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The electrical applications of carbons and their composites are reviewed, with emphasis on
applications that are relevant to industrial needs. The applications include electrical
conduction, electrical contacts, electrodes, electromagnetic interference shielding,
resistance heating, thermoelectricity, sensing, electrical switching, electronic devices and
thermal pastes. The carbons include graphite, coke, carbon fibers, carbon filaments, carbon
black and flexible graphite. © 2004 Kluwer Academic Publishers

1. Introduction

Carbon materials (including composite materials con-
taining carbon) are well-known for their structural ap-
plications, which relate to aerospace structures, aircraft
brakes, concrete structures and lubrication. They are
also known for their thermal applications (which re-
late to heat conduction and thermal insulation), envi-
ronmental applications (which involve activated car-
bon) and biomedical applications (which pertain to
implants). Less well-known are the electrical appli-
cations, though the electronic properties have long
been studied for the purpose of fundamental under-
standing of the physics of carbons. This review is fo-
cused on the electrical applications, particularly those
that are relevant to industrial needs. These applications
include electrical conduction, electrodes, electromag-
netic reflection, heating, thermal conduction, thermo-
electricity, sensing, electrical switching and electronic
devices.

2. Electrical conduction

Due to the in-plane delocalization of the p, electrons,
carbon is an electrical conductor in the in-plane direc-
tion. However, the out-of-plane conductivity is low, due
to the van der Waals bonding in this direction. There-
fore, the electrical conductivity of a carbon material
depends greatly on the degree of preferred orienta-
tion of the carbon layers. This degree is enhanced by
heat treatment, high graphitizability of the precursor
materials and alignment of the carbon units (such as
the carbon fibers in a composite material) during pro-
cessing. As a result, carbon materials exhibit a wide
range of electrical conductivity, thereby allowing a va-
riety of electrical conduction applications, as described
below.

Petroleum coke is a low-cost and plentiful form of
carbon. Compared to graphite, it is less crystalline and
thus less conductive. However, due to its lower crys-
tallinity, it is less prone to shear and is thus superior in
mechanical strength.
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2.1. Electrically conductive additive

in an electrochemical electrode
Due to the fact that some electrochemical electrode ma-
terials are not conductive electrically, a conductive ad-
ditive is added to the electrochemically active species in
forming the electrode [1-6]. An example is manganese
dioxide (MnQO,), which is not conducting and serves as
the cathode of various electrochemical cells, including
lithium cells. Due to the chemically inert and electri-
cally conductive nature of carbons, carbons are used
as the conductive additive. Among the carbons, carbon
black is particularly common for this purpose.

Other than the electrochemically active materials
and the conductive additive, the electrode contains a
binder, which is commonly a thermoplastic polymer,
such as polytetrafluoroethylene (PTFE, or teflon) and
polyvinylidenefluoride (PVDF) in the form of particles.
The binder, upon heating, serves to bind the ingredients
together to form a shaped object (such as a disc) that
can be handled. The type and amount of binder are ex-
pected to affect not only the bindability, but also the
distribution of the carbon additive.

Carbon black is more effective than 0.1 xum-diameter
carbon filament (catalytically grown from methane, re-
ferred to in this paper as carbon filament [7]) without
graphitization as a conductive additive for the MnO,
cathode [8], even though a carbon black compact with-
out MnQ; exhibits higher resistivity than a carbon fila-
ment compact without MnO; [9]. Thus, a low resistivity
for a carbon compact does not imply a low resistivity
for an MnO,-carbon composite. This is because the re-
sistivity of an MnO,-carbon composite depends on the
dispersion and connectivity of the carbon in the midst of
MnO; particles. In spite of the large aspect ratio of the
carbon filament, the carbon black is superior as a con-
ductive additive, because of the spreadability of carbon
black between the MnO, particles [8].

Table I [9] gives the resistivity and density of the
ten different compositions of the MnO; cathode. At a
binder content of 10 wt%, graphitized carbon filament
and graphitized mesophase pitch (both graphitized at
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TABLE I The basic characteristics of various types of carbon

BET specific  Particle
surface area  size

C(%) doz (A) (m*lg) (1m)
Graphitized mesophase  99.90  3.369 5.23 12
pitch
Natural graphite 99.89  3.362 2.75 27
Graphitized carbon 99.70  3.360 26.4 /
filament
Carbon filament 99.70  3.367 539 /
Carbon black® / / 2.8 0.05

Pore size = 18.9 A.

2800°C) give the lowest resistivity, while carbon fil-
ament without graphitization gives the highest resis-
tivity. The resistivity of the cathode containing natu-
ral graphite is quite low, in spite of the low density.
The cathode containing graphitized carbon filament ex-
hibits lower resistivity than that containing graphitized
mesophase pitch, in spite of the lower density of the
former. At a binder content of 6 wt%, carbon black and
graphitized carbon filament give the lowest resistivity,
while natural graphite and graphitized mesophase pitch
give the highest resistivity.

At either binder content, graphitization of the carbon
filament decreases the resistivity of the MnO, cathode,
while increasing the density slightly. At either binder
content, carbon black gives a cathode of lower resis-
tivity than carbon filament without graphitization, as
mentioned above.

For all the types of carbon except carbon black,
decrease in binder content increases the resistivity. For
all the types of carbon, a decrease in binder content
increases the density slightly. Thus, except for carbon
black, the resistivity increases in spite of an increase in
density. This effect is attributed to the decrease in the
degree of dispersion of the carbon as the binder content
decreases. In other words, the binder helps the dis-
persion of the carbon, except for carbon black, the
dispersion of which relates to the spreadability of the
carbon black between the MnO, particles. In contrast,
the other types of carbon cannot spread upon squeezing
and, so, their dispersion needs the help of the binder
more.

A decrease in binder content from 10 to 6 wt% in-
creases the resistivity of cathodes with carbon filaments
(whether graphitized or not), but not drastically. On the
other hand, the resistivity increases drastically upon de-
creasing the binder content for the cases of graphitized
mesophase pitch and natural graphite. This means that
particulate carbon requires the help of the binder for its
dispersion more severely than filamentous carbon. This
is reasonable, since the large aspect ratio of filamentous
carbon enhances connectivity and hence decreases the
importance of dispersion.

Among the ten compositions in Table I, the cathode
containing 10 wt% binder and graphitized carbon fila-
ment gives the lowest resistivity. However, the cathode
containing 10 wt% binder and graphitized mesophase
pitch gives almost as low a resistivity, and graphitized
mesophase pitch is less expensive than graphitized car-
bon filament. On the other hand, the low density of

2646

the cathode containing graphitized carbon filament is
attractive for electrochemical cells with a high energy
density. For a low density, natural graphite is even more
attractive, though the resistivity is higher. In general,
the choice of a carbon type in practice depends on the
resistivity, density and cost.

The use of carbon filament in place of carbon black
as the conductive additive in an Li/MnO, primary cell
causes the running voltage near cell end-of-life to de-
cline gradually, in contrast to the abrupt end-of-life
when carbon black is used. The gradualness toward
end-of-life is due to a high electron transfer rate and
a high rate of electrolyte absorption. In order for the
filaments to be effective, they need to undergo solvent
cleansing prior to use [8].

2.2. Current collector, electrical contact
and electrode

Current collectors are used in electrochemical cells
(batteries and fuel cells). Electrical contacts are needed
in electrical measurements and in the application of a
current or voltage for the purpose of cathodic protec-
tion (corrosion protection). Both current collectors and
electrical contacts require materials that are electrically
conducting. In the case of current collectors in electro-
chemical cells, chemical resistance is also required.

Carbon does not have an oxide on it, whereas metals
tend to have an oxide coating. As the oxide is relatively
poor in electrical conductivity, a metal conductor tends
to degrade with time in air. The absence of an oxide
makes carbon attractive, even though carbon is not as
conductive as metals.

Carbon filament is superior to carbon black in lithium
primary cells which use carbon as a porous electrode
(current collector) [10]. The current collector of the
lithium/thionyl chloride (Li/SOCI,) cell conventionally
uses carbon black, which needs a teflon binder. The
removal of the hydrocarbon layer on the carbon fila-
ment improves the electrochemical behavior, as indi-
cated by the electron transfer rate across the electrode-
electrolyte interface [11]. Due to the cleansing ability of
thionyl chloride (the catholyte), carbon filament used in
place of carbon black does not require solvent cleansing
prior to use. As the filaments tend to cling together, a
binder is not necessary, in contrast to carbon black. Us-
ing the same paper-making process, the carbon filament
can be made into a thinner sheet than carbon black. The
thinness is valuable for enhancing the energy density
(particularly the specific gravimetric energy density)
of the cell, as the area over which the lithium anode
faces the carbon current collector is increased. In ad-
dition, the packing density is lower for the filament
sheet than the carbon black sheet, so that the catholyte
absorpivity is higher for the filament sheet than the car-
bon black and consequently the energy density is further
increased [9].

A fuel cell is a galvanic cell in which the reactants
for the anodic and cathodic reactions are continuously
being supplied. In the most common type of fuel cell,
the hydrogen-oxygen fuel cell, hydrogen gas is the re-
actant for the anodic reaction and oxygen is the reactant
for the cathodic reaction and H,O is the overall reaction



product. The reactions need a catalyst (typically plat-
inum), which is applied on a porous carbon that serves
as the current collector. There are two current collec-
tors, one for the anode side and one for the cathode side.
The cathodic reaction produces OH ™ ions, which move
from the cathode side to the anode side, where they
combine with hydrogen to provide the anodic reaction.
Electrons produced by the anodic reaction are collected
by the current collector at the anode side. They move
through the outer circuit and enter the current collector
at the cathode side, where the electrons are consumed to
provide the cathodic reaction. The product of the over-
all reaction is H,O (steam) which comes out from the
bottom of the cell. Between the two current collectors
is the electrolyte. Carbon black, submicron carbon fila-
ment and other carbons are used as the current collector
material. A comparative study of the effectiveness of
these carbons is still needed.

Electrical contacts are commonly applied in the form
of a paste. Fine graphite flakes dispersed in water to
form a colloid, with the presence of small amounts of
a binder (such as polyvinyl alcohol) and a dispersing
agent, are commonly used as an electrical contact mate-
rial. Though the conductivity is lower than that attained
by using silver particles in place of graphite flakes, the
cost is much lower than the silver particle counterpart.
Short carbon fibers are not suitable for this application,
due to the high viscosity and poor screen-printability
resulted from the fibers.

Another application that is akin to that of an electrical
contact is the use of graphite as an electrode material in
electrostatic discharge machining (EDM). This appli-
cation requires low electrical resistivity, high hardness,
and high flexural and compressive strengths. These
properties are attained by using fine-grained isotropic
graphite of resistivity 1073 Q-cm.

Isotropic graphite, after copper metal impregnation,
exhibits resistivity 10™* Q-cm. The impregnated form
is a composite material which is particularly useful for
sliding electrical contacts or brushes, as needed for mo-
tors, generators, commutators, alternators and electric
trams.

The graphite or coke rods used as electrodes (an-
odes) in an electrolytic cell for producing aluminum
from aluminum oxide by the Hall-Heroult process also
serve as electrical contacts [12]. The graphite or coke is
gradually consumed by oxidation to form CO;, while
Al,O3 (dissolved in Na3AlFe) is reduced to Al

In the case of cement-based electrical contacts, which
are needed for cathodic protection of the steel reinforc-
ing bars in concrete, short carbon fibers are effective.
Cathodic protection is one of the most common and ef-
fective methods for corrosion control of steel reinforced
concrete. This method involves the application of a volt-
age so as to force electrons to go to the steel reinforcing
bar (rebar), thereby making the steel a cathode. For di-
recting electrons to the steel reinforced concrete to be
cathodically protected, an electrical contact is needed
on the concrete. The electrical contact is electrically
connected to the voltage supply. One of the choices of
an electrical contact material is zinc, which is a coat-
ing deposited on the concrete by thermal spraying. It

has a very low volume resistivity (thus requiring no
metal mesh embedment), but it suffers from poor wear
and corrosion resistance, the tendency to oxidize, high
thermal expansion coefficient, and high material and
processing costs. Another choice is a conductor filled
polymer [13], which can be applied as a coating with-
out heating, but it suffers from poor wear resistance,
high thermal expansion coefficient and high material
cost. Yet another choice is a metal (e.g., titanium) strip
or wire embedded at one end in cement mortar, which
is in the form of a coating on the steel reinforced con-
crete. The use of carbon fiber mortar [14], coke powder
mortar [ 15-17] or coke powder asphalt [18—21] for this
coating facilitates cathodic protection, as it is advanta-
geous to enhance the conductivity of this coating. Due
to the decrease in resistivity associated with carbon fiber
addition (1.1 vol%) to mortar, overlay (embedding ti-
tanium wires for electrical contacts to steel reinforced
concrete) in the form of mortar containing carbon fiber
and latex reduces by 10% the driving voltage required
for cathodic protection, compared to plain mortar over-
lay [14]. In spite of the low resistivity of mortar overlay
with carbon fiber, cathodic protection requires multiple
metal electrical contacts embedded in the mortar at a
spacing of 11 cm or less [14].

2.3. Controlled electrical resistivity
materials

Controlled electrical resistivity materials are used for
controlled electrical conduction, static charge dissipa-
tion and lightning protection in electronic, mechanical,
structural, chemical and vacuum applications. These
materials are typically in the form of composite mate-
rials with an electrically insulating matrix and an elec-
trically conductive discontiuous filler, which can be par-
ticulate or fibrous. The higher is the filler content, the
lower is the resistivity of the composite. These com-
posites include those with polymer [22-25], ceramic
[26-30] and cement [31] matrices. Polymers and ce-
ramics are usually insulating electrically, but cement is
slightly conductive. Polymers that are electrically con-
ductive exist, but they are expensive. Among all these
matrices, cement is the least expensive. In addition, the
fabrication of cement-matrix composites is inexpen-
sive and takes place at room temperature. The fabri-
cation of ceramic-matrix composites such as alumina-
matrix composites is even more expensive than that of
polymer-matrix composites, due to the high processing
temperatures. Furthermore, cement-matrix composites,
like ceramic-matrix composites, are mechanically more
rugged and chemically more resistant than polymer-
matrix composites.

In addition to providing a range of electrical resistiv-
ity, controlled resistivity materials provide a range of
dielectric constant. As the filler content of a ceramic-
matrix composite increases, the dielectric constant in-
creases and the resistivity decreases [26]. In the case of
an alumina-matrix TiO; particulate composite, the rela-
tive dielectric constant (1 kHz) is 127,000 (undesirably
high) when the resistivity is 5 x 10° Q-cm and the Al,O3
content is >80 wt%; the relative dielectric constant
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(1 kHz) is 26.6 when the resistivity is 1 x 10° Q-cm
and the Al,O3 content is >94 wt% [26]. It would be de-
sirable to have the combination of low resistivity (for
charge dissipation and related functions) and low di-
electric constant (to avoid a capacitive effect). Polymer
matrices tend to exhibit lower values of dielectric con-
stant than ceramic or cement matrices, but they tend to
be insufficient for mechanical ruggedness and chemical
and temperature resistance.

The combination of low resistivity, low dielectric
constant, mechanical ruggedness and low cost is pro-
vided by using cement-matrix composites containing
electrically conductive short fibers such as carbon fiber
and steel fiber. With carbon fiber (1.0 vol%) and silica
fume, the resistivity is 8 x 10> Q-cm and the relative
dielectric constant is 49 [31]. The fiber also improves
the mechanical properties and decreases the drying
shrinkage [32].

3. Electromagnetic reflection

Carbon is a good reflector of electromagnetic radiation.
The reflection is valuable for electromagnetic interfer-
ence (EMI) shielding and for guiding an electromag-
netic wave. The relevant radiation is in the radio wave
and microwave regimes.

EMI shielding refers to the reflection and/or absorp-
tion of electromagnetic radiation by a material, which
thereby acts as a shield against the penetration of the
radiation through the shield. As electromagnetic radi-
ation, particularly that at high frequencies (e.g., radio
waves, such as those emanating from cellular phones)
tend to interfere with electronics (e.g., computers), EMI
shielding of both electronics and radiation source is
needed and is increasingly required by governments
around the world. The importance of EMI shielding
relates to the high demand of today’s society on the re-
liability of electronics and the rapid growth of radio fre-
quency radiation sources [33, 34]. EMI shielding is to
be distinguished from magnetic shielding, which refers
to the shielding of magnetic fields at low frequencies
(e.g., 60 Hz). Materials for EMI shielding are different
from those for magnetic fielding.

The primary mechanism of EMI shielding is usually
reflection. For reflection of the radiation by the shield,
the shield must have mobile charge carriers (electrons
or holes) which interact with the electromagnetic fields
in the radiation. As a result, the shield tends to be elec-
trically conducting, although a high conductivity is not
required. For example, a volume resistivity of the order
of 1 Q-cm is typically sufficient. However, electrical
conductivity is not the scientific criterion for shield-
ing, as conduction requires connectivity in the conduc-
tion path (percolation in case of a composite material
containing a conductive filler), whereas shielding does
not. Although shielding does not require connectivity,
it is enhanced by connectivity. Metals are by far the
most common materials for EMI shielding. They func-
tion mainly by reflection due to the free electrons in
them. Metal sheets are bulky, so metal coatings made
by electroplating, electroless plating or vacuum depo-
sition are commonly used for shielding [35-38]. The
coating may be on bulk materials, fibers or particles.
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Coatings tend to suffer from their poor wear or scratch
resistance.

3.1. Carbon composites

Due to the skin effect, a composite material having a
conductive filler with a small unit size of the filler is
more effective than one having a conductive filler with
a large unit size of the filler. For effective use of the
entire cross-section of a filler unit for shielding, the unit
size of the filler should be comparable to or less than the
skin depth. Therefore, a filler of unit size 1 um or less is
typically preferred, though such a small unit size is not
commonly available for most fillers and the dispersion
of the filler is more difficult when the filler unit size
decreases. Metal coated polymer fibers or particles are
used as fillers for shielding, but they suffer from the fact
that the polymer interior of each fiber or particle does
not contribute to shielding.

Polymer-matrix composites containing conductive
fillers are attractive for shielding [39—44] due to their
processability (e.g., moldability), which helps to re-
duce or eliminate the seams in the housing that is the
shield. The seams are commonly encountered in the
case of metal sheets as the shield and they tend to cause
leakage of the radiation and diminish the effectiveness
of the shield. In addition, polymer-matrix composites
are attractive in their low density. The polymer ma-
trix is commonly electrically insulating and does not
contribute to shielding, though the polymer matrix can
affect the connectivity of the conductive filler and con-
nectivity enhances the shielding effectiveness. In addi-
tion, the polymer matrix affects the processability.

Electrically conducting polymers [45-48] are be-
coming increasingly available, but they are not common
and tend to be poor in the processability and mechanical
properties. Nevertheless, electrically conducting poly-
mers do not require a conductive filler in order to pro-
vide shielding, so that they may be used with or with-
out a filler. In the presence of a conductive filler, an
electrically conducting polymer matrix has the added
advantage of being able to electrically connect the filler
units that do not touch one another, thereby enhancing
the connectivity.

Cement is slightly conducting, so the use of a cement
matrix also allows the conductive filler units in the com-
posite to be electrically connected, even when the filler
units do not touch one another. Thus, cement-matrix
composites have higher shielding effectiveness than
corresponding polymer-matrix composites in which the
polymer matrix is insulating [49]. Moreover, cement
is less expensive than polymers and cement-matrix
composites are useful for the shielding of rooms in a
building [50-52]. Similarly, carbon is a superior matrix
than polymers for shielding due to its conductivity, but
carbon-matrix composites are expensive [53].

Due to the electrical conductivity and chemical resis-
tance of carbons, carbons are suitable for use as an elec-
trically conductive filler in composite materials. EMI
shielding is one of the main applications of conven-
tional short carbon fibers [54]. Due to the small diam-
eter and the skin effect, carbon filaments (catalytically
grown, of diameter 0.1 um) are more effective at the



same volume fraction in a composite than conventional
short carbon fibers for EMI shielding, as shown for both
thermoplastic [55, 56] and cement [57, 58] matrices.
In this paper, filaments refer to those of diameter less
than 1 wm, whereas fibers refer to those of diameter
1 um or more. In a thermoplastic matrix, carbon fila-
ments at 19 vol% give an EMI shielding effectiveness
of 74 dB at 1 GHz [56], whereas carbon fibers (isotropic
pitch based, 3000 pwm long) at 20 vol% give a shielding
effectiveness of 46 dB at 1 GHz [55]. In a cement-
matrix composite, fiber volume fractions are typically
less than 1%. Carbon filaments at 0.54 vol% in a ce-
ment paste give an effectiveness of 26 dB at 1.5 GHz
[57], whereas carbon fibers (isotropic pitch based, 3
mm long) at 0.84 vol% in a mortar give an effective-
ness of 15 dB at 1.5 GHz [58]. The highest few values of
EMI shielding effectiveness reported in cement-matrix
composites are (i) 40 dB, as attained in cement paste
containing 1.5 vol% carbon filaments [59], (ii) 49 dB,
as attained in cement paste containing 1.0 vol% coke
powder [60], and (iii) 70 dB, as attained in cement paste
containing 0.72 vol% stainless steel fibers of diameter
8 um and length 6 mm [61].

3.2. Colloidal carbon

Colloidal graphite is fine graphite powder suspended
in a liquid carrier (such as water and alcohol), together
with a small amount of a polymeric binder. After ap-
plication of colloidal graphite on a surface by painting
or other methods, the liquid carrier evaporates, thus
allowing the graphite particles to be essentially in di-
rect contact. The resulting coating is effective for elec-
tromagnetic interference (EMI) shielding [62—-64]. It
is commonly used for shielding in television scopes.
However, research on colloidal graphite has mostly fo-
cused on the performance as a lubricant [65, 66].

Colloidal graphite conventionally uses submicron
graphite particles. However, the use of 0.1 um-diameter
carbon filaments is attractive for shielding [65] due to
the small diameter and large aspect ratio. The small
diameter is advantageous for formation of a stable col-
loid and for shielding (due to the skin effect). The large
aspect ratio is advantageous for shielding and for en-
hancing the toughness of the resulting coating.

The EMI shielding effectiveness of colloidal graphite
is improved by the combined use of graphite particles
and 0.1 um diameter discontinuous carbon filaments
[65]. The addition of 30 wt% carbon filaments to a
commercial graphite colloid increases the shielding ef-
fectiveness from 11 to 20 dB for a water-based graphite
colloid with a starch-type binder, and from 24 to 38 dB
for a water-based graphite colloid without binder.

A colloid may be used as an admixture in cement, in
addition to being used as a coating on various materials.
Due to the hydraulic nature of cement, a water-based
colloid is suitable. A water-based colloid of submicron
graphite particles is an effective admixture for enhanc-
ing the EMI shielding effectiveness of cement paste,
though it is ineffective for lowering the electrical re-
sistivity [66]. As an admixture, it is more effective for
shielding than 15 wm diameter carbon fibers, though it
is less effective than 0.1 wm diameter carbon filaments.

A shielding effectiveness of 22 dB at 1 GHz is reached
by cement paste at a solid graphite content of 0.92 vol %,
compared to a value of 11 dB for a coating made from
the graphite colloid and a value of 14 dB for graphite
colloid coated cement paste (without admixture).

3.3. Flexible graphite

A seam in a housing that serves as an EMI shield
needs to be filled with an EMI gasket (i.e., a resilient
EMI shielding material), which is commonly a mate-
rial based on an elastomer, such as rubber and silicone
[67-70]. An elastomer is resilient, but is itself not able
to shield, unless it is coated with a conductor (e.g., a
metal coating called metallization) or is filled with a
conductive filler (typically metal particles such as Ag-
Cu). The coating suffers from its poor wear resistance
due to the tendency for the coating to debond from
the elastomer. The use of a conductive filler suffers
from the resulting decrease in resilience, especially at
a high filler volume fraction that is usually required for
sufficient shielding effectiveness. As the decrease in re-
silience becomes more severe as the filler concentration
increases, the use of a filler that is effective even at a
low volume fraction is desirable. Therefore, the devel-
opment of EMI gaskets is more challenging than that
of EMI shielding materials in general.

For a general EMI shielding material in the form of
a composite material, a filler that is effective at a low
concentration is also desirable, although it is not as
critical as for EMI gaskets. This is because the strength
and ductibility of a composite tend to decrease with in-
creasing filler content when the filler-matrix bonding is
poor. Poor bonding is quite common for thermoplastic
polymer matrices. Furthermore, a low filler content is
desirable due to the greater processability, which de-
creases with increasing viscosity. In addition, a low
filler content is desirable due to the cost saving and
weight saving.

In order for a conductive filler to be highly effec-
tive, it preferably should have a small unit size (due to
the skin effect), a high conductivity (for shielding by
reflection and absorption) and a high aspect ratio (for
connectivity). Metals are more attractive for shielding
than carbons due to their higher conductivity, though
carbons are attractive in their oxidation resistance and
thermal stability. Fibers are more attractive than parti-
cles due to their high aspect ratio. Thus, metal fibers of
a small diameter are desirable. Nickel filament of diam-
eter 0.4 wm (as made by electroplating carbon filament
of diameter 0.1 um) is particularly effective [70-72].
Nickel is more attractive than copper due to its superior
oxidation resistance. The oxide film is poor in conduc-
tivity and is thus detrimental to the connectivity among
filler units.

Continuous fiber polymer-matrix structural compos-
ites that are capable of EMI shielding are needed for air-
crafts and electronic enclosures [53, 73—77]. The fibers
in these composites are typically carbon fibers, which
may be coated with a metal (e.g., nickel [78]) or be
intercalated (i.e., doped) to increase the conductivity
[79, 80]. An alternate design involves the use of glass
fibers (not conducting) and conducting interlayers in
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the composite [81, 82]. Yet another design involves
the use of activated carbon fibers, the moderately high
specific surface area (90 m?/g) of which results in
extensive multiple reflections while the tensile prop-
erties are maintained [83].

A particularly attractive EMI gasket material is
flexible graphite, which is a flexible sheet made by
compressing a collection of exfoliated graphite flakes
(called worms) without a binder. During exfoliation,
an intercalated graphite (graphite compound with for-
eign species called the intercalate between some of the
graphite layers) flake expands typically by over 100
times along the c-axis. Compression of the resulting
worms (like accordions) causes the worms to be me-
chanically interlocked to one another, so that a sheet is
formed without a binder.

Due to the exfoliation, flexible graphite has a large
specific surface area (e.g., 15 m?/g). Due to the ab-
sence of a binder, flexible graphite is essentially en-
tirely graphite (other than the residual amount of inter-
calate in the exfoliated graphite). As a result, flexible
graphite is chemically and thermally resistant, and low
in coefficient of thermal expansion (CTE). Due to its
microstructure involving graphite layers that are pref-
erentially parallel to the surface of the sheet, flexible
graphite is high in electrical and thermal conductivities
in the plane of the sheet. Due to the graphite layers being
somewhat connected perpendicular to the sheet (i.e., the
honeycomb microstructure of exfoliated graphite), flex-
ible graphite is electrically and thermally conductive in
the direction perpendicular to the sheet (although not as
conductive as the plane of the sheet). These in-plane and
out-of-plane microstructures result in resilience, which
is important for EMI gaskets. Due to the skin effect, a
high surface is desirable for shielding. As the electrical
conductivity (especially that in the plane of the sheet)
and specific surface area are both quite high in flexible
graphite, the effectiveness of this material for shielding
is exceptionally high (up to 130 dB at 1 GHz) [84].

4. Resistance heating

Electrical heating includes resistance heating (i.e.,
Joule heating) and induction heating, in addition to
heating by the use of electric heat pumps, plasmas and
lasers [85, 86]. It is to be distinguished from solar heat-
ing [87-91] and the use of fossil fuels such as coal,
fuel oil and natural gas [86]. Due to the environmental
problem associated with the use of fossil fuels and due
to the high cost of solar heating, electrical heating is
increasingly important.

Resistance heating involves passing an electric cur-
rent through a resistor, which is the heating element. In
relation to the heating of a structure, resistance heating
typically involves the embedding of a heating element
in the structure or attaching a heating element on the
structure. The materials of heating elements cannot be
too low in electrical resistivity, as this would result in
the resistance of the heating element being too low.
The materials of heating elements cannot be too high
in resistivity either, as this would result in the current
in the heating element being too low (unless the volt-
age is very high). Materials of heating elements include
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metal alloys (such as nichrome), ceramics (such as sil-
icon carbide [92]), graphite [93, 94], polymer-matrix
composites [95-97], carbon-carbon composites [98],
asphalt [99] and concrete [100].

Resistance heating is useful for industrial processes,
the heating of buildings, the deicing of bridge decks
[101] and aircraft [95], and the demolition of concrete
structures [102, 103].

A less common form of resistance heating involves
eddy current heating which accompanies induction
heating [104]. However, the requirement of induction
heating makes this form of resistance heating relatively
expensive.

4.1. Flexible graphite

Graphite has long been used as a heating element. In
addition to graphite in a monolithic form [93], pyrolytic
graphite deposited on boron nitride has been used [105].
Furthermore, polymer-matrix composites containing
carbon fibers [106] or carbon black [107], cement-
matrix composites containing coke powder [108—110]
and carbon-matrix composites [98, 111] have been
used. Flexibility or shape conformability of the heat-
ing element is desirable for many applications, such as
the deicing of aircraft [112, 113] and the heating of
floors, pipes and boilers. Flexible graphite is thus at-
tractive [114, 115]. It is also attractive because it is in
a sheet form, is corrosion-resistant, does not need to
be encased and does not need machining for shaping.
In contrast, conventional graphite requires expensive
machining to attain the shape required for the heating
element. Flexible graphite provides temperatures up to
980°C (though burn-off occurs in air at 980°C), re-
sponse half-time down to 4 s, and heat output at 60 s
up to 5600 J [116]. The electrical energy for heating
by 1°C is 1-2 J in the initial portion of rapid tempera-
ture rise. The temperature and heat output increase with
decreasing thickness of the flexible graphite sheet.

4.2. Carbon fiber mats

Due to their flexibility, carbon fiber mats (porous mats
consisting of short carbon fibers and a small amount
of an organic binder) are attractive for use as heating
elements. In addition, they are attractive because they
are in a sheet form, corrosion resistant, and can be in-
corporated in a structural composite.

A mat comprising bare short carbon fibers and ex-
hibiting volume electrical resistivity of 0.11 €-cm and
thermal stability up to 205°C has been found to be an
effective resistive heating element [117]. It provides
temperatures up to 134°C at a power of up to 6.5 W,
with a time up to 106 s to reach half of the maximum
temperature rise. The electrical energy input to heat by
1°C during the initial period of rapid temperature rise
(5s)wasup to 3.8 J. The time to drop to half of the max-
imum temperature rise during cooling is much longer
than the time to reach half of the maximum temperature
during heating, especially when the input power is low.
A mat comprising Ni/Cu/Ni coated carbon fibers gives
lower temperatures, due to the lower resistance, but it
gives faster response.



Flexible graphite is superior to carbon fiber mats as
a heating element, as it provides much higher temper-
atures and much faster response.

5. Thermoelectric energy conversion

Thermoelectric behavior pertains to the conversion be-
tween thermal and electrical energy. In particular, the
Seebeck effect is a thermoelectric effect in which a volt-
age results from a temperature gradient, which causes
the movement of charge carriers from the hot point to
the cold point. This voltage (Seebeck voltage) is useful
for temperature sensing and pertains also to the gener-
ation of electrical energy. The negative of the change in
Seebeck voltage (hot minus cold) per degree C in tem-
perature rise (hot minus cold) is called the thermoelec-
tric power, the thermopower, or the Seebeck coefficient.

Electrical energy generation involves the Seebeck ef-
fect, in which a temperature gradient gives rise to a volt-
age between the hot and cold ends. Heating and cooling
involve the Peltier effect, in which heat is evolved (i.e.,
heating) or absorbed (i.e., cooling) upon passage of an
electric current across two dissimilar materials that are
electrically connected. The Seebeck effect provides a
renewable source of energy, in addition to providing
the basis for thermocouples, which are used for tem-
perature measurement. Moreover, it is relevant to the
reduction of environmental pollution and global warm-
ing. The Peltier effect is relevant to air conditioning,
refrigeration and thermal management.

The Peltier effect requires a combination of low ther-
mal conductivity, high electrical conductivity and high
thermoelectric power. Due to their high thermal con-
ductivity, carbons are not suitable for the Peltier effect.
Therefore, this section is focused on the Seebeck ef-
fect. The Seebeck effect at cryogenic temperatures has
long been studied in various carbons for the purpose
of understanding the electronic properties, but this sec-
tion emphasizes the carbon forms that are relevant to
thermoelectric applications at temperatures at or above
room temperature. These forms include carbon fiber
composites and flexible graphite. The former is attrac-
tive due to its use in structures. The latter is attractive
due to its compliance, which is needed for the coupling
between a thermoelectric cell and the wall of a heat ex-
changer of a thermoelectric energy conversion system.

5.1. Structural composites

An approach involves taking carbon fiber structural
composites as a starting point and modifying these com-
posites for the purpose of enhancing the thermoelectric
properties. In this way, the resulting composites are
multifunctional (i.e., both structural and thermoelec-
tric). Because structural composites are used in large
volumes, the rendering of the thermoelectric function
to these materials means the availability of large vol-
umes of thermoelectric materials for use in, say, electri-
cal energy generation. Moreover, temperature sensing
is useful for structures for the purpose of thermal con-
trol, energy saving and hazard mitigation. The render-
ing of the thermoelectric function to a structural ma-
terial also means that the structure can sense its own

temperature without the need for embedded or attached
thermometric devices, which suffer from high cost and
poor durability. Embedded devices, in particular, cause
degradation of the mechanical properties of the struc-
ture. The structural composites are specifically cement-
matrix composites containing short and randomly ori-
ented fibers, and polymer-matrix composites contain-
ing continuous and oriented fibers. In both cases, the
fibers serve as the reinforcement.

Tworoutes are used in the tailoring of the thermoelec-
tric behavior by composite engineering. One route in-
volves the choice of fibers. The other route, which only
applies to the polymer-matrix composites, involves the
choice of the interlaminar filler, which refers to the par-
ticulate filler between the laminae. The former route
impacts the thermoelectric properties in any direction
for a composite containing randomly oriented fibers. In
the case of a composite containing oriented continuous
fibers, the former route impacts mainly the thermoelec-
tric properties in the fiber direction of the composite,
whereas the latter route impacts mainly the thermoelec-
tric properties in the through-thickness direction of the
composite.

5.1.1. Tailoring by choice of fibers

5.1.1.1. Polymer-matrix composites. Polymer-matrix
composites with continuous oriented carbon fibers are
widely used for aircraft, sporting goods and other
lightweight structures. Glass fibers and polymer fibers
are less expensive than carbon fibers, but they are not
conductive electrically and are therefore not suitable for
rendering the thermoelectric function to the composite.

Carbon fibers can be n-type or p-type even without
intercalation. Intercalation greatly increases the carrier
concentration, thus making the fibers strongly n-type
or strongly p-type, depending on whether the interca-
late is an electron donor or an electron acceptor [118].
One of the drawbacks of intercalated graphite is the in-
stability over time, either due to intercalate desorption
or reaction with environmental species. For the case of
bromine (acceptor) as the intercalate, the instability due
to desorption can be overcome by the use of a residue
compound, i.e., acompound that has undergone desorp-
tion as much as possible so that the remaining interca-
late is strongly held, thereby making the compound sta-
ble. The stability of bromine intercalated carbon fiber
has been demonstrated [119—-121]. For the case of an
alkali metal such as sodium (donor) as the intercalate,
the instability due to reactivity with moisture can be
overcome by the use of an alkali metal hydroxide (with
the alkali metal ions in excess) as the intercalate [122].
Therefore, the choice of fibers involves using bromine
as the acceptor intercalate and sodium hydroxide (with
Na' ions in excess) as the donor intercalate [123]. By
using these dissimilar continuous carbon fibers in adja-
cent laminae of an epoxy-matrix composite, a thermo-
couple with sensitivity as high as 82 wV/°C has been
attained [123].

The thermocouple junction is the interlaminar inter-
face, as made ordinarily. The junction does not require
any bonding agent other than the epoxy, which serves
as the matrix of the composite and does not serve as
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TABLE II Seebeck coefficient («V/°C) and absolute thermoelectric
power (1 V/°C) of carbon fibers and thermocouple sensitivity (uV/°C)
of epoxy-matrix composite junctions. All junctions are unidirectional
unless specified as crossply. The temperature range is 20—-110°C

Seebeck coefficient Absolute Thermocouple
with copper as the  thermoelectric ~ sensitivity
reference (uV/°C) power (uV/°C) (uV/°C)

p-252 +0.8 +3.1

T-300? -5.0 2.7

P-25% + T-300? +5.5

P-25% 4 T-300* +5.4
(crossply)

P-100* -1.7 +0.6

P-120* —-32 -0.9

P-100 (Na) —48 —46

P-100 (Bry) +43 +45

P-100 (Brp) +82
+ P-100 (Na)

P-120 (Na) —42 —40

P-120 (Brp) +38 +40

P-120 (Brp) +74
+ P-120 (Na)

4Pristine (i.e., not intercalated).

an electrical contact medium (since it is not conduct-
ing). In spite of the presence of the epoxy matrix in the
junction area, direct contact occurs between a fraction
of the fibers of a lamina and a fraction of the fibers of
the other lamina, thus resulting in a conduction path in
the direction perpendicular to the junction. This con-
duction path is indicated by direct measurement of the
electrical resistance of the junction [124] and enables
an electrical contact to be made across the junction. The
use of silver paint as an additional bonding agent did
not give better result [ 123]. That a bonding agent did not
affect the result is also consistent with the fact that the
thermocouple effect is not an interfacial phenomenon.
That an additional bonding agent is not necessary fa-
cilitates the use of a structural composite as a ther-
mocouple array, as a typical structural composite does
not have any extra bonding agent at the interlaminar
interface.

Table II shows the Seebeck coefficient and the abso-
lute thermoelectric power of composites and the ther-
mocouple sensitivity of composite junctions. A positive
value of the absolute thermoelectric power indicates
p-type behavior; a negative value indicates n-type be-
havior. Pristine P-25 is slightly p-type; pristine T-300 is
slightly n-type. A junction comprising pristine P-25 and
pristine T-300 has a positive thermocouple sensitivity
that is close to the difference of the Seebeck coefficients
(or the absolute thermoelectric powers) of T-300 and P-
25, whether the junction is unidirectional or crossply.
Pristine P-100 and pristine P-120 are both nearly zero
in the absolute thermoelectric power. Intercalation with
sodium causes P-100 and P-120 to become strongly
n-type. Intercalation with bromine causes P-100 and
P-120 to become strongly p-type. A junction compris-
ing bromine intercalated P-100 and sodium intercalated
P-100 has a positive thermocouple sensitivity that is
close to the sum of the magnitudes of the absolute ther-
moelectric powers of the bromine intercalated P-100
and the sodium intercalated P-100. Similarly, a junc-
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Figure 1 Variation of the measured voltage with the temperature dif-
ference between hot and cold points for the epoxy-matrix composite
junction comprising bromine intercalated P-100 and sodium intercalated
P-100.

tion comprising bromine intercalated P-120 and sodium
intercalated P-120 has a positive thermocouple sensi-
tivity that is close to the sum of the magnitudes of the
absolute thermoelectric powers of the bromine interca-
lated P-120 and the sodium intercalated P-120. Fig. 1
shows the linear relationship of the measured voltage
with the temperature difference between hot and cold
points for the junction comprising bromine intercalated
P-100 and sodium intercalated P-100.

5.1.1.2. Cement-matrix composites. Cement (Portland
cement in this section) is a low-cost, mechanically
rugged and electrically conducting materials which can
be rendered n-type or p-type by the use of appropriate
admixtures, such as short carbon fibers (which con-
tribute holes) for attaining p-type cement and short steel
fibers (which contribute electrons) for attaining n-type
cement (Table IIT) [125-129]. (Cement itself is weakly
p-type in relation to electronic/ionic conduction [125]).
The fibers also improve the structural properties, such
as increasing the flexural strength and toughness and
decreasing the drying shrinkage [130-137]. Further-
more, cement-based junctions can be easily made by
pouring the dissimilar cement mixes side by side.
Pairs of cement paste were used to make junctions, as
described in Table IV [138]. The thermocouple voltage
increases monotonically and reversibly with increas-
ing temperature difference for all junctions. The ther-
mocouple voltage noise decreases and the thermocou-
ple sensitivity (Table IV) and reversibility increase in
the order: (c), (b) and (a). The highest thermocouple

TABLE III Absolute thermoelectric power (uV/°C)

Volume

Cement paste fraction fibers uV/°C Type Ref.

(i) Plain 0

(i) Sr (0.5%) 0.10%
(iii) C (0.5%) + SF 0.48%
(iv) Cr (1.0%) + SF 0.95%
) Cr(05*)+L 041%

+2.69 £0.03 weaklyn [125]
—48.7+£4.8 stronglyn [129]
+3.79+0.09 weaklyn [125]
+5.16+£0.11 p [125]
+3.54 £ 0.05 weaklyn [125]

2Percentage by mass of cement.
Note: SF = silica fume; L = latex.



TABLE IV Cement junctions

Thermocouple
sensitivity (uV/°C)

Junction  Pastes involved  Junction type  Heating  Cooling
(a) (iv) and (ii) pn 70 £7 70+7
(b) (iii) and (ii) pn 65+5 65+6
(©) (v) and (ii) pn 59+7 58+5

Note: nn refers to a junction between a weakly n-type material and a
strongly n-type material.

sensitivity is 70 =7 uV/°C, as attained by junction (a)
both during heating and cooling. This value approaches
that of commercial thermocouples. That junction (a)
gives the best thermocouple behavior (in terms of sen-
sitivity, linearity, reversiblity and signal-to-noise ratio)
is due to the greatest degree of dissimilarity between
the materials that make up the junction. The values of
the thermocouple sensitivity (Table IV) are higher than
(theoretically equal to) the difference in the absolute
thermoelectric power of the corresponding two cement
pastes that make up the junction (Table IIT). For exam-
ple, for junction (a), the difference in the absolute ther-
moelectric power of pastes (iv) and (ii) is 54 uV/°C, but
the thermocouple sensitivity is 70 ' V/°C. The reason
for this is unclear. Nevertheless, a higher thermocouple
sensitivity does correlate with a greater difference in
the absolute thermoelectric power.

5.1.2. Tailoring by the choice of the
interlaminar filler

In contrast to Section 5.1.1, which involves dissimilar
fibers to make thermocouples from structural compos-
ites, this section uses dissimilar interlaminar fillers for
the two thermocouple legs, which have identical fibers.
Furthermore, in contrast to Section 5.1.1.1, which ex-
ploits the thermoelectric behavior in the fiber direction
of acontinuous fiber composite, this section exploits the
thermoelectric behavior in the through-thickness direc-
tion. The use of dissimilar interlaminar fillers is more
suitable for practical application than the use of dis-
similar fibers, as the method used to obtain sufficiently
dissimilar carbon fibers (i.e., intercalation) is expensive
and requires highly crystalline carbon fibers, which are
also expensive. Glass fibers and polymer fibers are not
suitable, as they are not conducting electrically. Steel
fibers are conducting, but their high density makes them
unsuitable for lightweight composites. As an interlami-
nar filler has more effect on the properties (particularly
the electrical conduction properties) in the through-
thickness direction than those in the fiber direction,
this section exploits the thermoelectric behavior in the
through-thickness direction.

The thermocouple junction (Section 5.1.1.1) that ex-
ploits the thermoelectric behavior in the fiber direc-
tion involves two dissimilar laminae that form an inter-
laminar interface, which is the thermocouple junction.
The two laminae can be unidirectional or crossply, but
the crossply configuration is attractive in that it pro-
vides a two-dimensional array of thermocouple junc-

Copper foil

/

A B

\ /

Copper wire Copper wire

Figure 2 Thermocouple involving dissimilar composites A and B and
utilizing the thermoelectric behavior of A and B in the through-thickness
direction. In this configuration, the thermocouple junction is exposed.

tions, thereby allowing temperature distribution mea-
surement. Since the thermoelectric behavior in the fiber
direction is exploited, only one lamina is needed for
each leg. As a consequence, the junction is close to
the exposed surface of the laminate and is thus suit-
able for measuring the temperature of the exposed
surface.

On the other hand, for exploiting the thermoelectric
behavior in the through-thickness direction, each leg
needs to be at least a few laminae in thickness. As a
result, the junction is not close to the exposed surface
and thus cannot be used to measure the temperature of
the exposed surface.

An alternate configuration, as illustrated in Fig. 2,
allows the thermocouple junction to be exposed, while
each leg comprises multiple laminae. This configura-
tion involves using an electrical interconnection, such
as a copper foil that is attached to both laminates. This
is the configuration used in this section.

The interlaminar additives used in this section
are thermoelectric particles, particularly bismuth, tel-
lurium and bismuth telluride, which are well-known
as thermoelectric materials [139]. Table V shows the
absolute thermoelectric power obtained in the through-
thickness and longitudinal directions for the composites
investigated [140]. Even though the sign of the absolute
thermoelectric power is different in the directions con-
sidered, the addition of the interlaminar thermoelectric
particles tends to make it more negative in most cases.
The effect is larger in the through-thickness direction
than in the longitudinal direction. The thermoelectric
behavior of the composite material is influenced by
the reinforcing fibers and the interlaminar interfaces.
While the fibers govern the behavior in the longitudi-
nal direction, the interlaminar interfaces are encoun-
tered in the through-thickness direction. As a result,
the effect of the interlaminar particles on the thermal

TABLE V Density, interlayer particle volume fraction and absolute
thermoelectic power of various thermoplastic-matrix composites

Absolute thermoelectric

Volume power (uV/°C)
Density  Particle fraction Through-
Set (g/cm’®)  material particles (%) thickness Longitudinal
1 14402 None 0 0.5+0.1 —0.7£0.1
2  1.84+0.2 Bismuth 454+05 0.6+0.1 —09+0.1
3 23402 Bismuth 10.5+0.5 1.24+0.1 —-03=£0.1
4 1.8+0.2 Tellurium 7.3+£0.5 223+02 —-0.1+£0.1
5 2.1%+0.2 Bismuth 99+£05 —-11.7£15 —-08=%0.15

telluride
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Figure 3 Thermocouple voltage vs. temperature difference for a ther-
mocouple with the configuration of Fig. 2 and involving as the two legs
of the thermocouple a composite with tellurium as the interlaminar filler
and one with bismuth telluride as the interlaminar filler.

or electrical conduction is expected to be larger in the
through-thickness direction than in the longitudinal di-
rection.

The use of tellurium particles is more effective than
the use of bismuth particles in making the absolute
thermoelectric power more negative, particularly in
the through-thickness direction. This is probably be-
cause the absolute thermoelectric power is positive for
tellurium (470 nwV/°C [139]), and this may be favor-
able for the enhancement of the thermoelectric effect
in the composite [141].

In contrast to bismuth (=72 uV/°C [133]) and
tellurium (+70 wV/°C [139]), bismuth telluride
(4200 wV/°C [139]) makes the absolute thermoelec-
tric power of the composite more negative, particularly
in the through-thickness direction. The origin of this
effect is unclear.

Because tellurium and bismuth telluride as inter-
laminar fillers give opposite signs of the absolute
thermoelectric power, they were used for making a
thermoplastic-matrix composite thermocouple using
the configuration of Fig. 2. Fig. 3 [140] shows that the
curve of the thermocouple voltage vs. temperature dif-
ference is linear. The thermoelectric sensitivity (e.g.,
thermocouple voltage per unit temperature difference)
is 30 £ 1.5 ©V/°C, which, as expected, is roughly equal
to the sum of the magnitudes of the absolute thermo-
electric power of the two legs in the through-thickness
direction (Table V).

5.2. Flexible graphite

The thermal stress between a thermoelectric cell and
the wall of a heat exchanger of a thermoelectric energy
conversion system affects the thermal coupling as well
as the durability. To reduce the thermal stress, compli-
ant pads are used at the interface, although the pad acts
as a barrier against thermal conduction [142, 143]. If
the thermoelectric material is itself compliant, a com-
pliant pad will not be necessary. Compliant polymer-
matrix composites containing a thermoelectric filler
suffer from their inability to withstand high temper-
atures, as encountered in thermoelectric power conver-
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sion systems with a high thermal energy density. Flex-
ible graphite is compliant and resistant to high temper-
atures, in addition to being a thermoelectric material
[144].

Metals are in general more compliant than semicon-
ductors, but their Seebeck effect is relatively weak and
they tend to suffer from corrosion. Polymers can be
more compliant than metals, but they are usually elec-
trically insulating and do not exhibit the Seebeck effect.
Flexible graphite is quite unusual in its combination of
compliance and thermoelectric behavior.

Flexible graphite is much more conductive thermally
in the in-plane direction than in the out-of-plane direc-
tion. The high in-plane thermal conductivity, together
with the resilience in the out-of-plane direction, help
the attaining of a good thermal contact between flexi-
ble graphite and a hot/cold surface. On the other hand,
the low out-of-plane thermal conductivity is favorable
for the Seebeck effect in the out-of-plane direction.

The Seebeck effect in the through-thickness direc-
tion of flexible graphite can be used for the generation
of electrical energy, as a Seebeck voltage is generated
between the two opposite in-plane surfaces of a flexible
graphite sheet when the sheet is placed on a hot object
(such as a human body) or a cold object (such as the
window of an aircraft). The flexibility of the sheet fa-
cilitates the placement on a surface which is not flat. A
related application is the sensing of the temperature of
the hot or cold object.

The absolute thermoelectric power of flexible
graphite in the through thickness direction 1is
—0.65 uV/°C [145]. For carbons that have not been
intercalated, both positive and negative values of the ab-
solute thermoelectric power at room temperature have
been reported [144—150]. The value depends on the
crystallinity, defects, phonons and impurities, in addi-
tion to depending on the carrier type and concentration.

6. Sensing
The sensing of strain, damage, temperature, humid-
ity and chemical substances is useful for control and
hazard mitigation. Various phenomena can be used
to attain sensing. They include electrical and electro-
chemical phenomena. The electrical phenomena are
pertinent to this paper. An electrical phenomenon that
enables the sensing of strain is piezoresistivity (i.e., the
change of the electrical resistivity with strain or stress).
Electrical phenomena that enable the sensing of tem-
perature are the thermistor effect (i.e., the change of
the electrical resistivity with temperature) and the See-
beck effect (Section 5). Carbon by itself exhibits weakly
piezoresistivity and the thermistor effect [151-153],
but carbon fiber composites (with matrices other than
carbon), when appropriately designed, exhibit these
phenomena strongly. For carbon fiber structural com-
posites, these phenomena enable the composites to be
multifunctional. In other words, the structural compos-
ites are self-sensing and are thus valuable for smart
structures.

Smart structures are structures that have the abil-
ity to sense certain stimuli and be able to response to
the stimuli in an appropriate fashion, somewhat like a



human being. Sensing is the most fundamental aspect of
a smart structure. Smart structures are important due to
their relevance to hazard mitigation, structural vibration
control, structural health monitoring, transportation en-
gineering, thermal control and energy saving. Research
on smart structures has emphasized the incorporation
of various devices in a structure for providing sensing,
energy dissipation, actuation, control or other func-
tions. Research on smart composites has emphasized
the incorporation of a functional material or device in
a matrix material for enhancing the smartness or dura-
bility. Relatively little attention has been given to the
development of structural materials (e.g., concrete and
composites) that are inherently able to provide some of
the smart functions, so that the need for embedded or
attached devices is reduced or eliminated, thereby low-
ering cost, enhancing durability, increasing the smart
volume, and minimizing mechanical property degra-
dation (which usually occurs in the case of embedded
devices).

This section is focused on structural composites
for smart structures. It addresses cement-matrix and
polymer-matrix composites. The smart functions ad-
dressed include strain/stress sensing (for structural vi-
bration control, traffic monitoring and weighing), dam-
age sensing (both mechanical and thermal damage
in relation to structural health monitoring and haz-
ard mitigation) and temperature sensing (for thermal
control, hazard mitigation and structural performance
control).

6.1. Cement-matrix composites
Cement-matrix composites include concrete (contain-
ing coarse and fine aggregates), mortar (containing fine
aggregate but no coarse aggregate) and cement paste
(containing no aggregate, whether coarse or fine). Other
fillers, called admixtures, can be added to the mix to im-
prove the properties of the composite. Admixtures are
discontinuous, so that they can be included in the mix.
They can be particles, such as silica fume (a fine partic-
ulate) and latex (a polymer in the form of a dispersion).
They can be short fibers, such as polymer, steel, glass
or carbon fibers. They can be liquids such as methyl-
cellulose aqueous solution, water reducing agent, de-
foamer, etc. Admixtures for rendering the composite
smart while maintaining or even improving the struc-
tural properties are the focus of this section.

6.1.1. Strain sensing

Cement reinforced with short carbon fibers is capable
of sensing its own strain due to the effect of strain on
the volume electrical resistivity (a phenomenon known
as piezoresistivity) [154—171] and due to the effect
of strain on the electric polarization (a phenomenon
known as direct piezoelectricity) [172].

6.1.1.1. Piezoresistivity. Uniaxial tension of carbon
fiber reinforced cement in the elastic regime causes re-
versible increases in the volume electrical resistivity in
both longitudinal and transverse directions, such that
the gage factor (fractional change in resistance per unit

strain) is comparable in magnitude in the two direc-
tions [165]. In contrast, uniaxial compression causes
reversible decreases in the resistivity in both directions
[166]. Without fibers, the resistivity changes are much
smaller and less reversible. The resistivity increase is
attributed to defect generation or aggravation under ten-
sion and defect healing under compression. The frac-
tional change in resistance per unit strain (i.e., the gage
factor) is up to 700.

The transverse resistivity increases upon uniaxial
tension, even though the Poisson Effect causes the
transverse strain to be negative. This means that the ef-
fect of the transverse resistivity increase overshadows
the effect of the transverse shrinkage. The resistivity
increase is a consequence of the uniaxial tension. In
contrast, under uniaxial compression, the resistance in
the stress direction decreases. Hence, the effects of uni-
axial tension on the transverse resistivity and of uniaxial
compression on the longitudinal resistivity are differ-
ent; the gage factors are negative and positive for these
cases respectively.

The similarity of the resistivity change in longitu-
dinal and transverse diections under uniaxial tension
suggests similarity for other directions as well. This
means that the resistance can be measured in any direc-
tion in order to sense the occurrence of tensile loading.
Although the gage factor is comparable in both longi-
tudinal and transverse directions, the fractional change
in resistance under uniaxial tension is much higher in
the longitudinal direction than the transverse direction.
Thus, the use of the longitudinal resistance for practical
self-sensing is preferred.

Similar piezoresistive behavior has been observed in
carbon fiber cement in the form of a coating [167].

6.1.1.2. Direct piezoelectricity. The direct piezoelec-
tric effect was observed in cement pastes by voltage
measurement [173] and by observing the electric polar-
ization during repeated compressive loading [172]. The
piezoelectric effect is attributed mainly to the move-
ment of ions in the cement. The presence of carbon fiber
does not enhance the direct piezoelectric effect, though
it greatly enhances the piezoresistive effect (Section
6.1.1.1).

6.1.2. Damage sensing

Both mechanical damage and thermal damage are of
concern to the integrity of cement-based materials. The
self-sensing of damage in cement-based materials has
been demonstrated with high sensitivity to even minor
damage. Work on damage sensing mainly relates to me-
chanical damage rather than thermal damage, although
damage due to freeze-thaw cycling is well-known in
cement-based materials, and damage due to heat oc-
curs in fires.

Cement-based materials are capable of sensing ma-
jor and minor mechanical damage—even damage dur-
ing elastic deformation—due to the electrical resistiv-
ity increase that accompanies damage [174, 175]. The
use of short carbon fiber as an admixture enhances
the sensitivity [174]. Both damage within the cement-
based material and damage at an interface (e.g., the
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interface between cement-based materials and steel re-
bar and that between old and new cement-based ma-
terials) can be sensed. Damage within a cement-based
material is indicated by increase in the volume electri-
cal resistivity of the material, i.e., the material itself is
the sensor [174]. Damage of an interface is indicated
by increase in the contact electrical resistivity of the
interface [176, 177], i.e., the interface itself is the sen-
sor. That both strain (Section 6.1.1) and damage can be
sensed simultaneously through resistance measurement
means that the strain/stress condition (during dynamic
loading) under which damage occurs can be obtained,
thus facilitating damage origin identification. Damage
is indicated by a resistance increase which is larger
and less reversible when the stress amplitude is higher.
The resistance increase can be a sudden increase dur-
ing loading. It can also be a gradual shift of the baseline
resistance.

6.1.3. Thermistor

A thermistor is a thermoelectric device consisting of
a material (typically a semiconductor, but in this case
a cement-based material) whose electrical resistivity
changes (typically decreases) with rise in temperature.
The carbon fiber cement-based material described in
Section 6.1.1 for strain sensing is a thermistor, due to
its resistivity decreasing reversibly with increasing tem-
perature [178]; the sensitivity, as indicated by the acti-
vation energy (0.4 eV), is comparable to that of semi-
conductor thermistors. (The effect of temperature will
need to be compensated in using the cement-based ma-
terial as a strain or damage sensor.) Without fibers, the
thermistor sensitivity is much lower [178, 179].

6.2. Polymer-matrix composites

6.2.1. Strain sensing

Self-sensing of strain (reversible) has been achieved
in carbon fiber epoxy-matrix composites [180-184],
as the electrical resistance of the composite in the
through-thickness or longitudinal direction changes re-
versibly with longitudinal strain (gage factor up to
40) due to change in the degree of fiber alignment.
Tension in the fiber direction of the composite in-
creases the degree of fiber alignment, thereby increas-
ing the chance for fibers of adjacent laminae to touch
one another. As a consequence, the through-thickness
resistance increases while the longitudinal resistance
decreases.

The strain sensitivity (gage factor) is defined as the
reversible part of AR/R, divided by the longitudinal
strain amplitude. It is negative (from —18 to —12) for
the longitudinal AR/R, and positive (17-24) for the
through-thickness AR/ R,. The magnitudes are compa-
rable for the longitudinal and through-thickness strain
sensitivities. As a result, whether the longitudinal R
or the through-thickness R is preferred for strain sens-
ing just depends on the convenience of electrical con-
tact application for the geometry of the particular smart
structure.

A dimensional change without any resistivity change
would have caused the longitudinal R to increase during
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tensile loading and decrease during compressive load-
ing. In contrast, the longitudinal R decreases upon ten-
sile loading and increases upon compressive loading.
In particular, the magnitude of AR/R, under tension
is 7-11 times that of AR/R, calculated by assuming
that AR/ R, is only due to dimensional change and not
due to any resistivity change. Hence the contribution
of AR/R, from the dimensional change is negligible
compared to that from the resistivity change.

The irreversible behavior, though small compared to
the reversible behavior, is such that R (longitudinal
or though-thickness) under tension is irreversibly de-
creased after the first cycle. This behavior is attributed
to the irreversible disturbance to the fiber arrangement
at the end of the first cycle, such that the fiber arrange-
ment becomes less neat. A less neat fiber arrangement
means more chance for the adjacent fiber layers to touch
one another.

6.2.2. Damage sensing

Self-sensing of damage (whether due to stress or tem-
perature, under static or dynamic conditions) has been
achieved in continuous carbon fiber polymer-matrix
composites, as the electrical resistance of the compos-
ite changes with damage [185-199]. Minor damage in
the form of slight matrix damage and/or disturbance
to the fiber arrangement is indicated by the longitu-
dinal and through-thickness resistance decreasing ir-
reversibly due to increase in the number of contacts
between fibers. More significant damage in the form of
delamination or interlaminar interface degradation is
indicated by the through-thickness resistance (or more
exactly the contact resistivity of the interlaminar inter-
face) increasing due to decrease in the number of con-
tacts between fibers of different laminae. Major damage
in the form of fiber breakage is indicated by the lon-
gitudinal resistance increasing irreversibly. During me-
chanical fatigue, delamination was observed to begin at
30% of the fatigue life, whereas fiber breakage was ob-
served to begin at 50% of the fatigue life [186]. During
thermal cycling, damage at the interlaminar interface
was indicated by increase of the contact resistivity of
the interface [200, 201].

6.2.3. Thermistor

Continuous carbon fiber epoxy-matrix composites pro-
vide temperature sensing by serving as thermistors
[202, 203] and thermocouples (Section 5.1.1.1) [123].
The thermistor function stems from the reversible de-
crease of the contact electrical resistivity at the interface
between fiber layers (laminae) on temperature. From
the slope (negative) of the Arrhenius plot, which is quite
linear, the activation energy can be calculated. This ac-
tivation energy is the energy for electron jumping from
one lamina to the other. Electronic excitation across this
energy enables conduction in the through-thickness di-
rection. The electron jump primarily occurs at points
where direct contact occurs between fibers of the adja-
cent laminae. The direct contact is possible due to the
flow of the epoxy resin during composite fabrication
and due to the slight waviness of the fibers [185].



6.3. Carbon-matrix composites

A carbon-carbon composite with bidirectionally wo-
ven continuous carbon fibers has been shown to be an
excellent damage sensor, as its electrical resistivity in-
creases irreversibly upon damage, even damage after
the first cycle of tensile loading in the elastic regime
[204]. However, the strain sensing ability is not as
good as that of carbon fiber polymer-matrix composites
(Section 6.2.1).

7. Electrical switching

Electrical switching can be achieved by using a material
whose electrical resistivity increases abruptly under a
certain condition (e.g., when the temperature or elec-
tric field is above a threshold). The switching serves to
protect electronic devices from damage resulting from
exceeding the threshold. Polymer-matrix composites
containing discontinuous electrically conducting fillers
(typically particles) are commonly used for electrical
switching. The filler volume fraction is typically in the
vicinity of the percolation threshold. The resistivity in-
creases with increasing temperature, due to the large
thermal expansion coefficient of the polymer matrix
compared to the filler and the consequent decrease in
the chance of contact between adjacent filler units as the
temperature increases. This phenomenon is known as
the positive temperature coefficient (PTC) effect. As the
melting temperature or curing temperature of the poly-
mer matrix is approached, the resistivity rises abruptly,
thereby providing switching.

Carbon black [205-208], graphite [209], coke [209]
and carbon fibers [210] have all been used as discontin-
uous fillers in polymer-matrix composites for electrical
switching. Carbon black is most commonly used, due
to its low cost and particulate nature. However, ceramic
particles such as TiB; are increasingly used for com-
posites for switching.

8. Electronic devices

Electric current rectification (diode behavior) can be
achieved by using pn,nn™ or metal-semiconductor
junctions. The pn-junction is the junction between a
p-type conductor (a conductor with holes as the major-
ity carrier) and an n-type conductor (a conductor with
electrons as the majority carrier). The pn-junction is
ideally rectifying, i.e., the current-voltage (I-V) char-
acteristic is such that the current is large when the ap-
plied voltage is positive on the p-side relative to the
n-side and is small when the applied voltage is positive
on the n-side relative to the p-side. The pn-junction
is an electronic device that is central to electrical cir-
cuitry, due to its importance to diodes and transistors.
Akin to the pn-junction is the n — n™ junction, which
is a junction between a weakly n-type conductor and a
strongly n-type (i.e., n™) conductor.

Electric current rectification and thermocouples
(Section 5.1.2) have been attained in cement-based
junctions (preferably a pn-junction, as an n — n™ junc-
tion gives poorer performance), as obtained by separate
pouring and co-curing of electrically dissimilar cement
mixes side by side [138]. Fig. 4 shows the current-
voltage characteristic of a cement-based pn-junction.
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Figure 4 Current-voltage characteristic of a cement-based pn-junction.

Electric current rectification has also been attained
by using junctions between carbon nanotubes, which
can be metallic or semiconducting, depending on the
chirality [211].

9. Thermal pastes

With the miniaturization and increasing power of mi-
croelectronics, heat dissipation has become critical to
the performance, reliability and further miniaturization
of microelectronics. Heat dissipation from microelec-
tronics is most commonly performed by thermal con-
duction. For this purpose, a heat sink, which is a mate-
rial of high thermal conductivity, is commonly used. In
order for the heat sink to be well utilized, the thermal
contact between the heat sink and the heat source (e.g.,
a substrate with a semiconductor chip on it) should be
good [212, 213]. A thermal fluid or paste is commonly
applied at the interface to enhance the thermal contact
[214]. The fluid or paste is a material that has high
conformability so that it can conform to the surface to-
pography of the mating surfaces, thereby avoiding air
gaps (which are thermally insulating) at the interface.
The fluid or paste must be highly spreadable, so that
the thickness of the paste after application is very thin
(just enough to fill the valleys in the surface topography
of the mating surfaces). Preferably the fluid or paste is
thermally conductive as well. Although much attention
has been given to the development of heat sink ma-
terials, relatively little attention has been given to the
development of thermal fluids or pastes.

The most common thermal fluid is mineral oil. As
a fluid, it is highly conformable and spreadable, but
it has a low thermal conductivity. The most common
thermal paste is silicone filled with thermally conduc-
tive particles [215-218]. Due to the filler, it is relatively
high in thermal conductivity, but it suffers from poor
conformability and poor spreadability.

Carbon black dispersions based on polyethylene gly-
col (PEG) or di(ethylene glycol) butyl ether, along with
dissolved ethyl cellulose, provide thermal pastes that
are superior to solder as thermal interface materials
[219]. The thermal contact conductance of the inter-
face between copper disks reaches 3 x 103 W/m? - °C,
compared to 2 x 103 W/m?.°C for a tin-lead-antimony
solder. The pastes based on PEG are superior to those
based on butyl ether in their thermal stability above
100°C. Carbon black (of a type that is relatively
compressible) is superior to materials that are more
conductive thermally (graphite, diamond and nickel
particles, carbon filaments and single-walled carbon
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TABLE VI Thermal contact conductance for thermal pastes in the
form of butyl ether containing 40 vol% ethyl cellulose and 0.27vol%
thermally conductive solids, as tested between copper disks at various
contact pressures. The interface material was below 25 pm in thickness
[219]

Conductance (10* W/mZ2.°C)

Thermally
conductive solid 0.46 MPa 0.69 MPa 0.92 MPa
Carbon black 18.94 +0.60 24.87+1.00 25.74+1.20
Graphite (5 pwm) 3.03 +£0.09 3.67 £0.08 4.02+0.12
Graphite (1 um) 1.52+0.03 1.77 £0.04 2.04 +£0.05
Nickel (5 pm) 1.85+0.05 2.14+£0.02 2.84 +0.04
Nickel (1 pm) 0.91 +£0.07 2.034+0.10 2.66 +0.03
Diamond (25 um) 1.15+0.02 1.21 £ 0.09 1.54 +0.03
Carbon filaments 1.09 +0.03 1.32+£0.02 1.51 +£0.03
(0.1 um diameter)
Single-walled 13.5+0.2 13.8+0.3 14.1+04

carbon nanotubes?

4From Ref. 220.

nanotubes) in providing thermal pastes of high perfor-
mance (Table VI). The performance of thermal pastes
and solder as thermal interface materials is mainly gov-
erned by their conformability and spreadability rather
than their thermal conductivity.

10. Conclusion

The electrical applications of carbons and their com-
posites include electrical conduction (particularly in
electrodes, current collectors and electrical contacts),
electromagnetic interference shielding, resistance heat-
ing, thermoelectric energy conversion, sensing, electri-
cal switching and thermal pastes. They are relevant to
the energy, structural, aerospace, electronic and thermal
industries.
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