite 

sheet in the direction perpendicular to the plane of the sheet. As the torque increases, the flexible 

graphite deforms more, thereby increasing the area of the contact and improving the quality of the 

contact. Flexible graphite is not clingy, due to the extensive deformation of the exfoliated graphite 

during the compaction fabrication of flexible graphite. The surface of the flexible graphite is 

smooth compared to that of CF mat or CNF mat. 

This study shows for the first time the high importance of the quality of the electrical 

contact between the specimen and the EMI shielding testing fixture. The design and testing of an 

EMI shielding material should take into consideration both the electromagnetic behavior of the 

material as well as the quality of the electrical contact between the specimen and the testing fixture 

used. 

6.4 Conclusion 

The quality of the electrical contact between the specimen and the EMI shielding testing 

fixture ( coaxial cable method) greatly affects the measured shielding effectiveness, as shown in 

this study for the pressure contact between carbon materials and the fixture. The CF mat (0.15-

0.42 mm thick) and CNF fiber mat ( 4.4-4.6 mm thick) are similar in the shielding effectiveness 

(68 and 70 dB at 1 GHz, respectively), but the former is much superior in the effectiveness per 

unit thickness (200 and 15 dB/mm at 1 GHz, respectively). The superiority of the CF mat over 

the CNF mat in the effectiveness per unit thickness is attributed to the dinginess of the CF mat 

(resulting from the protrusion of some of the short fibers from the surface of the mat) enabling a 

good electrical contact to be formed, even at zero fastening torque for a mat of small thickness. 

On the other hand, flexible graphite (0.13-0.38 mm thick) is superior to CF mat and CNF mat in 

both the shielding effectiveness (110 dB at 1 GHz) and the shielding effectiveness per unit 
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thickness (560 dB/mm), at least partly due to the resiliency (deformability) of flexible graphite 

promoting the formation of a good electrical contact. 

For the CF mat, the shielding effectiveness decreases monotonically with increasing 

fastening torque, due to the decrease in the degree of fiber protrusion (i.e., the increase in the 

degree of in-plane fiber preferred orientation) as the torque increases. For both CNF mat and 

flexible graphite, the torque enhances the shielding. For the CNF mat, the shielding effectiveness 

increases with torque up to 1 N.m and then levels off. For flexible graphite, the shielding 

effectiveness increases monotonically with increasing torque up to the highest torque (7 N.m) 

studied. 

For all three carbon materials, shielding is dominated by absorption. The reflection loss is 

around 7 dB for all three types of carbon material, whereas the absorption loss reaches 62, 65 

and 100 dB for CF mat, CNF mat and flexible graphite, respectively. The reflection loss per unit 

thickness reaches 32, 1.5 and 61 dB/mm for CF mat, CNF mat and flexible graphite, 

respectively, whereas the absorption loss per unit thickness reaches 165, 14 and 500 dB/mm for 

CF mat, CNF mat and flexible graphite, respectively. 
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Tables 

Table 6.1 EMI behavior of CF mat, CNF mat and flexible graphite at 1 GHz. The values depend 

on the material, thickness and torque. The highest value of each parameter for each material 

obtained in this study is shown. 

CF mat CNF mat* Flexible graphite 
SEr (dB) 68 70 110 
SEA(dB) 62 65 100 
SER(dB) 7.0 6.8 7.7 

SEr/thickness (dB/mm) 200 15 560 
SEA/thickness ( dB/mm) 165 14 500 
SER/thickness ( dB/mm) 32 1.5 61 

*From [9]. 
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Figures 

Fig. 6.1 Optical microscopy photograph of the top view of carbon fiber mat with areal density 34 

g/m2_ 
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Fig. 6.2 (a) Experimental set-up for the coaxial cable method of EMI shielding effectiveness 

testing. (b) Digital-camera photograph of a specimen, which is the carbon fiber mat with areal 

density 12 g/m2
. The fiber protrusion can be observed at the inner rim of the specimen. (c) 

Schematic illustration of the fixture surface with four bolt holes ( 4 .3 mm diameter) that are away 

from the outer rim of the specimen, which is the shaded annular region. All dimensions are in 

mm. 
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CHAPTER 7: Conclusions and impact 

7.1 Conclusions 

7.1.1 Dielectric behavior 

This work provides the first determination of the permittivity of continuous carbon fibers 

in the low frequency regime (specifically 2 kHz). The ratio of the relative permittivity of the 

more graphitic P-100 carbon fiber (4960 ± 662) to that of the less graphitic P-25 carbon fiber 

(3961 ± 450) fiber was found to be 1.3, compared to the corresponding conductivity ratio of 6.7. 

This shows that the defects associated with a low degree of graphitization affect the conduction 

more than polarization. The relative permittivity values mentioned above for the P-100 and P-25 

fibers are high compared to previously reported values of discontinuous carbon materials; 

however, they are low compared to previously reported values of steels, which are more 

conductive than carbon fibers. The high values of the continuous carbon fibers compared to 

discontinuous carbons are attributed to the continuity of the fibers and the consequent relatively 

large distance that the electrons can move during polarization. 

This work provides the first determination of the in-plane permittivity of continuous 

carbon fiber composite in the low-frequency regime. Prior work was at high frequencies in the 

microwave regime. The relative permittivity of the polymer-matrix composite is 2156 ± 509 

and 1640 ± 328 for the longitudinal (fiber) and transverse directions, respectively. The 

corresponding relative permittivity of the fiber (PAN-based) is 4352 ± 510 and 3310 ± 696 for 

the longitudinal and transverse directions, respectively. The longitudinal value for the PAN

based carbon fiber ( 4352 ± 510) is comparable to those obtained for mesophase-pitch-based 

carbon fibers ( 4960 ± 662 and 3960 ± 450 for P-100 and P-25 fibers, respectively). 
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The permittivity anisotropy of the PAN-based carbon fiber composite is 1.3, which is 

much lower than the resistivity anisotropy of 1500, with the DC electrical resistivity being 

0.0072 ± 0.0004 and 10.9 ± 0.9 fl.cm in the longitudinal and transverse directions, respectively. 

The much greater anisotropy in the resistivity compared to that in the permittivity suggests that 

fiber-fiber contacts (interfaces) in the transverse direction hinder conduction more than 

polarization. 

The capacitance-based self-sensing method (NDE) reported here for the first time for 

assessing damage in a continuous carbon fiber polymer-matrix composite nondestructively is 

effective. The testing methods involve measurement of the in-plane capacitance or through

thickness capacitance of a unidirectional composite. The through-thickness capacitance is 

measured using sandwiching electrodes, whereas the in-plane capacitance is measured using 

coplanar electrodes. The in-plane measurement is made with the fibers being either 

perpendicular or parallel to the line joining the two electrodes. 

The through-thickness capacitance increases monotonically with increasing damage. This 

is due to the inflicted damage (through holes located at squares of different sizes and centered at 

the center of the sandwiching electrodes) causing the electric field lines to detour away from the 

sites of damage. Along with the decrease of the fringing electric field with increasing distance 

from the electrodes, this result in an increase in the measured capacitance, which is probably due 

to an increase in the effective area reached by the fringing field. The fractional change in 

capacitance due to damage associated with a particular square, relative to the case of no damage 

being associated with this square, tends to be higher for squares that are farther away from the 

electrodes. The fractional change in through-thickness capacitance for the highest level of 

damage relative to the case of no damage is 3%. 
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The in-plane capacitance decreases monotonically with increasing damage, whether the 

fiber orientation is perpendicular or parallel to the line joining the two coplanar electrodes. The 

perpendicular orientation gives higher damage sensitivity than the parallel orientation, regardless 

of the distance of the defects from the electrodes. The superiority of the perpendicular orientation 

is more significant for damage that is farther away from the electrodes, due to the greater degree 

of current spreading for the perpendicular orientation. The recorded capacitance at the highest 

level of damage relative to the case of no damage gives a fractional capacitance C/C (relative to 

the value without damage) of 0.973 and 0.966 for the parallel and perpendicular orientations, 

respectively. 

In relation to the capacitance-based sensing, the in-plane conductivity controls the current 

spreading, while the high in-plane permittivity contributes to causing the large effect of damage 

on the capacitance. Moreover, the conductivity anisotropy results in the observed dependence of 

the capacitance-based sensing on the fiber orientation in the composite. 

7.1.2 Electromagnetic behavior 

In recognition of the importance of multifunctional structural composites that are 

effective for EMI shielding, this work provides the observation and elucidation of the effect of 

fiber lay-up configuration (unidirectional vs. crossply) on the shielding effectiveness. The 

radiation is an unpolarized plane wave at normal incidence, as is commonly used, with frequency 

1.0 GHz. Due to the electrical conductivity anisotropy (longitudinal-to-transverse conductivity 

ratio= 930), the longitudinal-to-transverse ratio of SEA/thickness is approximately 30. 

Regardless of the fiber lay-up configuration, the shielding is much dominated by absorption, as 

opposed to reflection. The absorption is higher for the crossply composite than the unidirectional 

composite with the same number of laminae. As the thickness increases, SEA/thickness 
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decreases. The ratio ofSEA/thickness for the crossply composite to that for the unidirectional 

composite is approximately 4, which increases slightly with increasing thickness. The ratio of 

SER for the crossply composite to that for the unidirectional composite is approximately 2 when 

the composite thickness is small, as in the case of the two-lamina composites. These ratio values 

are consistent with the electromagnetic theory for unpolarized radiation. Moreover, they support 

the use of multidirectional fibers for rendering high shielding effectiveness to composites. 

This work provides the first explicit report of the linear absorption coefficient a (a 

material property) of materials in the radio frequency regime (0.1-1.5 GHz). Increasing the 

carbon thickness up to 500 µm leads to decrease in a. The rate of decrease in a is diminished as 

the carbon thickness increases up to 100 µm. 

For all three types of carbon material (CF mat, CNF mat and FG), shielding is dominated 

by absorption. The absorption loss per unit thickness reaches 165, 14 and 500 dB/mm, and the 

reflection loss per unit thickness reaches 32, 1.5 and 61 dB/mm for CF mat, CNF mat and FG, 

respectively. The values of a of all three types of carbon studied fall on the same experimental 

curve of a vs. carbon thickness, which indicated that a is negligibly dependent on the carbon 

structure. This is not surprising because of the fact that carbon microstructural dimensions are 

much shorter than the wavelength (30 cm for a frequency of 1 GHz). At 1 GHz, a ranges from 38 

to 940 mm-1, depending on the carbon thickness. However, a is independent of thickness for 

carbon thicknesses larger than the skin depth. 

In the 0.5-1.0 GHz frequency range, carbon fiber mats show an absorption edge, with a 

increasing with increasing frequency. The scientific origin of this edge is presently unclear. 

The quality of the electrical contact between the specimen and EMI shielding testing 

fixture is a neglected area. This work has found that this quality (as affected by the torque for 
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fastening the specimen to the fixture) significantly influences the results of the shielding 

effectiveness testing The SEr decreases with increasing fastening torque for CF mat. For 

example, the CF mat of carbon thickness 0.15 mm gave SEr of 30 and 24 dB, at 0 and 7 N.m 

torque, respectively. This is due to the decrease in the degree of fiber protrusion (i.e., the 

increase in the degree of in-plane fiber preferred orientation) as the torque increases. In contrast, 

for both CNF mat and flexible graphite, the fastening torque enhances the shielding. For 

example, the CNF mat at carbon thickness 4.385 mm gave SEr of 42 and 64 dB for zero and 1 

N.m torque, respectively; flexible graphite of carbon thickness 0.13 mm gave SEr of 41 and 71 

dB at 0 and 7 N.m, respectively.. 

The carbon fiber (CF) mat is superior to the carbon nanofiber (CNF) mat in the shielding 

effectiveness per unit thickness, while the flexible graphite is superior to both the CF mat and the 

CNF mat in the shielding effectiveness per unit thickness. The superiority of CF mat over CNF 

mat is attributed to the dinginess (resulting from the protrusion of some of the short fibers from 

the surface of the mat) of the CF mat enabling a good electrical contact to be formed, even at 

zero fastening torque for a mat of small thickness. The superiority of flexible graphite over the 

CF mat and CNF mat is partly due to the resiliency (deformability) of flexible graphite 

promoting the formation of a good electrical contact. 

7.2 Impact 

7.2.1 Scientific impact 

The dielectric behavior of carbon materials has received much less attention than the 

conduction behavior. This dissertation has advanced the field of the dielectric behavior of carbon 

materials, with the focus on continuous carbon fibers and their polymer-matrix composite 
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materials, which are important for lightweight structures. The dielectric behavior studied is in 

the low frequency regime ( at frequencies that are much below the microwave regime of prior 

work). The low frequency regime (e.g. , 2 kHz in this work) is relevant to the broad range of 

electrical and electrochemical applications that use carbon materials as conductors. The closest 

prior related work is on the dielectric behavior of carbon fiber composites in the radio wave or 

microwave regime, which is relevant to electromagnetic shielding and low observability, but is 

not relevant to the host of electrical and electrochemical applications. 

The advance provided by this dissertation mainly pertains to the determination of the 

relative permittivity (a fundamental material property), the effect of the degree of graphitization 

of the carbon fiber on the permittivity, the permittivity anisotropy of carbon fibers (in 

comparison with the conductivity anisotropy), and the combined use of the dielectric and 

conduction behavior in achieving unprecedented capacitance-based damage sensing of carbon 

fiber polymer-matrix composite. This sensing provides a new nondestructive evaluation method 

for carbon fiber composites. Although this work demonstrates this sensing for carbon fiber 

polymer-matrix composites, the method is likely applicable to carbon fiber carbon-matrix 

composites ( carbon-carbon composites) as well. 

Carbon is a good absorber of electromagnetic radiation. Thus, carbons have been much 

investigated in prior work in relation to the EMI shielding and low observability behavior in the 

radio wave and microwave regime. In particular, much prior work has been reported on this 

behavior of various forms of carbon (particularly the nanostructured forms and hybrid forms). 

Nevertheless, fundamental understanding is inadequate. In particular, attention to continuous 

carbon fiber composites is inadequate, in spite of the importance of these composites in strategic 

lightweight structures. 
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This dissertation has advanced the field of the electromagnetic behavior ( absorption and 

reflection behavior) of carbon materials in the radio wave regime (e.g. , 1 GHz), with emphasis 

on continuous carbon fibers polymer-matrix composites and discontinuous carbon fiber mats. 

New understanding has been obtained in relation to (i) the effect of continuous carbon fiber lay

up configuration (unidirectional vs. crossply) in the polymer-matrix composite on the absorption 

and reflection behavior, (ii) the linear absorption coefficient of carbons and its dependence on 

the carbon thickness and its independence on the carbon microstructure, and (iii) the effect of the 

specimen-fixture electrical contact on the results of EMI effectiveness testing and its dependence 

on the type of carbon material. 

7.2.2 Technological impact 

With the aging of aircraft, NDE of airframe materials is of critical importance. 

Compared to the use of embedded or attached sensors, the use of a structural material to sense its 

own condition (i.e. , self-sensing) is attractive for the low cost, high durability, large sensing 

volume and absence of mechanical property loss. The capacitance-based NDE method first 

reported in this dissertation for carbon fiber composites is expected to be valuable for monitoring 

the structural health of aircraft, satellites and other strategic composite structures. The extension 

of the method to carbon-carbon composites is expected to be valuable for the monitoring of 

missiles, missile launchers, reentry vehicles and aircraft brakes. 

The capacitance-based sensing is more attractive than the previously reported resistance

based sensing in that the electrodes do not need to have an intimate contact with the composite 

structure and that only two electrodes (not four electrodes) are needed. This means that any 

paint on the structure does not need to be removed prior to applying the electrodes. Hence, the 
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electrodes can be moved on the surface of the structure in order to monitor the spatial 

distribution of defects. 

The permittivity in the low-frequency regime is a fundamental material property that 

impacts numerous electrochemical applications (including battery electrodes, current collectors, 

supercapacitor electrodes, electrochemical gas sensor electrodes, electrodes for electric arc 

furnace steel manufacturing, electrodes for gouging, etc.) and electrical applications (including 

carbon brushes, heating elements, susceptors for induction heating, lightning protection 

components, surge protectors, anti-static components, etc.). The permittivity is a property that 

tends to be neglected in the design of devices and components related to the abovementioned 

applications. This neglect is partly because of the inadequate information on the permittivity. 

The permittivity information provided by this dissertation will allow the design of the devices 

and components to be more rigorous and more effective. 

7.3 Future work 

Future work can be performed to advance further the science and applications associated 

with the dielectric and electromagnetic behavior of carbon fibers and their composite materials. 

The extension of this work to various types of carbon fiber (including metal-coated carbon 

fibers) and to various matrices (including polymer, carbon and ceramic matrices) would be 

worthwhile. Application-oriented research in the context of specific electrical and 

electrochemical applications (e.g. , batteries) is also recommended. In addition, investigation of 

the dielectric and electromagnetic behavior over wider frequency ranges is expected to yield 

useful information. 

The capacitance-based damage sensing work can be extended from compressive loading 

to tensile loading and flexural loading, with the electrodes on either tension or compression 
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surface of the composite beam under flexure. Since flexural loading is commonly encountered 

in practice, this extension is a necessary step toward practical implementation of the method. 

An aspect of dielectric behavior is the piezoelectric behavior, which is valuable for the 

conversion of mechanical energy to electrical energy ( as needed for mechanical energy 

harvesting). The investigation of the possible piezoelectric behavior of carbon materials in the 

absence of constituents that are known to be piezoelectric would be a revolutionary direction for 

future work. 

In relation to the electromagnetic behavior in the high-frequency regime, the work related 

to the linear absorption coefficient can be extended to various carbon forms, including 

continuous carbon fiber composites. Furthermore, the work related to the effect of the fiber lay

up configuration of continuous carbon fiber composites can be extended to include the quasi

isotropic and other multidirectional lay-up configurations, with the objective of developing a 

unified theory to explain the effect of the lay-up configuration. The principles for the design of 

carbon fiber composites for shielding can thus be developed and compared to the well

established principles for the design of the composites for mechanical performance. The 

merging of the two sets of principles is expected to be important for the design of multifunctional 

structural composites that are effective for shielding. 
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