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ABSTRACT

Continuous carbon fiber polymer–matrix composites in unprecedented anti-

ferroelectric coupling, as enabled by stacking composites with positive value

(up to 400) and negative value (down to -600) of the electric permittivity,

provide exceptionally high through-thickness permittivity up to 78,000

(B2.0 MHz), corresponding to a capacitance of 370 lF/m2. The high capacitance

is consistent with the equation for negative and positive capacitors in series. The

permittivity tailoring of the composites involves dielectric cellulosic tissue paper

interlaminar interlayers. Negative permittivity (not previously reported for

carbon fiber composites) requires the paper to be wet with tap water (resistivity

1.5 kX cm) during incorporation in the composite, though the water evaporates

and leaves ions at very low concentrations during composite fabrication, and

also requires optimum through-thickness resistivity (e.g., 1 kX cm, as given by

paper thickness 35 lm); it is probably due to interactions between the functional

groups on the carbon fiber surface and the residual ions (mainly chloride) left

after tap water evaporation.

Introduction

Electric permittivity refers to the dielectric polariza-

tion behavior, as described by the relative dielectric

constant (i.e., the relative permittivity). The permit-

tivity is normally positive (Fig. 1a), but negative

permittivity (Fig. 1b) has been reported in special

cases. For example, negative permittivity has been

reported in graphene with magnetic nanoparticles

[1], multiwalled carbon nanotube polyaniline–matrix

composites [2], Fe3O4 polyaniline–matrix composites

[3], nickel–alumina meta-composites [4], perovskite

La1-xSrxMnO3 [5], copper yttrium-iron-garnet hybrid

polyphenylene-sulfide-matrix composites [6], and

other materials. Optical, electromagnetic, and mag-

netic applications are relevant.

Address correspondence to E-mail: ddlchung@buffalo.edu

DOI 10.1007/s10853-016-9979-3

J Mater Sci (2016) 51:6913–6932

http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-9979-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-9979-3&amp;domain=pdf


Continuous carbon fiber polymer–matrix compos-

ites are lightweight structural materials. Their multi-

functionality is attractive for smart structures.

Functions that have been reported include strain/

stress sensing [7], structural health monitoring [8],

electric power generation [9, 10], energy storage [11–

20], heat dissipation [21], deicing [22], and vibration

damping [23]. The attainment of multifunctionality

without the embedment or attachment of devices (e.g.,

strain gages) is particularly attractive. Compared to

the use of devices, it gives lower cost, higher durabil-

ity, and the absence of mechanical property loss.

Energy storage is needed for electric vehicles and

self-powered structures. It was first reported in con-

tinuous carbon fiber polymer–matrix composites in

the through-thickness direction in 2001 by Luo and

Chung [11], who reported that the composite with

writing paper at the interlaminar interface is a

dielectric capacitor in the through-thickness direction

with a capacitance of about 1 lF/m2. The through-

thickness direction is the direction perpendicular to

the fibers, which are oriented two dimensionally. Due

to the electrical conductivity of the carbon fibers and

the non-conductivity of the polymer matrix, this

direction provides a configuration that is akin to that

of a parallel-plate capacitor.

The effect reported by Luo and Chung [11] was

later reported by Carlson et al. [12, 13], who reported

in 2013 a capacitance of 450 nF/m2. Other workers

reported the use of carbon fibers to make superca-

pacitors [14–16] and batteries [17–20]. A dielectric

capacitor requires a dielectric material sandwiched

by conductive materials. Compared to supercapaci-

tors and batteries, which require electrodes and

electrolytes, dielectric capacitors are attractive for

their structural simplicity and high-frequency capa-

bility. The structural simplicity results in relatively

low tendency for the capacitor structure to degrade

the mechanical properties of the structural composite.

In order to avoid loss in mechanical properties, the

fiber volume fraction must remain high. The activa-

tion of the fibers, as conducted to increase the fiber

surface area [15, 16], tends to degrade the mechanical

properties of the fibers.

This paper addresses continuous carbon fiber

epoxy–matrix composites that are themselves

dielectric capacitors. In contrast to the prior work

[11–13], which reports only positive permittivity, this

paper reports both positive and negative permittivity,

as exhibited by differently formulated composites.

Negative permittivity has not been previously

reported in carbon fiber composites. Furthermore,

this paper reports permittivity values that are much

higher in magnitude than prior work.

The permittivity of continuous carbon fiber poly-

mer–matrix composites has been studied by numer-

ous workers at radio wave and microwave

frequencies due to the relevance to electromagnetic

interference shielding and radar radiation absorption

[24–36]. The permittivity reported is all positive.

It is well-known that capacitors can be connected in

series or in parallel. In the case of series connection,

the capacitance C of the series combination is given

by the equation

1=C ¼ 1=C1 þ 1=C2; ð1Þ

where C1 and C2 are the capacitances of the two

capacitors involved. In terms of the relative dielectric

constant, Eq. (1) becomes

1=j ¼ v1=j1 þ v2=j2; ð2Þ

where j, j1, and j2 are the values of the relative

dielectric constant of the series combination, capaci-

tor 1 and capacitor 2 respectively, and v1 and v2 are

the volume fractions of capacitors 1 and 2, respec-

tively. However, Eq. (1) and (2) have not been pre-

viously applied to the case of C1 and C2 being

opposite in sign (i.e., j1 and j2 being opposite in

sign), although antiferroelectric ceramics with high

values of the relative dielectric constant have been

previously reported [37–42]. This paper shows for the

first time that Eqs. (1) and (2) are applicable to this

case. As a consequence of Eq. (1), C is infinity when

C1 and C2 are opposite in sign but equal in
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Figure 1 Illustration of a positive permittivity, b negative per-

mittivity, and c positive and negative permittivity components in

series electrically. An electric dipole is indicated by ? and -,

each inside a circle, that are connected by a vertical line.

The ? and - signs without encasing circles indicate the applied

voltage polarity.
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magnitude. Indeed, by studying a positive permit-

tivity composite and a negative permittivity com-

posite that are stacked (hence in series) (Fig. 1c), this

paper shows that, when C1 and C2 are opposite in

sign but similar (not exactly equal) in magnitude, the

series capacitance per unit geometric area is as high

as 370 lF/m2. As a consequence of Eq. (2), under the

condition that v1/j1 and v2/j2 are equal in magnitude

but opposite in sign, 1/j is zero, which means that j
is infinity. In this paper, v1/j1 and v2/j2 are opposite

in sign but similar (not exactly equal) in magnitude,

and the resulting series j is as high as 78,000. The

series capacitance or permittivity thus obtained can

be exceptional high in magnitude.

This paper is directed at (i) investigating continu-

ous carbon fiber polymer–matrix composites in

unprecedented antiferroelectric coupling, (ii) pro-

viding carbon fiber polymer–matrix structural com-

posites that exhibit tailored positive and negative

permittivities of high magnitudes in the through-

thickness direction, (iii) investigating the permittivity

of stacked composites with positive and negative

permittivities, and (iv) advancing the field of struc-

tural capacitors with the ultimate technological goal

of large-scale electrical energy storage in structures.

Negative permittivity in combination with nega-

tive permeability is attractive for special optical

effects such as cloaking that results from negative

values of the refractive index. This behavior has been

observed in metamaterials [43], which are to be dis-

tinguished from monolithic materials. Furthermore,

prior work on negative permittivity/permeability

materials emphasizes electromagnetic radiation in

the radio wave and microwave regimes. This paper

concerns monolithic materials at lower frequencies

(from 100 kHz to 2.0 MHz). It addresses the permit-

tivity, but does not address the permeability. Nega-

tive permeability would require additional tailoring

of the composite that is beyond the scope of this

work.

Experimental methods

Materials

The composites are carbon fiber epoxy–matrix com-

posite laminates. The fibers are Pyrofil TR50S1 15 K

unsized PAN-based carbon fibers, with 15,000 fila-

ments in a tow, filament diameter 7 lm, density

1.82 g/cm3, elastic modulus 240 GPa, tensile strength

4900 MPa, elongation at break 2 %, Poisson’s ratio

0.285, and coefficient of thermal expansion 0.5 9

10-6 K-1. The epoxy is a toughened epoxy resin

system (TC275), with curing temperature 177 �C
(0.1 MPa and 120 min) and density 1.15 g/cm3. The

resin and the carbon fibers are together in the form of

prepreg sheets with areal mass 150 ± 5 g/m2 and

resin content (34 ± 2)% (Tencate Advanced Com-

posites, Morgan Hill, CA). The carbon fibers are

unidirectional in each lamina, such that the laminae

are stacked in the crossply configuration. The number

of laminae range from 3 to 11 laminae. At least three

thicknesses (corresponding to three different num-

bers of laminae) are tested for each type of laminate.

The composite contains a soft tissue paper sheet at

every interlaminar space. The paper is non-conduc-

tive. Three thicknesses (25, 35, and 60 lm) are used.

The thickness of 60 lm corresponds to single-ply

tissue paper. The thicknesses of 25 and 35 lm corre-

spond to Tosa TENGU chlorine-free Japanese tissue

paper,2 as made from the cellulose fibers of the kozo

plant (paper mulberry). The latter paper has thick-

ness (prior to incorporation in the composite) 35 lm,

unless noted otherwise. Its mass is 9.0 g/m2. Its

density (including the air in the paper) is 0.242 g/

cm3. With the density of the cellulose fiber in the

paper taken as 1.50 g/cm3 [44], the volume fraction

of cellulose fiber in the paper is 16 %. During the

paper production, the raw materials (Kozo) are trea-

ted with sodium carbonate (approximately 18 wt%

relative to the raw materials) in order to remove the

binding substances such as pectin and lignin from the

fibers.

Table 1 shows that the resistivity is higher for

deionized water (8.0 kX cm at 1.0 MHz) than tap

water (1.5 kX cm at 1.0 MHz), while the relative

dielectric constant is similar (70 at 1.0 MHz) for

deionized water and tap water. The value of 70 is the

same as the value previously reported for water at

1 kHz [45]. The difference in resistivity is consistent

with the notion that ions that exist in the tap water

contribute to electrical conduction. However, the

1 http://www.fibermaxcomposites.com/shop/datasheets/
TR50S_15K_03_2010.pdf, as viewed on May 25, 2015.

2 http://en.wikipedia.org/wiki/Japanese_tissue, as viewed
on May 22, 2015; http://japanese-paper.hidakawashi.com/
paper-TENGU/index.html, as viewed on May 22, 2015;
https://hiromipaper.wordpress.com/category/about-washi/, as
viewed on May 22, 2015.
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relatively large error in the relative dielectric constant

makes the difference, if any, in relative dielectric

constant between tap water and deionized water. The

main contaminants in the tap water are chloride

(20 mg/L, or 0.002 wt% chloride), fluoride (0.96 mg/

L), and nitrate (0.06 mg/L) and the average pH of the

tap water is 7.84, according to the Erie County Water

Authority that supplies the tap water.3 Unless stated

otherwise, the water used in this work is tap water.

X-ray spectroscopic elemental analysis (in conjunc-

tion with scanning electron microscopy) shows that

the tap water contains calcium and silicon (with cal-

cium being twice as abundant as silicon in atomic

scale rather than mass scale), which are absent in

deionized water.

The tissue paper is allowed to contain different

amounts of either tap or deionized water. For each

type of paper, the water content is controlled at up to

four levels, which are referred to as the dried, as-

received, wet, and extra wet states, as listed in the

order of increasing wetness. The dried state is

obtained by drying the as-received paper at 110 �C
for 1.0 h, such that the dried paper is used immedi-

ately after the period of drying. The wet state is

obtained by exposing the dried paper to the moisture

above the water that is contained in a closed glass

container for 20 h, such that the wet paper is used

immediately after removal from the moisture con-

tainer. The extra wet state is obtained by immersion

in water, followed by removal from the water and

partial drying at room temperature for a controlled

time, which is chosen to provide the water content

desired, i.e., 50 % increase in weight relative to the

dried state. For the 35-lm-thick paper, the weight

increase is (20 ± 2)% for the wet state relative to the

dried state, and (5.5 ± 1.1)% for the as-received state

relative to the dried state; this means that the weight

increase is (15 ± 1)% for the wet state relative to the

as-received state. For the 25-lm-thick paper, the

weight increase is (20 ± 3)% for the wet state relative

to the dried state and is (4.5 ± 1.5)% for the as-re-

ceived state relative to the dried state; this means that

the weight increase is (16 ± 2)% for the wet state

relative to the as-received state. For the 60-lm-thick

paper, the weight increase is (25 ± 2)% for the wet

state relative to the dried state and is (3.0 ± 0.8)% for

the as-received state relative to the dried state; this

means that the weight increase is (21 ± 2)% for the

wet state relative to the as-received state.

In order to investigate the origin of the results

obtained for the laminates with the paper interlayers,

the interlayer material (paper impregnated with

epoxy) in the absence of carbon fibers is also studied.

The resin used for the interlayer materials is EPON

Resin 8134 with EPICURE 3234 curing agent.5 Both

from Hexion, such that the ratio of resin to curing

agent is 100:13 by mass. The epoxy resin (with curing

agent) in the amount of 0.1 g (as controlled by using a

pipette) was introduced to each of the two sides of a

single sheet of the paper (25.4 9 25.4 mm, i.e.,

1.0 9 1.0 in). The desired number of sheets are then

stacked and then placed between PTFE sheets, fol-

lowed by curing of the resin by hot pressing at 100 �C
and 0.1 MPa for 1.0 h. The curing conditions are as

recommended by the manufacturer. Excessive epoxy

resin was squeezed out during the curing.

Each type of paper is tested (i) in the absence of

epoxy or carbon fiber (with different thicknesses

provided by simply stacking of different numbers of

sheets of the paper), (ii) in the presence of epoxy

(type TC2756 with density 1.15 g/cm3), but no carbon

fiber (with different thicknesses provided by stacking

different numbers of the epoxy-impregnated paper

sheets prior to the curing of the epoxy), and (iii) in the

presence of carbon fiber–epoxy prepreg (with differ-

ent thicknesses provided by stacking different num-

bers of prepreg sheets prior to the curing of the

epoxy). For the paper with the carbon fiber–epoxy

prepreg, the paper is incorporated in the crossply

prepreg stack, being positioned at every interlaminar

interface, prior to consolidation and curing at 177 �C
and 0.1 MPa for 120 min. Thus, a 3-lamina composite

[0/90/0] has 2 sheets of paper; a 5-lamina composite

[0/90/0/90/0] has 4 sheets of paper; a 7-lamina

composite [0/90/0/90/0/90/0] has 6 sheets of paper.

Relative dielectric constant measurement

The relative dielectric constant (the real part of the

relative permittivity) is obtained by measuring the

capacitance of the specimen between copper plate

3 https://www.ecwa.org/wqreport.pdf, as viewed on May 22,
2015.

4 https://www.hexion.com/Products/TechnicalDataSheet.
aspx?id=2759, as viewed on May 22, 2015.
5 http://www.miller-stephenson.com/assets/1/Store%20Item/
curing%20agents.pdf, as viewed on May 22, 2015.
6 http://www.tencate.com/emea/Images/TC275-1_DS_101113_
Web28-24442.pdf, as viewed on May 22, 2015.
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electrodes (5.0 mm thick), such that there is an elec-

trically insulating Teflon sheet positioned between

the specimen and each copper electrode. A pressure

of 15 kPa is applied to the stack in the direction

perpendicular to the plane of the stack. Both speci-

men and electrodes are square, with dimensions

25.4 9 25.4 mm. The capacitance is measured using a

precision RLC meter (QuadTech Model 7600), with

the electric field across the thickness of the specimen

fixed at 3.2 V/cm. The frequencies include 100 kHz,

500 kHz, 1.0 MHz, and 2.0 MHz.

For each type of material tested, specimens at C3

thicknesses are tested. The measured capacitance Cm

is for the specimen with inclusion of the effect of the

two interfaces between the specimen and the two

contacts. The two interfaces and the specimen are in

series electrically. Hence,

1=Cm ¼ 2=Ci þ 1=Cv; ð3Þ

where Ci is the capacitance due to a specimen-contact

interface, Cv = l/(e0jA) is the volumetric capacitance

due to the specimen, e0 is the permittivity of free

space (8.85 9 10-12 F/m), j is the relative dielectric

constant of the specimen, A is the contact area, which

is the same as the specimen area (25.4 9 25.4 mm),

and l is the thickness of the specimen. Ci should be

high in order for it to have little influence.

According to Eq. (3), 1/Cm is plotted against l, as

illustrated in Fig. 2a. The value of Ci is obtained from

the intercept of 2/Ci at the 1/Cm axis at l = 0, and the

value of j is obtained from the slope, which is equal

to 1/(e0jA). The slope equals 1/(e0jA), where j is the

relative dielectric constant, A is the area, and e0 is the
permittivity of free space. This method involving

multiple thicknesses allows decoupling of the volu-

metric and interfacial capacitances [45]. It is in con-

trast to the conventional method, which involves the

testing of a single thickness and considers the mea-

sured sum of the volumetric and interfacial capaci-

tances to be the specimen capacitance.

All prior work (other than the recent work by

Chung et al. on electrochemical electrodes [45–47])

did not conduct the abovementioned decoupling. In

particular, impedance spectroscopy, which measures

the impedance as a function of frequency, does not

allow this decoupling. Furthermore, the use of an

equivalent electrical circuit to analyze the Nyquist

plot obtained by impedance spectroscopy for the

purpose of determining the resistance and capaci-

tance does not give a direct measurement of the

resistance and capacitance and the results of the

analysis are dependent on the circuit model chosen.

The negative permittivity reported here is based on

the negative slope of the plot of the inverse of the

measured capacitance versus the specimen thickness.

It is not based on the testing of one thickness, which

is what prior work entails. It is also not based on a

single permittivity or capacitance value that is read

from a meter. Therefore, the negative permittivity

reported here is well supported experimentally.

The method used in this paper is very classical,

involving a parallel-plate capacitor configuration.

(a) (b)

Figure 2 Schematic plots. In the horizontal axis, l is the thickness

of the specimen. a Plot of 1/Cm versus l, for the determination of

Ci and j based on Eq. (3), where Ci is the capacitance of a

specimen-contact interface and j is the relative dielectric constant

of the specimen. The slope equals 1/(e0jA). The intercept on the

vertical axis equals 2/Ci. b Plot of Rm versus l for the

determination of Ri and Rs based on Eq. (3). The slope equals

the specimen resistance Rs per unit thickness. The intercept on the

vertical axis equals two times the resistance Ri of the specimen-

contact interface.
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However, this paper pushes this classical method a

step further by measuring at three specimen thick-

nesses, so that the volumetric and interfacial contri-

butions to the measured resistance get decoupled.

The relative dielectric constant determination for

water [45] involves (i) measurement of the values of

the relative dielectric constant of dry paper towel and

the paper towel that has been soaked with the water,

and (ii) determination of the volume fraction of air in

the dry paper towel by measuring the bulk density of

the dry towel and the true density (density of the

solid part) of the dry towel. The capacitance Cm is

measured for stacks of dry/wet paper towel con-

sisting of one, two, and three pieces of the paper

towel. From the slope of the plot of 1/Cm versus

thickness, the relative dielectric constant of the dry/

wet towel is obtained. By using the volume fraction

of water in the towel, the Rule of Mixtures, and the

relative dielectric constant of the solid part of the

paper towel (as deduced from that of the dry towel),

the relative dielectric constant of the water is

obtained.

Electrical resistivity measurement

The AC resistance is measured in the absence of an

insulating film between the specimen and the copper

contact. Other than this absence, the configuration is

the same as that for relative dielectric constant mea-

surement (‘‘Relative dielectric constant measure-

ment’’ section). The same RLC meter, AC voltage and

frequencies are used.

The measured resistance Rm between the two

copper contacts that sandwich the specimen includes

the volume resistance Rs of the specimen and the

resistance Ri of each of the two interfaces between the

specimen and a copper contact, i.e.,

Rm ¼ Rs þ 2Ri: ð4Þ

By measuring Rm at three specimen thicknesses, the

curve of Rm versus thickness l is obtained (Fig. 2b).

The intercept of this curve with the vertical axis

equals 2Ri, whereas the slope of this curve equals Rs/

l, where Rs is the specimen resistance for the speci-

men thickness of l. The specimen resistivity is

obtained by multiplying Rs/l by the specimen area

A. This method involving multiple thicknesses allows

decoupling of the volumetric and interfacial capaci-

tances [45].

The resistivity determination for water [45]

involves measurement of the values of the volume

resistivity of the dry paper towel and the paper towel

that has been soaked with water. The resistance Rm is

measured for stacks of dry/wet paper towel con-

sisting of one, two, and three pieces of the paper

towel. From the slope of the plot of Rm versus

thickness, the volume resistivity of the dry/wet towel

is obtained. The resistivity of the liquid in the towel is

calculated from that of the wet towel based on the

Rule of Mixtures.

Results and discussion

Material architecture

The wet paper and extra wet paper mentioned in this

section involve tap water. However, the material

architecture is similar for tap water and deionized

water.

First, consider the case of the standalone paper

(without epoxy or carbon fiber). The relative dielec-

tric constant of the dried 35-lm paper (with inclusion

of the air in the paper) is 1.34 ± 0.04, 1.37 ± 0.03,

1.37 ± 0.03, and 1.39 ± 0.00 at 100 kHz, 500 kHz,

1.0 MHz, and 2.0 MHz, respectively (Table 1). With

the standalone paper consisting of 16.1 vol. % cellu-

lose fibers and 83.9 vol% air (based on the measured

paper density), the relative dielectric constant of the

cellulose fibers in the paper is found to be

3.11 ± 0.25, 3.29 ± 0.19, 3.29 ± 0.19, and 3.42 ± 0.00

at 100 kHz, 500 kHz, 1.0 MHz, and 2.0 MHz,

respectively, as calculated based on the Rule of

Mixtures for components in parallel.

Next, consider the paper interlayer inside the car-

bon fiber composite. The interlayer consists of the

paper, epoxy, and air. Its volume I is given by

I ¼ Pþ Eþ A; ð5Þ

where A, E, and P are the volume of the air, epoxy,

and paper (excluding air) respectively. Let va be the

volume fraction of air in the paper interlayer (which

is inside the carbon fiber composite). Based on

Eq. (5),

va ¼
A

I
¼ A

Pþ Eþ A
: ð6Þ

Image analysis of four carbon fiber composite

cross-sectional optical micrographs (at 109
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magnification) is conducted for each level of wetness

in order to determine the fraction of the interlayer

area that is occupied by air voids, which appear

as *30-lm gray patches in each micrograph, such

that the void size is comparable to the interlayer

thickness. Figure 3 shows one of the four micro-

graphs for each level of wetness. Based on the image

analysis, va is determined (Table 2). The size of the air

voids in the through-thickness direction is equal to

the interlayer thickness for all the wetness levels,

though the abundance of air voids increases with

increasing wetness level.

The volume of the paper interlayer I in the carbon

fiber composite is given by

Figure 3 Cross-sectional

optical microscope

photographs of the

mechanically polished edge

(plane containing the through-

thickness direction). a Dried,

b as received, c wet, d extra

wet.

Table 2 Interlayer material information

Paper wetness

degree

Standalone paper interlayera Paper interlayer in fiber composite

Thickness/layer

(lm)

Density

(g/cm3)

Thickness

t (lm)

Densityb

(g/cm3)

va ve vp

Dried 34.7 1.10 28.6 ± 1.3 1.34 ± 0.06 0.227 ± 0.016 0.563 ± 0.006 0.210 ± 0.010

As received 35.0 1.09 28.5 ± 1.6 1.34 ± 0.07 0.301 ± 0.051 0.488 ± 0.039 0.211 ± 0.012

Wet 35.3 1.07 28.2 ± 1.6 1.34 ± 0.07 0.491 ± 0.026 0.296 ± 0.013 0.213 ± 0.012

Extra wet 35.5 1.06 28.3 ± 1.4 1.33 ± 0.07 0.615 ± 0.016 0.173 ± 0.005 0.212 ± 0.011

Extra wetc 35.0 1.05 28.4 ± 1.9 1.31 ± 0.09 0.587 ± 0.053 0.201 ± 0.039 0.212 ± 0.014

The paper thickness prior to incorporation in the carbon fiber composite is 35 lm. The water is tap water, unless noted otherwise. The

volume fractions are relative to the volume of the paper interlayer when the interlayer is in the carbon fiber composite
a Not as a part of the carbon fiber composite
b Calculated from the measured density of the paper interlayer material by scaling in accordance with the measured thickness, which is

smaller for the interlayer inside the fiber composite than the standalone paper interlayer
c Deionized water
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I ¼ tilw; ð7Þ

where ti, l, and w are the thickness, length, and width

of the paper interlayer in the carbon fiber composite.

The volume of the paper (excluding air) in the

paper interlayer (inside the composite) is given by

P ¼ lwtpapa
ap

; ð8Þ

where tp is the thickness of the paper prior to incor-

poration in the carbon fiber composite (typically

35 lm in this work), apa is the density of the stan-

dalone paper (including air), with apa = 0.257 g/cm3

(as measured in this work), and ap is the density of

the standalone paper (excluding the air), with

ap = 1.50 g/cm3 [44]. In the right side of Eq. (8), the

numerator is the mass of the cellulose fibers in the

paper.

The volume fraction ve of the epoxy in the paper

interlayer (inside the carbon fiber composite), based

on Eq. (5), is given by

ve ¼
E

I
¼ E

Pþ Eþ A
ð9Þ

and is calculated using Eq. (9) based on the values of

E, P, and A determined by image analysis. The vol-

ume fraction vp of the paper (excluding the air) in the

paper interlayer (inside the carbon fiber composite),

based on Eq. (5), is given by

vp ¼
P

I
¼ P

Pþ Eþ A
ð10Þ

and is calculated using Eq. (10) based on the values

of P (from Eq. 8), E, and A.

Table 2 shows that the density and thickness of the

paper interlayer, whether standalone or as a part of

the carbon composite, is essentially independent of

the degree of wetness. This supports the expected

occurrence of water evaporation during the 177 �C
curing of the composite. The thickness of the paper

interlayer in the carbon fiber composite is smaller

than that of the standalone paper. This is attributed to

the consolidation during the hot pressing in the car-

bon fiber composite fabrication.

As shown in Table 2, the volume fraction vp of the

paper (excluding the air) is essentially independent

of the degree of wetness, but the volume fraction va of

the air increases and the volume fraction ve of the

epoxy decreases with increasing degree of wetness.

The volume fraction vp of the paper (excluding the

air) is lower than or comparable to the volume

fraction va of the air for all of the degrees of wetness.

In addition, vp is lower than or comparable to va for

all of the degrees of wetness. In particular, the paper

is the most minor constituent for all degrees of wet-

ness other than the extra wet case. The epoxy is the

most major constituent for the dried and as-received

cases, but the air is the most major constituent for the

wet and extra wet cases.

Table 3 shows the material architectural informa-

tion for the carbon fiber epoxy–matrix composites

with and without interlayer. The constituent volume

fractions are based on cross-sectional optical micro-

scopic examination, in addition to calculation

involving the Rule of Mixtures for the composite

density. The carbon fiber volume fraction is reduced

slightly by the presence of the interlayer, such that it

is slightly lower for the 35-lm paper interlayer than

the 25-lm interlayer, as expected. The cellulose fiber

volume fraction (the cellulose fiber being in the

paper) is higher for the 35-lm interlayer than the

25-lm paper interlayer, as expected. The air volume

fraction is also higher for the 35-lm interlayer than

the 35-lm paper interlayer, such that it is higher for

the extra wet case than the dried case for the same

thickness of paper, as expected from the fact that the

air is associated with the interlayer. The epoxy vol-

ume fraction is reduced by the presence of the

interlayer, such that it is lower for the extra wet case

than the dried case for the same thickness of paper, as

expected from the fact that the air volume fraction is

higher for the extra wet case than the dried case.

Positive and negative permittivity behavior

Using tap water

The wet paper and extra wet paper mentioned in this

section involve tap water. As shown in Table 1, the

relative dielectric constant is positive and small for

the standalone paper of all thicknesses and wetness

levels and at any of the frequencies (without epoxy or

carbon fiber). Except for the extra wet case, the values

are all below 1.4 and essentially do not depend on the

degree of wetness. For the extra wet case, the relative

dielectric constant is much higher, reaching 16 at

1.0 MHz. The linearity of the plot of the reciprocal of

the measured capacitance versus the thickness is

excellent in all cases (Fig. 4).

The paper interlayer material (paper with epoxy,

not as a part of the carbon fiber composite) exhibits
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positive values of the relative dielectric constant, such

that the values are higher than those of the corre-

sponding standalone paper (without epoxy)

(Table 1). This means that the epoxy contributes to

the permittivity, such that it causes the permittivity to

be more positive.

The carbon fiber composite with paper interlayer

exhibits positive or negative values of the relative

dielectric constant, such that the magnitude is much

higher than that of the corresponding paper inter-

layer material (with epoxy, but without carbon fiber)

or the corresponding standalone paper. The linearity

of the plot of 1/Cm versus thickness is excellent for

almost all cases (Figs. 4, 5). Linearity means that the

contribution of the interlaminar interfaces to 1/Cm is

negligible compared to the contribution of the lami-

nae to 1/Cm, as explained in ‘‘Negligible contribution

of the interlaminar interface to the dielectric or con-

duction behavior’’ section. The cases of poor linearity

are at least partly due to the contribution of the

interlaminar interfaces to 1/Cm being not negligible

compared to the contribution of the laminae to 1/Cm.

For carbon fiber composites with the 35-lm paper,

the relative dielectric constant is positive for the dried

state and is negative for the as-received, wet, and

extra wet states, such that the value becomes more

negative as the degree of wetness increases (Table 1).

This trend is observed at any of the frequencies. For

the extra wet state, the relative dielectric constant is

as negative as -600; for the wet state, it is as negative

as -200; for the as-received state, the value is -100.

This indicates that the wetness promotes the negative

permittivity. Since the paper interlayer material (with

epoxy, not as a part of the carbon fiber composite)

does not give negative permittivity, the origin of the

negative permittivity involves the carbon fibers,

probably the functional groups (e.g., hydroxyl, car-

bonyl, and carboxylic groups [48]) on the surface of

the carbon fibers. Such an effect of the surface func-

tional groups has been shown for various carbon

materials [45, 46]. The wetness promotes this effect,

probably due to the interaction of residual adsorbed

ionic species with the functional groups. As shown in

Table 1, negative permittivity is found in five differ-

ent types of composite. The magnitude of the relative

dielectric constant tends to decrease with increasing

frequency, as expected.

For the carbon fiber composites with the 25-lm
paper, the relative dielectric constant is negative for

the as-received and dried states, but is positive

(though not very clear due to the inadequate linearity

of the plot of 1/Cm versus thickness) for the wet state.

For the as-received state, the relative dielectric con-

stant is -260, with good linearity (Fig. 4). For the

dried state, the value is not as clear, due to the

inadequate linearity. Compared to the composites

with the 35-lm paper, the linearity tends to be not as

good and the values of the relative dielectric constant

tend to be not as accurate.

For the composites with the 60-lm paper, the rel-

ative dielectric constant is positive for both wetness

levels, and the linearity is good (Fig. 4 for the as-

received state). It appears that negative permittivity

cannot occur when the interlaminar interface thick-

ness is too large (60-lm paper). The intermediate

thickness given by the 35-lm paper appears to be

optimum for giving negative permittivity.

The most positive permittivity, with the relative

dielectric constant up to 400, is exhibited by the

composite with 35-lm dried paper. The cellulose

fibers in the paper have relative dielectric constant 3

only (‘‘Material architecture’’ section). The value of

Table 3 Carbon fiber composite architecture

Interlayer Density (g/cm3) Volume fraction

Carbon fiber Epoxy Cellulose fiber Air

None 1.538 ± 0.010 0.564 ± 0.015 0.436 ± 0.015 – –

Dried 25 lm 1.535 ± 0.005 0.518 ± 0.014 0.432 ± 0.065 0.021 ± 0.002 0.028 ± 0.011

Extra wet 25 lm 1.536 ± 0.007 0.523 ± 0.014 0.408 ± 0.085 0.021 ± 0.002 0.047 ± 0.017

Dried 35 lm 1.514 ± 0.017 0.489 ± 0.012 0.420 ± 0.108 0.035 ± 0.001 0.056 ± 0.020

Extra wet 35 lm 1.488 ± 0.011 0.491 ± 0.013 0.373 ± 0.155 0.035 ± 0.001 0.101 ± 0.027

The composite density and the volume fractions of carbon fiber, epoxy, cellulose fiber, and air in carbon fiber epoxy–matrix composites

with various interlayers are shown. The water is tap water. In contrast to Table 2, the volume fractions are relative to the volume of the

carbon fiber composite
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400 is much more positive than the most positive

value (20 [11]) previously reported for a carbon fiber

composite, which is one with barium titanate parti-

cles as the interlayer. At 2 MHz, the relative dielectric

constant of a carbon fiber composite with barium

titanate particles as the interlayer is 19.8 [11], com-

pared to the value of 149 at the same frequency for

the composite of this work with 35-lm-dried paper.

Barium titanate is well-known for its high positive

value of the relative dielectric constant (e.g., 4300

[49]). In the absence of carbon fiber or epoxy, the

values are less positive. Thus, the high positive val-

ues of up to 400 are probably due to the interaction

between the functional groups on the carbon fiber

surface and some residual ions in the dried paper

after the tap water has evaporated. The quantity of
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Figure 4 Plot of 1/Cm (2.0 MHz) versus the specimen thickness.

The plot is in accordance with Eq. (3). a Standalone dried 35-lm-

thick paper. b Standalone wet 35-lm-thick paper. c Standalone

dried 25-lm-thick paper. d Standalone wet 25-lm-thick paper

alone. e Paper interlayer material (with epoxy but without carbon

fiber) in the dried state for the paper. f Paper interlayer material

(with epoxy but without carbon fiber) in the wet state for the

paper. The three thicknesses of paper interlayer material corre-

spond to stacks of 2, 3, and 4 sheets of paper of thickness 35 lm;

the thickness of the stack with 3 sheets is consistently much

greater than that of the stack with 2 sheets for the wet case.

g Carbon fiber composite with the extra wet 35-lm-thick paper.

h Carbon fiber composite with the wet 35-lm-thick paper.

i Carbon fiber composite with the as-received 35-lm-thick paper.

j Carbon fiber composite with the dried 35-lm-thick paper.

k Carbon fiber composite with the as-received 25-lm-thick paper.

l Carbon fiber composite with the as-received 60-lm-thick paper.
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the residual ions is likely smaller for the dried paper

than the wet or extra wet paper, even though the wet

or extra wet paper has been effectively dried during

the hot pressing in composite fabrication. Due to the

dryness, no liquid electrolyte is present and the

capacitor associated with the permittivity is thus not

electrochemical in nature. In order for the permit-

tivity to be negative, the interaction probably needs to

be strong enough, as provided by a larger quantity of

residual ions.

Using deionized water

The extra wet paper used in this section for the car-

bon fiber epoxy–matrix composite involves deionized

water. The relative dielectric constant of the carbon

fiber composite (Table 1) is positive at all frequencies,

with values 50 ± 53, 72 ± 45, 170 ± 38, and

113 ± 296 at 100 kHz, 500 kHz, 1.0 MHz, and

2.0 MHz, respectively. This means that the negative

values obtained in ‘‘Using tap water’’ section using

tap water stem from the residual ions that remain

after the evaporation of the tap water.

Using deionized water with dissolved ions

The use of deionized water with intentionally dis-

solved sodium carbonate (0.01 wt% aqueous solu-

tion), the resulting carbon fiber epoxy–matrix

composite exhibits positive permittivity. However,

the use of water with intentionally dissolved sodium

chloride (0.01 wt% aqueous solution) or nickel sulfate

hexahydrate (0.05 and 4.5 wt% aqueous solutions)

gives carbon fiber composites with very large data

scatter of the permittivity, so that even the sign of the

permittivity is unclear.

The dominant ions in the tap water are associated

with chloride at 0.002 wt%, which is much lower in

concentration than the abovementioned intentionally

dissolved ions. Thus, a very low ionic concentration

seems to be necessary for the occurrence of negative

permittivity. Further work is needed to determine the

requirements regarding the type and concentration of

the ions.

Electrical resistivity of positive and negative
permittivity materials

As shown in Table 1, for the standalone 35-lm paper,

the trend of the resistivity decreasing with increasing

wetness applies to the lowest frequency of 100 kHz

when the extra wet case is excluded. For the extra wet

case, the resistivity is much higher than the wet case

for any of the frequencies. This means that a high

proportion of water (as in the extra wet case) is

detrimental to the conduction at any of the frequen-

cies, whereas a low proportion of water (as in the wet

and as-received cases) helps the conduction. This

suggests that the cellulose fiber in the paper con-

tributes significantly to conduction by electronic

conduction, which is hindered when a large amount

of water present decreases the continuity of the

electronic conduction path provided by the cellulose

fiber. On the other hand, when an intermediate

amount of water is present (as in the wet and as-

received cases), the water is not enough to affect the

continuity of the electronic conduction path provided

by the cellulose fiber, while it provides an ionic
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Figure 5 Plot of 1/Cm at various frequencies versus the specimen

thickness. The plot is in accordance with Eq. (3). The specimen is

extra wet 35-lm-thick paper carbon fiber composite. a 100 kHz.

b 500 kHz. c 1.0 MHz.
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conduction path that coexists with the electronic

conduction path provided by the fiber. As a result,

when a medium amount of water is present, the

water helps the conduction.

For the standalone 35-lm paper, when the extra wet

case is excluded, the resistivity is essentially indepen-

dent of the wetness at the highest frequency of

2.0 MHz, indicating that water essentially does not

contribute to the conduction at this high frequency. At

the intermediate frequencies of 1.0 MHz and 500 kHz,

the resistivity decreases from the dried case to the as-

received case, but increases from the as-received case to

the wet case and further increases from the wet case to

the extra wet case, indicating that a low degree of

wetness (as in the as-received case) helps the conduc-

tionwhereas a highdegree ofwetness (as in thewet and

extra wet cases) hinders the conduction. This means

that water contributes to the conduction at these inter-

mediate frequencies for the as-received case, such that

the contribution is less than that at the lowest frequency

of 100 kHz and is higher than that at the highest fre-

quency of 2.0 MHz. In other words, the electronic

conduction due to the cellulose fiber plays a significant

role in the conduction at all frequencies, such that its

contribution relative to the ionic conduction contribu-

tion by water increases with increasing frequency.

For the standalone 25-lm paper, Table 1 shows

that the resistivity decreases with increasing wetness

from the dried case to the wet case at all frequencies,

although the effect becomes weaker as the frequency

increases. This means that ionic conduction due to

the water contributes to the conduction in the 25-lm
paper for the wet case. Since the extra wet case is not

included in the investigation of the 25-lm paper, data

are not adequate for assessing the relative contribu-

tions of the ionic conduction due to water and the

electronic conduction due to the cellulose fibers for

the case of the 25-lm paper.

For the carbon fiber composite with 35-lm paper

interlayer (Table 1), the resistivity monotonically

decreases with increasing wetness (from the dried

case to the extra wet case) at all frequencies. This

means that the wetness promotes conduction. Since

the water has evaporated away during the composite

fabrication, the effect of wetness is attributed to the

residual adsorbed ionic species left after the water

evaporation. This notion is supported by the result

that the resistivity is much higher for the carbon fiber

composite (extra wet case) with deionized water than

that with tap water (Table 1).

Electronic conduction is significant in the stan-

dalone paper (without evaporation of the water), as

discussed above in relation to the standalone 35-lm
paper. With the water having evaporated in the

carbon fiber composite, electronic conduction is

expected to be even more important—to the extent

that the conduction is essentially all electronic. This

is consistent with the result that the resistivity of the

carbon fiber composite with extra wet paper inter-

layer is comparable to that with wet paper inter-

layer, whereas, for the standalone paper, the

resistivity is much higher for the extra wet case than

the wet case. Since the water has evaporated in the

carbon fiber composite, it is not available to hamper

the electronic conduction path, even in the extra wet

case. Nevertheless, the residual ions left after the

water evaporation contribute slightly to ionic con-

duction, as suggested by the result that the resis-

tivity of the carbon fiber composite decreases

slightly with increasing wetness of the paper inter-

layer (Table 1).

For the same wet state, the carbon fiber composite

with a thinner paper interlayer gives a lower resis-

tivity, as shown by the progressive decrease in

resistivity from 60 to 35 and to 25-lm paper thickness

(Table 1). This is expected, because the thicker paper

makes it more difficult for the carbon fibers in one

lamina to touch those of an adjacent lamina. Figure 6

shows the linearity of the plots of the measured

resistance versus the specimen thickness.

The degree of fiber–fiber contact across the inter-

laminar interface plays a role in affecting the

through-thickness electrical conduction of carbon

fiber laminates. A high degree of fiber–fiber contact is

reflected by a low value of the contact electrical

resistivity of the interlaminar interface [50, 51].

Probably the resistivity is too low for the composite

with the 25-lm paper, so that the negative permit-

tivity cannot occur. Probably the resistivity is too

high (or the fiber–fiber contact too little) for the

composite with the 60-lm paper, so that the negative

permittivity cannot occur. The thickness of 35 lm is

apparently optimum for giving the needed conduc-

tion behavior for providing negative permittivity in

the carbon fiber composite.

Figure 7 illustrates a plausible (tentative) mecha-

nism for the negative permittivity. The functional

groups on a carbon fiber are oriented due to elec-

trostatic interaction with the applied electric field,

thus resulting in positive permittivity (Fig. 7a). The
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residual ions (from the tap water) are mobile to a

limited degree and move slightly in response to the

applied electric field. These ions also interact electri-

cally with the functional groups, thereby resulting in

negative permittivity (Fig. 7b).

For an ideal capacitor with no energy loss, the

resistance should be infinity. The resistivity (e.g.,

2.8 kX cm for the carbon fiber composite with extra

wet paper, Table 1) is too low for achieving a lossless

capacitor. This issue may be alleviated in practice by

adding an electrically insulating film, such as a thin

plastic film, at the interface between the composite

and the electrical contact.

Positive and negative permittivity
components electrically in series

Permittivity behavior

For two volumes (labeled 1 and 2) stacked on top of

one another, with the direction of permittivity being

perpendicular to the plane of the interface between

the two volumes, the two volumes and the three

interfaces are all in series electrically. If the contact

between the two volumes is good, so that the

capacitance associated with this interface is very

large, then the reciprocal of this capacitance is very

small and this interface contributes negligibly to the

series capacitance. Under this situation,

1=Cm ¼ 1=Ci1 þ 1=Ci2 þ 1=Cv1 þ 1=Cv2; ð11Þ

where Ci1 is the interfacial capacitance of the interface

between volume 1 and its electrical contact, Ci2 is that

of the interface between volume 2 and its electrical

contact, and Cv1 and Cv2 are the volumetric capaci-

tances of volumes 1 and 2, respectively. In case that

Cv2 = -Cv1, Eq. (11) becomes

1=Cm ¼ 1=Ci1 þ 1=Ci2: ð12Þ

The case of Cv2 = -Cv1 corresponds to
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Figure 6 Plots of the

measured resistance Rm versus

thickness of extra wet 35-lm
paper carbon fiber composite

at various frequencies. The

plots are in accordance with

Eq. (4). a 100 kHz. b 500 kHz.

c 1.0 MHz. d 2.0 MHz.
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Figure 7 Illustration of a plausible (tentative) mechanism of

a positive permittivity and b negative permittivity in carbon fiber

composite. The dotted regions at the top and bottom represent

electrodes for providing the applied electric field. The ? and -

signs in these regions indicate the applied voltage polarity. The

horizontal shaded region at the center represents a part of a carbon

fiber. The vertical bold line emanating from the fiber represents a

polar functional group on the fiber surface. A cation rather than an

anion is shown in b, as indicated by a ? sign encased in a square,

because cations tend to be smaller and hence more mobile than

anions.
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l1=j1 ¼ �l2=j2; ð13Þ

where l1 and l2 are the thicknesses of volume 1 and

volume 2, respectively, and j1 and j2 are the relative

permittivity of volume 1 and volume 2, respectively.

The thickness is proportional to the thickness frac-

tion, which is proportional to the volume fraction.

Using Eq. (3), the specimen’s volumetric capaci-

tance Cv is obtained from the measured capacitance

Cm, with Ci determined from the plot of 1/Cm versus

the specimen thickness, as illustrated in Fig. 2a. The

plot of 1/Cv versus thickness is a straight line

through the origin, with the slope related to the rel-

ative dielectric constant. In order to compare differ-

ent volumes in terms of the capacitance, it is

important to consider Cv rather than Cm. This is

because Ci, which is included in Cm, depends on the

structure (e.g., the roughness) of the interface

between the volume and the electrical contact. In

order to obtain Cv, Ci must be known, as obtained

from the intercept with the vertical axis in Fig. 2a.

A pair of negative capacitance (with negative per-

mittivity) and positive capacitance (with positive

permittivity) is chosen from the composites in

Table 1, so that the magnitudes of l/j are close. The

negative capacitance chosen is the carbon fiber com-

posite with 25-lm as-received paper (with l/

j = (-1.6 ± 0.3) 9 10-6 m, (-2.6 ± 0.4) 9 10-6 m,

and (-3.7 ± 0.6) 9 10-6 m for the 3-lamina, 5-lamina,

and 7-lamina composites, respectively), whereas the

positive capacitance chosen is the composite with

35-lm dried paper (with l/j = (1.9 ± 0.4) 9 10-6 m,

(3.3 ± 0.6) 9 10-6 m, and (4.6 ± 0.9) 9 10-6 m for the

3-lamina, 5-lamina, and 7-lamina composites,

respectively). Series connection of the negative and

positive elements, each with 3 laminae, involve l/j
values that are opposite in sign but similar (not

exactly equal) in magnitude (*2 9 10-6 m). Series

connection of the negative and positive elements,

each with 5 laminae, involve l/j values that are

opposite in sign but similar (not exactly equal) in

magnitude (*3 9 10-6 m). Series connection of the

negative and positive elements, each with 7 laminae,

involve l/j values that are opposite in sign but sim-

ilar (not exactly equal) in magnitude (*4 9 10-6 m).

The two capacitances of opposite sign are stacked

without bonding. Based on the linear fit to the data

points for the composites with different numbers of

laminae and the same sign of the permittivity (Fig. 8),

each negative capacitor (irrespective of the number of

laminae) is found to have Ci = 0.145 nF and

j = -258, and each positive capacitor (irrespective of

the number of laminae) is found to have Ci = 0.162

nF and j = 217.

Each capacitance type tested (the different types

having positive and negative signs of the capacitance)

includes capacitors with different numbers of lami-

nae. Thus, 3-lamina/5-lamina/7-lamina composites

of the two types and with the same number of lamina

are stacked. Figure 8 shows the results for these ser-

ies combinations at 1.0 MHz. In addition, Fig. 8

shows the data for each of the capacitors involved in

the series connection. As predicted by Eq. (1), the

value of 1/Cv for the series combination is quite close

to zero, while the values for the individual capacitors

involved are at positive and negative values that are

far from zero. Hence, the well-known equation for
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Figure 8 Plot of 1/Cv (1.0 MHz) versus thickness for capacitors

in series and for the individual capacitors involved. The abbre-

viation nL refers to a composite with n laminae. For example, the

abbreviation 5L refers to a stack of two 5-lamina composites with

opposite signs of the permittivity; this stack has thickness

corresponding to that of a 10-lamina composite. The solid circles

are the data for an individual composite with positive permittivity

(at various thicknesses), namely the carbon fiber composite with

35-lm dried paper interlayer. The open circles are the data for an

individual composite with negative permittivity (at various

thicknesses), namely the carbon fiber composite with 25-lm as-

received paper interlayer. The values of the relative dielectric

constant of these individual composites are shown in Table 1. The

crosses are the data for the stacks of these two composites of

opposite signs of the permittivity. The abbreviation ‘‘nL stacked’’

refers to an unbonded stack of a positive permittivity n-lamina

composite and a negative permittivity n-lamina composite.
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capacitors in series (Eq. 1) applies to a combination of

positive and negative capacitors. This finding pro-

vides a new application for negative capacitors as

circuit elements for providing, along with positive

capacitors, extraordinarily high permittivity.

As shown in Fig. 8, the lowest value of 1/Cv is

given by the stack of 7-lamina composites. This

lowest value is 4.23 9 106 F-1, which gives Cv = 0.24

lF, i.e., Cv per unit area = 370 lF/m2. The area is the

geometric area of the square surface of the laminate,

i.e., 6.45 cm2. A relative dielectric constant j of 78,000

is then obtained from the slope of the straight con-

necting this point and the origin of Fig. 8.

The abovementioned stacks do not involve bond-

ing between the two composites in the stack. The use

of a carbon black paste (organic-based) [52] or a

graphite colloid (a dispersion of 22 wt% graphite

particles of average size 0.7–0.8 mm in water, con-

taining a starch-type binder, from Grafo Hydrograf A

M2, Fuchs Lubricant Co., Emlenton, PA), as a thin

interfacial medium between the two composites in

the stack does not provide permittivity results that

are as reproducible as the case without any interfacial

medium. This is attributed to the reduced interfacial

resistance provided by the interfacial medium and

the importance of a sufficiently high interfacial

resistance for the permittivity results.

The j value of 78,000 is substantial compared to the

highest values ever reported for any material. Values

up to 180,000 were reported for polycrystalline

Ca1-xSrxCu3Ti4O12 (0 B x B 1) ceramics [53]. Values

up to 8400 were reported for ferroelectric (1-x)BZT-

xBCT ceramics [53]. The materials of this paper are

structural composites that can be fabricated inex-

pensively and provided in the form of large panels, in

contrast to the high-temperature processing required

for the ceramics of prior work [53, 54].

Electrical resistivity

The resistivity of the stack is obtained by measuring

stacks in the form of two 3-lamina composites of

opposite signs of the permittivity, two 5-lamina

composites of opposite signs of the permittivity, and

7-lamina composites of opposite signs of the per-

mittivity, and plotting the resistance versus stack

thickness, as illustrated in Fig. 2b. The obtained val-

ues are 0.52 ± 0.05, 0.52 ± 0.04, 0.51 ± 0.04, and

0.51 ± 0.03 kX cm at 100 kHz, 500 kHz, 1.0 MHz,

and 2.0 MHz, respectively. These values are between

those of the individual composites in the stack

(Table 1), though they are closer to the values for the

negative permittivity composite than those of the

corresponding positive permittivity composite.

The polarization in the negative permittivity com-

posite is expected to promote DC conduction,

whereas that in the positive permittivity composite is

expected to hinder DC conduction. Under AC con-

dition, at any instant in time, one composite (whether

positive or negative in the permittivity) in the stack

promotes conduction, while the other composite

hinders conduction. As a consequence, the composite

that has a higher resistivity would be impacted more

in terms of enhanced conduction, i.e., the composite

with positive permittivity will be impacted more. As

a consequence, the resistivity of the stack is closer to

the resistivity of the negative permittivity composite

than that of the positive permittivity one.

Negligible contribution of the interlaminar
interface to the dielectric or conduction
behavior

If there are N laminae in a composite, there are N-1

interlaminar interfaces and the capacitance Cv of the

specimen is given by

1=Cv ¼ N 1=C‘ð Þ þ N � 1ð Þ 1=Cfð Þ; ð14Þ

where C‘ is the capacitance of a lamina and Cf is that

of an interlaminar interface. The C‘ and Cf may be

determined by measuring Cv for different values ofN.

Figure 4 shows that the plot of 1/Cm (where Cm is

the measured capacitance) versus thickness for the

composites is linear. In accordance with Eq. (14), the

fact that the plot is a straight line means that

1=Cv ¼ Nð1=C‘Þ ð15Þ

1=Cf � 0: ð16Þ

Equation (16) means that Cf is essentially infinity, so

that the interlaminar interface essentially does not

contribute to the capacitance of the composite.

Equation (15) means that C‘ is essentially the only

contributor to the capacitance of the composite. In

other words, the contribution by the interlaminar

interfaces is negligible compared to that by the lam-

inae. The dominance of the contribution by the lam-

inae reflects the large number of fiber-matrix

interfaces within a lamina.

A similar argument applies to the electrical resis-

tivity. For a composite with N laminae,
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Rv ¼ NRl þ N � 1ð ÞRf ; ð17Þ

where Rv is the volume resistance of the composite,

R‘ is the resistance of a lamina, and Rf is that of an

interlaminar interface. The R‘ and Rf may be deter-

mined by measuring Rv for different values of N.

Figure 6 shows that the plot of Rm (the measured

resistance) versus thickness for the composites is

linear. In accordance with Eq. (17), the fact that the

plot is a straight line means that Rf & 0, so that R‘ is

essentially the only contributor to the through-thick-

ness resistance of the composite. The dominance of

the contribution by the laminae reflects the large

number of fiber–fiber contacts within a lamina.

Conclusions

Negative permittivity, positive permittivity, and their

extraordinarily high series permittivity (antiferro-

electric coupling) have been achieved in continuous

carbon fiber epoxy–matrix composites in the through-

thickness direction, with the magnitude of the rela-

tive dielectric constant (real part, j) up to 600, 400,

and 78,000, respectively, at frequencies up to

2.0 MHz. The composite laminate tailoring involves

the use of suitable dielectric interlaminar interlayers

in the form of tissue paper. The composite with a

paper interlayer at every interlaminar interface

exhibits positive or negative values of j, such that the

magnitude is much higher than that of the corre-

sponding paper interlayer material (with epoxy, but

not as a part of the carbon fiber composite) or the

corresponding standalone paper (without epoxy).

The negative and positive capacitors in series give

extraordinarily high capacitance (up to 370 lF/m2),

which corresponds to j being up to 78,000. The well-

known equation for capacitors in series (Eq. 1) is

found for the first time to apply to a combination of

positive and negative capacitors. For the purpose of

obtaining high series capacitance, positive and neg-

ative capacitors are chosen such that the magnitudes

of their capacitance are close. The use of the series

combination to achieve a very high permittivity has

not been tried or suggested in previous work. This is

the most novel part of this paper.

The j value of 78,000 is comparable to or higher

than the highest values ever reported for any mate-

rial. The associated capacitance per unit geometric

area of 370 lF/m2 is much higher than the value of 1

lF/m2 previously reported for carbon fiber compos-

ites [11]. Furthermore, the positive permittivity (j up

to 400) provided by a positive capacitor is much more

positive than the most positive value (20 [11]) previ-

ously reported for carbon fiber composites.

This paper provides the first observations of neg-

ative permittivity and negative capacitance in carbon

fiber composites. For materials in general, it provides

the first observation of extraordinarily high permit-

tivity resulting from the series connection of a pair of

positive and negative capacitors. Moreover, this

paper advances the field of structural capacitors and

enables carbon fiber structural composites to be

potentially attractive for environmentally friendly

and large-scale electrical energy storage.

The negative permittivity requires the tissue paper

to be wet with water (tap water with resistivity

1.5 kX cm at 1.0 MHz) during incorporation in the

composite, though the water evaporates and leaves

ions (at very low concentrations) and air voids during

the heating in composite fabrication. In contrast to

tap water, deionized water with resistivity 8 kX cm

at 1.0 MHz gives composites with positive permit-

tivity. The greater the wetness with tap water, the

progressively more negative is the permittivity for

composites with the 35-lm-thick paper. The thickness

of 35 lm gives through-thickness laminate electrical

resistivity (1.0 MHz) 1 kX cm and is optimum for

obtaining negative permittivity. A thickness of 60 lm
gives high resistivity 30 kX cm (due to a relatively

small extent of fiber–fiber contact across the inter-

laminar interface) and positive permittivity. A

thickness of 25 lm gives low resistivity 0.3 kX cm

(due to a relatively large extent of fiber–fiber contact

across the interlaminar interface) and does not give

negative permittivity consistently. Without carbon

fibers, the tissue paper gives positive permittivity,

whether epoxy is present or not. The negative per-

mittivity requires the presence of carbon fibers and

an optimum resistivity (of the order of 1 kX cm). It is

probably due to interactions between the functional

groups on the carbon fiber surface and the residual

ions (mainly chloride) left after the evaporation of

water from the paper.

This work decouples the volumetric capacitance

from the interfacial capacitance (at each of the two

electrical contacts) by testing each material at three

thicknesses. It is the volumetric capacitance rather

than the measured capacitance that exhibits the

effects mentioned above. Prior work did not perform
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this decoupling, whether in relation to continuous

carbon fiber polymer–matrix composites [11] or short

carbon fiber polymer–matrix composites [55].

This work provides the first report of a negative

capacitor in a material other than a ceramic ferro-

electric material [56] or a ceramic antiferroelectric

material [37–42]. Negative capacitors are potentially

attractive for field-effect transistors with reduced

voltage requirement and hence less heating [57].

Compared to the laminae, the interlaminar inter-

faces contribute negligibly to the dielectric or con-

duction behavior. Nevertheless, modification of the

interlaminar interface affects the composite’s dielec-

tric and conduction behavior. This suggests that the

interlayer affects the structure in a lamina, perhaps

through the interaction of the ions in the interlayer

with the functional groups on the carbon fibers.
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