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Preface

Materials constitute the foundation of technology. They include metals, polymers,
ceramics, semiconductors, and composite materials. The fundamental concepts of
materials science are crystal structures, imperfections, phase diagrams, materials
processing, and materials properties. They are taught in most universities to mate-
rials, mechanical, aerospace, electrical, chemical, and civil engineering undergrad-
uate students. However, students need to know not only the fundamental concepts,
but also how materials are applied in the real world. Since a large proportion of
undergraduate students in engineering go on to become engineers in various indus-
tries, it is important for them to learn about applied materials science.

Due to the multifunctionality of many materials and the breadth of industrial
needs, this book covers structural, electronic, thermal, electrochemical, and other
applications of materials in a cross-disciplinary fashion. The materials include met-
als, ceramics, polymers, cement, carbon, and composites. Thetopicsare scientifically
rich and technologically relevant. Each is covered in atutorial and up-to-date manner
with numerous references cited. The book is suitable for use as a textbook for
undergraduate and graduate courses, or as a reference book. The reader should have
background in fundamental materials science (at least one course), although some
fundamental concepts pertinent to the topics in the chapters are covered in the
appendices.
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SYNOPSIS Engineering materials constitute the foundation of technology, whether
the technology pertains to structural, electronic, thermal, electrochemical, environ-
mental, biomedical, or other applications. The history of human civilization evolved
from the Stone Age to the Bronze Age, the Iron Age, the Steel Age, and to the Space
Age (contemporaneous with the Electronic Age). Each age is marked by the advent
of certain materials. The Iron Age brought tools and utensils. The Steel Age brought
rails and the Industrial Revolution. The Space Age brought structural materials (e.g.,
composite materials) that are both strong and lightweight. The Electronic Age
brought semiconductors. Modern materials include metals, polymers, ceramics,
semiconductors, and composite materials. This chapter provides an overview of the
classes and applications of materials.

RELEVANT APPENDICES: A, B

1.1 CLASSES OF MATERIALS

Metals, polymers, ceramics, semiconductors, and composite materials constitute the
main classes of materials.

Metals (including alloys) consist of atoms and are characterized by metallic
bonding (i.e., the valence electrons of each atom are delocalized and shared among
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all the atoms). Most of the elements in the Periodic Table are metals. Examples of
alloys are Cu-Zn (brass), Fe-C (steel), and Sn-Pb (solder). Alloys are classified
according to the majority element present. The main classes of alloys are iron-based
alloys for structures; copper-based alloys for piping, utensils, thermal conduction,
electrical conduction, etc.; and aluminum-based alloys for lightweight structures and
metal-matrix composites. Alloys are almost always in the polycrystalline form.

Ceramics are inorganic compounds such as Al,O; (for spark plugs and for
substrates for microelectronics), SiO, (for electrical insulation in microelectronics),
Fe;0, (ferrite for magnetic memories used in computers), silicates (clay, cement,
glass, etc.), and SiC (an abrasive). The main classes of ceramics are oxides, carbides,
nitrides, and silicates. Ceramics are typically partly crystalline and partly amorphous.
They consist of ions (often atoms as well) and are characterized by ionic bonding
and often covalent bonding.

Polymers in the form of thermoplastics (nylon, polyethylene, polyvinyl chloride,
rubber, etc.) consist of molecules that have covalent bonding within each molecule
and van der Waals’ forces between them. Polymers in the form of thermosets (e.g.,
epoxy, phenolics, etc.) consist of a network of covalent bonds. Polymers are amor-
phous, except for a minority of thermoplastics. Due to the bonding, polymers are
typically electrical and thermal insulators. However, conducting polymers can be
obtained by doping, and conducting polymer-matrix composites can be obtained by
the use of conducting fillers.

Semiconductors have the highest occupied energy band (the valence band, where
the valence electrons reside energetically) full such that the energy gap between the
top of the valence band and the bottom of the empty energy band (the conduction
band) is small enough for some fraction of the valence electrons to be excited from
the valence band to the conduction band by thermal, optical, or other forms of energy.
Conventional semiconductors, such as silicon, germanium, and gallium arsenide
(GaAs, a compound semiconductor), are covalent network solids. They are usually
doped in order to enhance electrical conductivity. They are used in the form of single
crystals without dislocations because grain boundaries and dislocations would
degrade electrical behavior.

Composite materials are multiphase materials obtained by artificial combination
of different materials to attain properties that the individual components cannot
attain. An example is a lightweight structural composite obtained by embedding
continuous carbon fibers in one or more orientations in a polymer matrix. The fibers
provide the strength and stiffness while the polymer serves as the binder. Another
example is concrete, a structural composite obtained by combining cement (the
matrix, i.e., the binder, obtained by a reaction known as hydration, between cement
and water), sand (fine aggregate), gravel (coarse aggregate), and, optionally, other
ingredients known as admixtures. Short fibers and silica fume (a fine SiO, particu-
late) are examples of admixtures. In general, composites are classified according to
their matrix materials. The main classes of composites are polymer-matrix, cement-
matrix, metal-matrix, carbon-matrix, and ceramic-matrix.

Polymer-matrix and cement-matrix composites are the most common due to the
low cost of fabrication. Polymer-matrix composites are used for lightweight struc-
tures (aircraft, sporting goods, wheelchairs, etc.) in addition to vibration damping,
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electronic enclosures, asphalt (composite with pitch, a polymer, as the matrix), and
solder replacement. Cement-matrix composites in the form of concrete (with fine
and coarse aggregates), steel-reinforced concrete, mortar (with fine aggregate, but
no coarse aggregate), or cement paste (without any aggregate) are used for civil
structures, prefabricated housing, architectural precasts, masonry, landfill cover,
thermal insulation, and sound absorption. Carbon-matrix composites are important
for lightweight structures (like the Space Shuttle) and components (such as aircraft
brakes) that need to withstand high temperatures, but they are relatively expensive
because of the high cost of fabrication. Carbon-matrix composites suffer from their
tendency to be oxidized (2C + O, — 2CO), thereby becoming vapor. Ceramic-matrix
composites are superior to carbon-matrix composites in oxidation resistance, but
they are not as well developed. Metal-matrix composites with aluminum as the
matrix are used for lightweight structures and low-thermal-expansion electronic
enclosures, but their applications are limited by the high cost of fabrication and by
galvanic corrosion.

Not included in the five categories above is carbon, which can be in the common
form of graphite, diamond, or fullerene (a recently discovered form). They are not
ceramics because they are not compounds.

Graphite, a semimetal, consists of carbon atom layers stacked in the AB sequence
such that the bonding is covalent due to sp? hybridization and metallic (two-dimen-
sionally delocalized 2p, electrons) within a layer, and is van der Waals between the
layers. This bonding makes graphite very anisotropic, so it is a good lubricant due
to the ease of the sliding of the layers with respect to one another. Graphite is also
used for pencils because of this property. Moreover, graphite is an electrical and
thermal conductor within the layers, but an insulator in the direction perpendicular
to the layers. The electrical conductivity is valuable in its use for electrochemical
electrodes. Graphite is chemically quite inert; however, due to anisotropy, it can
undergo a reaction (known as intercalation) in which a foreign species called the
intercalate is inserted between the carbon layers.

Disordered carbon (called turbostratic carbon) also has a layered structure, but,
unlike graphite, it does not have the AB stacking order and the layers are bent. Upon
heating, disordered carbon becomes more ordered, as the ordered form (graphite)
has the lowest energy. Graphitization refers to the ordering process that leads to
graphite. Conventional carbon fibers are mostly disordered carbon such that the
carbon layers are along the fiber axis. Flexible graphite is formed by compressing
a collection of intercalated graphite flakes that have been exfoliated (allowed to
expand over 100 times along the direction perpendicular to the layers, typically
through heating after intercalation). The exfoliated flakes are held together by
mechanical interlocking because there is no binder. Flexible graphite is typically in
the form of sheets, which are resilient in the direction perpendicular to the sheets.
This resilience allows flexible graphite to be used as gaskets for fluid sealing.

Diamond is a covalent network solid exhibiting the diamond crystal structure
due to sp? hybridization (akin to silicon). It is used as an abrasive and as a thermal
conductor. Its thermal conductivity is the highest among all materials; however, it
is an electrical insulator. Due to its high material cost, diamond is typically used in
the form of powder or thin-film coating. Diamond is to be distinguished from
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diamond-like carbon (DLC), which is amorphous carbon that is sp3-hybridized.
Diamond-like carbon is mechanically weaker than diamond, but it is less expensive.

Fullerenes are molecules (C4,) with covalent bonding within each molecule.
Adjacent molecules are held by van der Waals’ forces; however, fullerenes are not
polymers. Carbon nanotubes are derivatives of the fullerenes, as they are essentially
fullerenes with extra carbon atoms at the equator. The extra atoms cause the
fullerenes to be longer. For example, ten extra atoms (one equatorial band of atoms)
exist in the molecule C,,. Carbon nanotubes can be single-wall or multiwall, depend-
ing on the number of carbon layers.

1.2 STRUCTURAL APPLICATIONS

Structural applications are applications that require mechanical performance
(strength, stiffness, and vibration damping ability) in the material, which may or
may not bear the load in the structure. In case the material bears the load, the
mechanical property requirements are particularly exacting. An example is a building
in which steel-reinforced concrete columns bear the load of the structure and unre-
inforced concrete architectural panels cover the face of the building. Both the
columns and the panels serve structural applications and are structural materials,
though only the columns bear the load. Mechanical strength and stiffness are required
of the panels, but the requirements are more stringent for the columns.

Structures include buildings, bridges, piers, highways, landfill cover, aircraft,
automobiles (body, bumper, drive shaft, window, engine components, and brakes),
bicycles, wheelchairs, ships, submarines, machinery, satellites, missiles, tennis rack-
ets, fishing rods, skis, pressure vessels, cargo containers, furniture, pipelines, utility
poles, armored vehicles, utensils, fasteners, etc.

In addition to mechanical properties, a structural material may be required to
have other properties, such as low density (lightweight) for fuel saving in the case
of aircraft and automobiles, for high speed in the case of racing bicycles, and for
handleability in the case of wheelchairs and armored vehicles. Another property
often required is corrosion resistance, which is desirable for the durability of all
structures, particularly automobiles and bridges. Yet another property that may be
required is the ability to withstand high temperatures and/or thermal cycling, as heat
may be encountered by the structure during operation, maintenance, or repair.

A relatively new trend is for a structural material to be able to serve functions
other than the structural function. The material becomes multifunctional, thereby
lowering cost and simplifying design. An example of a nonstructural function is the
sensing of damage. Such sensing, also called structural health monitoring, is valuable
for the prevention of hazards. It is particularly important to aging aircraft and bridges.
The sensing function can be attained by embedding sensors (such as optical fibers,
the damage or strain of which affects the light throughput) in the structure. However,
embedding usually causes degradation of the mechanical properties, and the embed-
ded devices are costly and poor in durability compared to the structural material.
Another way to attain the sensing function is to detect the change in property (e.g.,
the electrical resistivity) of the structural material due to damage. In this way, the
structural material serves as its own sensor and is said to be “self-sensing.”
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Mechanical performance is basic to the selection of a structural material. Desir-
able properties are high strength, high modulus (stiffness), high ductility, high
toughness (energy absorbed in fracture), and high capacity for vibration damping.
Strength, modulus, and ductility can be measured under tension, compression, or
flexure at various loading rates as dictated by the type of loading on the structure.
A high compressive strength does not imply a high tensile strength. Brittle materials
tend to be stronger under compression than under tension because of microcracks.
High modulus does not imply high strength, as modulus describes elastic deforma-
tion behavior, whereas strength describes fracture behavior. Low toughness does not
imply a low capacity for vibration damping, as damping (energy dissipation) may
be due to slipping at interfaces in the material rather than the shear of a viscoelastic
phase. Other desirable mechanical properties are fatigue resistance, creep resistance,
wear resistance, and scratch resistance.

Structural materials are predominantly metal-based, cement-based, and polymer-
based, although they also include carbon-based and ceramic-based materials, which
are valuable for high-temperature structures. Among the metal-based structural mate-
rials, steel and aluminum alloys are dominant. Steel is advantageous in high strength,
whereas aluminum is advantageous in low density. For high-temperature applica-
tions, intermetallic compounds (such as NiAl) have emerged, though their brittleness
is a disadvantage. Metal-matrix composites are superior to the corresponding metal
matrices in high modulus, high creep resistance, and low thermal expansion coeffi-
cient, but they are expensive due to the processing cost.

Among the cement-based structural materials, concrete is dominant. Although
concrete is an old material, improvement in long-term durability is needed, as
suggested by the degradation of bridges and highways across the U.S. The improve-
ment pertains to the decrease in drying shrinkage (shrinkage of the concrete during
curing or hydration), as shrinkage can cause cracks. It also relates to the decrease
in fluid permeability because water permeating into steel-reinforced concrete can
cause corrosion of the reinforcing steel. Another area of improvement is freeze-thaw
durability, which is the ability of the concrete to withstand temperature variations
between 0°C and below (the freezing of water in concrete) and those above 0°C (the
thawing of water in concrete).

Among polymer-based structural materials, fiber-reinforced polymers are dom-
inant due to their combination of high strength and low density. All polymer-based
materials suffer from the inability to withstand high temperatures. This inability may
be due to the degradation of the polymer itself or, in the case of a polymer-matrix
composite, thermal stress resulting from the thermal expansion mismatch between
the polymer matrix and the fibers. (The coefficient of thermal expansion is typically
much lower for the fibers than for the matrix.)

Most structures involve joints, which may be formed by welding, brazing,
soldering, the use of adhesives, or by fastening. The structural integrity of joints is
critical to the integrity of the overall structure.

As structures can degrade or be damaged, repair may be needed. Repair often
involves a repair material, which may be the same as or different from the original
material. For example, a damaged concrete column may be repaired by removing
the damaged portion and patching with a fresh concrete mix. A superior but much
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more costly way involves the abovementioned patching, followed by wrapping the
column with continuous carbon or glass fibers and using epoxy as the adhesive
between the fibers and the column. Due to the tendency of the molecules of a
thermoplastic polymer to move upon heating, the joining of two thermoplastic parts
can be attained by liquid-state or solid-state welding. In contrast, the molecules of
a thermosetting polymer do not move, so repair of a thermoset structure needs to
involve other methods, such as adhesives.

Corrosion resistance is desirable for all structures. Metals, due to their electrical
conductivity, are particularly prone to corrosion. In contrast, polymers and ceramics,
because of their poor conductivity, are much less prone to corrosion. Techniques of
corrosion protection include the use of a sacrificial anode (a material that is more
active than the material to be protected, so that it is the part that corrodes) and
cathodic protection (the application of a voltage that causes electrons to go into the
material to be protected, thereby making the material a cathode). The first technique
involves attaching the sacrificial anode material to the material to be protected. The
second technique involves applying an electrical contact material on the surface of
the material to be protected and passing an electric current through wires embedded
in the electrical contact. The electrical contact material must be a good conductor
and must be able to adhere to the material to be protected. It must also be wear
resistant and scratch resistant.

Vibration damping is desirable for most structures. It is commonly attained by
attaching to or embedding in the structure a viscoelastic material, such as rubber.
Upon vibration, shear deformation of the viscoelastic material causes energy dissi-
pation. However, due to the low strength and modulus of the viscoelastic material
compared to the structural material, the presence of the viscoelastic material (espe-
cially if it is embedded) lowers the strength and modulus of the structure. A better
way to attain vibration damping is to modify the structural material itself, so that it
maintains its high strength and modulus while providing damping. If a composite
material is the structural material, the modification can involve the addition of a
filler (particles or fibers) with a very small size, so that the total filler-matrix interface
area is large and slippage at the interface during vibration provides a mechanism of
energy dissipation.

1.3 ELECTRONIC APPLICATIONS

Electronic applications include electrical, optical, and magnetic applications, as the
electrical, optical, and magnetic properties of materials are largely governed by
electrons. There is overlap among these three areas of application.

Electrical applications pertain to computers, electronics, electrical circuitry
(resistors, capacitors, and inductors), electronic devices (diodes and transistors),
optoelectronic devices (solar cells, light sensors, and light-emitting diodes for con-
version between electrical energy and optical energy), thermoelectric devices (heat-
ers, coolers, and thermocouples for conversion between electrical energy and thermal
energy), piezoelectric devices (strain sensors and actuators for conversion between
electrical energy and mechanical energy), robotics, micromachines (or microelec-
tromechanical systems, MEMS), ferroelectric computer memories, electrical inter-
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connections (solder joints, thick-film conductors, and thin-film conductors), dielec-
trics (electrical insulators in bulk, thick-film, and thin-film forms), substrates for
thick films and thin films, heat sinks, electromagnetic interference (EMI) shielding,
cables, connectors, power supplies, electrical energy storage, motors, electrical con-
tacts and brushes (sliding contacts), electrical power transmission, and eddy current
inspection (the use of a magnetically induced electrical current to indicate flaws in
a material).

Optical applications have to do with lasers, light sources, optical fibers (materials
of low optical absorptivity for communication and sensing), absorbers, reflectors
and transmitters of electromagnetic radiation of various wavelengths (for optical
filters, low-observable or Stealth aircraft, radomes, transparencies, optical lenses,
etc.), photography, photocopying, optical data storage, holography, and color control.

Magnetic applications relate to transformers, magnetic recording, magnetic com-
puter memories, magnetic field sensors, magnetic shielding, magnetically levitated
trains, robotics, micromachines, magnetic particle inspection (the use of magnetic
particles to indicate the location of flaws in a magnetic material), magnetic energy
storage, magnetostriction (strain in a material due to the application of a magnetic
field), magnetorheological fluids (for vibration damping that is controlled by a
magnetic field), magnetic resonance imaging (MRI, for patient diagnosis in hospi-
tals), and mass spectrometry (for chemical analysis).

All classes of materials are used for electronic applications. Semiconductors are
at the heart of electronic and optoelectronic devices. Metals are used for electrical
interconnections, EMI shielding, cables, connectors, electrical contacts, and electri-
cal power transmission. Polymers are used for dielectrics and cable jackets. Ceramics
are used for capacitors, thermoelectric devices, piezoelectric devices, dielectrics, and
optical fibers.

Microelectronics refers to electronics involving integrated circuits. Due to the
availability of high-quality single crystalline semiconductors, the most critical prob-
lems the microelectronic industry faces do not pertain to semiconductors, but are
related to electronic packaging, including chip carriers, electrical interconnections,
dielectrics, heat sinks, etc. Section 3.2 provides more details on electronic packaging
applications.

Because of the miniaturization and increasing power of microelectronics, heat
dissipation is critical to performance and reliability. Materials for heat transfer from
electronic packages are needed. Ceramics and polymers are both dielectrics, but
ceramics are advantageous because of their higher thermal conductivity compared
to polymers. Materials that are electrically insulating but thermally conducting are
needed. Diamond is the best material that exhibits such properties, but it is expensive.

Because of the increasing speed of computers, signal propagation delay needs
to be minimized by the use of dielectrics with low values of the relative dielectric
constant. (A dielectric with a high value of the relative dielectric constant and that
is used to separate two conductor lines acts like a capacitor, thereby causing signal
propagation delay.) Polymers have the advantage over ceramics because of their low
value of the relative dielectric constant.

Electronic materials are in the following forms: bulk (single crystalline, poly-
crystalline, or, less commonly, amorphous), thick film (typically over 10 um thick,
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obtained by applying a paste on a substrate by screen printing such that the paste
contains the relevant material in particle form, together with a binder and a vehicle),
or thin film (typically less than 1500 A thick, obtained by vacuum evaporation,
sputtering, chemical vapor deposition, molecular beam epitaxy, or other techniques).
Semiconductors are typically in bulk single-crystalline form (cut into slices called
“wafers,” each of which may be subdivided into “chips”), although bulk polycrys-
talline and amorphous forms are emerging for solar cells due to the importance of
low cost. Conductor lines in microelectronics are mostly in thick-film and thin-film
forms.

The dominant material for electrical connections is solder (Sn-Pb alloy). How-
ever, the difference in CTE between the two members that are joined by the solder
causes the solder to experience thermal fatigue upon thermal cycling encountered
during operation. Thermal fatigue can lead to failure of the solder joint. Polymer-
matrix composites in paste form and containing electrically conducting fillers are
being developed to replace solder. Another problem lies in the poisonous lead used
in solder to improve the rheology of the liquid solder. Lead-free solders are being
developed.

Heat sinks are materials with high thermal conductivity that are used to dissipate
heat from electronics. Because they are joined to materials of a low CTE (e.g., a
printed circuit board in the form of a continuous fiber polymer-matrix composite),
they need to have a low CTE also. Hence, materials exhibiting both a high thermal
conductivity and a low CTE are needed for heat sinks. Copper is a metal with a
high thermal conductivity, but its CTE is too high. Therefore, copper is reinforced
with continuous carbon fibers, molybdenum particles, or other fillers of low CTE.

1.4 THERMAL APPLICATIONS

Thermal applications are applications that involve heat transfer, whether by conduc-
tion, convection, or radiation. Heat transfer is needed in heating of buildings; in
industrial processes such as casting and annealing, cooking, de-icing, etc., and in
cooling of buildings, refrigeration of food and industrial materials, cooling of elec-
tronics, removal of heat generated by chemical reactions such as the hydration of
cement, removal of heat generated by friction or abrasion as in a brake and as in
machining, removal of heat generated by the impingement of electromagnetic radi-
ation, removal of heat from industrial processes such as welding, etc.

Conduction refers to the heat flow from points of higher temperature to points
of lower temperature in a material. It typically involves metals because of their high
thermal conductivity.

Convection is attained by the movement of a hot fluid. If the fluid is forced to
move by a pump or a blower, the convection is known as forced convection. If the
fluid moves due to differences in density, the convection is known as natural or free
convection. The fluid can be a liquid (oil) or a gas (air) and must be able to withstand
the heat involved. Fluids are outside the scope of this book.

Radiation, i.e., blackbody radiation, is involved in space heaters. It refers to the
continual emission of radiant energy from the body. The energy is in the form of
electromagnetic radiation, typically infrared. The dominant wavelength of the emit-
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ted radiation decreases with increasing temperature of the body. The higher the
temperature, the greater the rate of emission of radiant energy per unit area of the
surface. This rate is proportional to T4, where T is the absolute temperature. It is
also proportional to the emissivity of the body, and the emissivity depends on the
material of the body. In particular, it increases with increasing roughness of the
surface.

Heat transfer can be attained by the use of more than one mechanism. For
example, both conduction and forced convection are involved when a fluid is forced
to flow through the interconnected pores of a solid, which is a thermal conductor.

Conduction is tied more to material development than convection or radiation.
Materials for thermal conduction are specifically addressed in Chapter 2.

Thermal conduction can involve electrons, ions, and/or phonons. Electrons and
ions move from a point of higher temperature to a point of lower temperature, thereby
transporting heat. Due to the high mass of ions compared to electrons, electrons
move much more easily. Phonons are lattice vibrational waves, the propagation of
which also leads to the transport of heat. Metals conduct by electrons because they
have free electrons. Diamond conducts by phonons because free electrons are not
available, and the low atomic weight of carbon intensifies the lattice vibrations.
Diamond is the material with the highest thermal conductivity. In contrast, polymers
are poor conductors because free electrons are not available and the weak secondary
bonding (van der Waals’ forces) between the molecules makes it difficult for the
phonons to move from one molecule to another. Ceramics tend to be more conductive
than polymers due to ionic and covalent bonding, making it possible for the phonons
to propagate. Moreover, ceramics tend to have more mobile electrons or ions than
polymers, and the movement of electrons and/or ions contributes to thermal con-
duction. On the other hand, ceramics tend to be poorer than metals in thermal
conductivity because of the low concentration of free electrons (if any) in ceramics
compared to metals.

1.5 ELECTROCHEMICAL APPLICATIONS

Electrochemical applications are applications that pertain to electrochemical reac-
tions. An electrochemical reaction involves an oxidation reaction (such as
Fe — Fe? + 2¢) in which electrons are generated, and a reduction reaction (such
as O, + 2H,0 + 4e- — 40H") in which electrons are consumed. The electrode that
releases electrons is the anode; the electrode that receives electrons is the cathode.

When the anode and cathode are electrically connected, electrons move from
the anode to the cathode. Both the anode and cathode must be electronic conductors.
As the electrons move in the wire from the anode to the cathode, ions move in an
ionic conductor (called the electrolyte) placed between the anode and the cathode
such that cations (positive ions) generated by the oxidation of the anode move in
the electrolyte from the anode to the cathode.

Whether an electrode behaves as an anode or a cathode depends on its propensity
for oxidation. The electrode that has the higher propensity serves as the anode, while
the other electrode serves as the cathode. On the other hand, a voltage can be applied
between the anode and the cathode at the location of the wire such that the positive
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end of the voltage is at the anode side. The positive end attracts electrons, thus
forcing the anode to be oxidized, even when it may not be more prone to oxidation
than the cathode.

The oxidation reaction is associated with corrosion of the anode. For example,
the oxidation reaction Fe — Fe?* + 2e~ causes iron atoms to be corroded away,
becoming Fe?* ions, which go into the electrolyte. The hindering of the oxidation
reaction results in corrosion protection.

Electrochemical reactions are relevant not only to corrosion, but also to batteries,
fuel cells, and industrial processes (such as the reduction of Al,O; to make Al) that
make use of electrochemical reactions. The burning of fossil fuels such as coal and
gasoline causes pollution of the environment. In contrast, batteries and fuel cells
cause fewer environmental problems.

A battery involves an anode and a cathode that are inherently different in their
propensities for oxidation. When the anode and cathode are open-circuited at the
wire, a voltage difference is present between them such that the negative end of the
voltage is at the anode side. This is because the anode wants to release electrons,
but the electrons cannot come out because of the open circuit condition. This voltage
difference is the output of the battery, which is a source of direct current (DC).

A unit involving an anode and a cathode is called a “galvanic cell.” A battery
consists of a number of galvanic cells connected in series, so that the battery voltage
is the sum of the voltages of the individual cells.

An example of a battery is the lead storage battery used in cars. Lead (Pb) is
the anode, while lead dioxide (PbO,, in the form of a coating on the lead) is the
cathode. Sulfuric acid (H,SO,) is the electrolyte. The oxidation reaction (anode
reaction) is

Pb + HSO, — PbSO, + H* + 2e-
The reduction reaction (cathode reaction) is
PbO, + HSO; + 3H* + 2e- — PbSO, + 2H,0

Discharge is the state of operation of the battery. The PbSO, is a solid reaction
product that adheres to the electrodes, hindering further reaction. A battery needs
to be charged by forcing current through the battery in the opposite direction, thereby
breaking down PbSQ,, i.e., making the above reactions go in the reverse direction.
In a car, the battery is continuously charged by an alternator.

Another example of a battery is the alkaline version of the dry cell battery. This
battery comprises a zinc anode and an MnO, cathode. Because MnO, is not an
electrical conductor, carbon powder (an electrical conductor) is mixed with the MnO,
powder in forming the cathode. The electrolyte is either KOH or NaOH. The anode
reaction is

Zn + 20H- — ZnO + H,0 + 2e-
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The cathode reaction is
2MnO, + H,0 + 2e~ — Mn,0, + 20H-

A fuel cell is a galvanic cell in which the reactants are continuously supplied.
An example is the hydrogen-oxygen fuel cell. The anode reaction is

2H, + 40H- — 4H,0 + 4e-
The cathode reaction is
4e- + O, + 2H,0 — 40H~
The overall cell reaction (the anode and cathode reactions added together) is
2H, (g) + O, (g) — 2H,0 ()

which is the formation of water from the reaction of hydrogen and oxygen.

During cell operation, hydrogen gas is fed to a porous carbon plate that contains
a catalyst that helps the anode reaction. The carbon is an electrical conductor, which
allows electrons generated by the anode reaction to flow. The porous carbon is known
as a “current collector.” Simultaneously, oxygen gas is fed to another porous carbon
plate that contains a catalyst. The two carbon plates are electrically connected by a
wire; electrons generated by the anode reaction at one plate flow through the wire
and enter the other carbon plate for consumption in the cathode reaction. As this
occurs, the OH- ions generated by the cathode reaction move through the electrolyte
(KOH) between the two carbon plates, and then are consumed in the anode reaction
at the other carbon plate. The overall cell reaction produces H,O, which comes out
of the cell at an opening located at the electrolyte between the two carbon plates.
The useful output of the cell is the electric current associated with the flow of
electrons in the wire from one plate to the other.

Materials required for electrochemical applications include the electrodes, cur-
rent collector (such as the porous carbon plates of the fuel cell mentioned above),
conductive additive (such as carbon powder mixed with the MnO, powder in a dry
cell), and electrolyte. An electrolyte can be a liquid or a solid, as long as it is an
ionic conductor. The interface between the electrolyte and an electrode is intimate
and greatly affects cell performance. The ability to recharge a cell is governed by
the reversibility of the cell reactions. In practice, the reversibility is not complete,
leading to low charge-discharge cycle life.

1.6 ENVIRONMENTAL APPLICATIONS

Environmental applications are applications that pertain to protecting the environ-
ment from pollution. The protection can involve the removal of a pollutant or the
reduction in the amount of pollutant generated. Pollutant removal can be attained
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by extraction through adsorption on the surface of a solid (e.g., activated carbon)
with surface porosity. It can also be attained by planting trees, which take in CO,
gas. Pollutant generation can be reduced by changing the materials and/or processes
used in industry by using biodegradable materials (materials that can be degraded
by Nature so that their disposal is not necessary), by using materials that can be
recycled, or by changing the energy source from fossil fuels to batteries, fuel cells,
solar cells, and/or hydrogen.

Materials have been developed mainly for structural, electronic, thermal, or other
applications without much consideration of disposal or recycling problems. It is now
recognized that such considerations must be included during the design and devel-
opment of materials rather than after the materials have been developed.

Materials for adsorption are central to the development of materials for envi-
ronmental applications. They include carbons, zeolites, aerogels, and other porous
materials. Desirable qualities include large adsorption capacity, pore size large
enough for relatively large molecules and ions to lodge in, ability to be regenerated
or cleaned after use, fluid dynamics for fast movement of the fluid from which the
pollutant is to be removed, and, in some cases, selective adsorption of certain species.

Activated carbon fibers are superior to activated carbon particles in fluid dynam-
ics due to the channels between the fibers. However, they are much more expensive.

Pores on the surface of a material must be accessible from the outside in order
to serve as adsorption sites. In general, the pores can be macropores (> 500 A),
mesopores (between 20 and 500 A), micropores (between 8 and 20 A), or micro-
micropores (less than 8 A). Activated carbons typically have micropores and micro-
micropores.

Electronic pollution is an environmental problem that has begun to be important.
It arises from the electromagnetic waves (particularly radio waves) that are present
in the environment due to radiation sources such as cellular telephones. Such radi-
ation can interfere with digital electronics such as computers, thereby causing haz-
ards and affecting society’s operation. To alleviate this problem, radiation sources
and electronics are shielded by materials that reflect and/or absorb radiation. Chapter
4 addresses shielding materials.

1.7 BIOMEDICAL APPLICATIONS

Biomedical applications pertain to the diagnosis and treatment of conditions, dis-
eases, and disabilities, as well as their prevention. They include implants (hips, heart
valves, skin, and teeth), surgical and diagnostic devices, pacemakers (devices for
electrical control of heartbeats), electrodes for collecting or sending electrical or
optical signals for diagnosis or treatment, wheelchairs, devices for helping the
disabled, exercise equipment, pharmaceutical packaging (for controlled release of a
drug to the body or for other purposes), and instrumentation for diagnosis and
chemical analysis (such as equipment for analyzing blood and urine). Implants are
particularly challenging; they need to be made of materials that are biocompatible
(compatible with fluids such as blood), corrosion resistant, wear resistant, and fatigue
resistant, and must be able to maintain these properties over tens of years.
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SYNOPSIS Materialsfor thermal conduction are reviewed. They include materials
exhibiting high thermal conductivity (such as metals, carbons, ceramics, and com-
posites), and thermal interface materials (such as polymer-based and silicate-based
pastes and solder).

2.1 INTRODUCTION

The transfer of heat by conduction is involved in the use of a heat sink to dissipate
heat from an electronic package, the heating of an object on a hot plate, the operation
of a heat exchanger, the melting of ice on an airport runway by resistance heating,
the heating of a cooking pan on an electric range, and in numerous industrial
processes that involve heating or cooling. Effective transfer of heat by conduction
requires materials of high thermal conductivity. In addition, it requires agood thermal
contact between the two surfacesin which heat transfer occurs. Without good thermal
contacts, the use of expensive thermal conducting materials for the componentsis a
waste. The attainment of agood thermal contact requires athermal interface material,
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TABLE 2.1
Thermal Properties and Density of Various Materials

Thermal Conductivity  Coefficient of Thermal  Density

Material (W/m.K) Expansion (10~ °C-") (g/cm?)
Aluminum 247 23 27
Gold 315 14 19.32
Copper 398 17 8.9
Lead 30 39 11
Molybdenum 142 4.9 10.22
Tungsten 155 45 193
Invar 10 16 8.05
Kovar 17 51 8.36
Diamond 2000 0.9 351
Beryllium oxide 260 6 3
Aluminum nitride 320 45 33
Silicon carbide 270 37 33

such as a thermal grease, which must be thin between the mating surfaces, must
conform to the topography of the mating surfaces, and should preferably have ahigh
thermal conductivity. This chapter is a review of materials for thermal conduction,
including materials of high thermal conductivity and thermal interface materials.

2.2 MATERIALS OF HIGH THERMAL CONDUCTIVITY
2.2.1 MEetALs, DiamoND, AND CERAMICS

Table 2.1 provides the therma conductivity of various metals. Copper is most
commonly used when materials of high thermal conductivity are required. However,
copper suffers from a high value of the coefficient of thermal expansion (CTE). A
low CTE is needed when the adjoining component has alow CTE. When the CTEs
of the two adjoining materials are sufficiently different and the temperatureis varied,
thermal stress occurs and may even cause warpage. This is the case when copper is
used as a heat sink for a printed wiring board, which is a continuous fiber polymer-
matrix composite that has alower CTE than copper. Molybdenum and tungsten have
low CTE, but their thermal conductivity is poor compared to copper.

The aloy Invar® (64Fe-36Ni) is outstandingly low in CTE among metals, but
it is very poor in thermal conductivity. Diamond is most attractive, as it has very
high thermal conductivity and low CTE, but it is expensive. Aluminum is not as
conductive as copper, but it has a low density, which is attractive for aircraft elec-
tronics and applications (e.g., laptop computers) which require low weight.23 Alu-
minum nitride is not as conductive as copper, but it is attractive in its low CTE.
Diamond and most ceramic materialsare very different from metalsin their electrical
insulation abilities. In contrast, metal s are conducting both thermally and electrically.
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For applications that require thermal conductivity and electrical insulation, diamond
and appropriate ceramic materials can be used, but metals cannot.

2.2.2 MEetAL-MATRIX COMPOSITES

One way to lower the CTE of ametal isto form a metal-matrix composite! by using
alow CTE filler. Ceramic particles such as AIN and SiC are used for this purpose
because of their combination of high thermal conductivity and low CTE. As the
filler usually has lower CTE and lower thermal conductivity than the metal matrix,
the higher the filler volume fraction in the composite, the lower the CTE, and the
lower the thermal conductivity.

Metal-matrix composites with discontinuous fillers are attractive for their pro-
cessabhility into various shapes. However, layered compositesin the form of a matrix-
filler-matrix sandwich are useful for planar components. Discontinuous fillers are
most commonly ceramic particles. Thefiller sheets are usually low-CTE metal alloy
sheets (e.g., Invar® or 64Fe-36Ni, and Kovar® or 54Fe-29Ni-17Co). Aluminum and
copper are common metal matrices because of their high conductivity.

2.2.2.1 Aluminum-Matrix Composites

Aluminum is the most dominant matrix for metal-matrix composites for both struc-
tural and electronic applications. This is because of its low cost and low melting
point (660°C), facilitating composite fabrication by methods that involve melting.

Liquid-phase methods for the fabrication of metal-matrix composites include
liquid metal infiltration, which usually involves using pressure from a piston or
compressed gas to push the molten metal into the pores of a porous preform com-
prising the filler (particles that are not sintered) and a small amount of a binder.*®
Pressureless infiltration is less common, but is possible.”® The binder prevents the
filler particles from moving during infiltration, and also provides sufficient compres-
sive strength to the preform so that it will not be deformed during infiltration. This
method thus provides near-net-shape fabrication, i.e., the shape and size of the
composite product are the same as those of the preform. Since machining of the
composite is far more difficult than that of the preform, near-net-shape fabrication
is desirable.

In addition to near-net-shape fabrication capability, liquid metal fabrication is
advantageous in that it provides composites with high filler volume fractions (up to
70%). A high filler volume fraction is necessary to attain a low enough CTE
(< 10 x 10¢/°C) in the composite, even if thefiller isalow-CTE ceramic (e.g., SiC),
since the aluminum matrix has a relatively high CTE.®1° However, to attain a high
volume fraction using liquid metal infiltration, the binder used must be in a small
amount (so as to not clog the poresin the preform) and still be effective. Hence, the
binder technology**2 is critical.

The ductility of a composite decreases as the filler volume fraction increases,
so a composite with alow enough CTE is quite brittle. Although the brittleness is
not acceptable for structural applications, it is acceptable for electronic applications.

©2001 CRC PressLLC



Another liquid-phase technique is stir casting,* which involves stirring the filler
in the molten metal and then casting. This method suffers from the nonuniform
distribution of the filler in the composite due to the difference in density between
filler and molten metal, and the consequent tendency of the filler to either float or
sink in the molten metal prior to solidification. Stir casting aso suffers from the
incapability of producing composites with high filler volume fractions.

Yet another liquid-phase technique is plasmaspraying,* which invol ves spraying
a mixture of molten metal and filler onto a substrate. This method suffers from the
relatively high porosity of the resulting composite and the consequent need for
densification by hot isostatic pressing or other methods, which are expensive.

A solid-phase technique is powder metal lurgy, which involves mixing the matrix
metal powder and filler and the subsequent sintering under heat and pressure.** This
method is relatively difficult for the aluminum matrix because auminum has a
protective oxide, and the oxide layer on the surface of each aluminum particle hinders
sintering. Furthermore, this method is usually limited to low-volume fractions of
the filler.

The most common filler used is silicon carbide (SIC) particles due to the low
cost and low CTE of SIC.*> However, SiC suffers from its reactivity with aluminum.
The reaction is

3SiC + 4Al - 3Si +Al,C,

It becomes more severe as the compositeis heated. The aluminum carbide is abrittle
reaction product that lines the filler-matrix interface of the composite, thus weak-
ening the interface. Silicon, the other reaction product, dissolves in the aluminum
matrix, lowering the melting temperature of the matrix and causing nonuniformity
in the phase distribution and mechanical property distribution.’® Also, the reaction
consumes a part of the SIC filler.t”

A way to diminish this reaction is to use an Al-Si alloy matrix, since the silicon
in the alloy matrix promotes the opposite reaction. However, the Al-Si matrix isless
ductile than the Al matrix, causing the mechanical properties of the Al-Si matrix
composite to be very poor compared to those of the corresponding Al-matrix com-
posite. Therefore, the use of an Al-Si alloy matrix is not a solution to the problem.

An effective solution is to replace Si-C by auminum nitride (AIN) particles,
which do not react with aluminum, resulting in superior mechanical properties in
the composite.’® The fact that AIN has a higher thermal conductivity than SiC helps
thethermal conductivity of the composite. Since the cost of the composite fabrication
process dominates the cost of producing composites, the higher material cost of AIN
compared to SiC does not matter, especialy for electronic packaging. Aluminum
oxide (Al,O,) aso does not react with aluminum, but itislow in thermal conductivity
and suffers from particle agglomeration.'®

Other than ceramics such as SIC and AIN, a filler used in auminum-matrix
composites is carbon in the form of fibers of diameter around 10 um*®-2® and, less
commonly, filaments of diameter lessthan 1 um.2* Carbon al so suffersfrom reactivity
with aluminum to form aluminum carbide. However, fibers are more effective than

©2001 CRC PressLLC



particles for reducing the CTE of the composite. Carbon fibers can even be contin-
uous in length. Moreover, carbon, especially when graphitized, is much more ther-
mally conductive than ceramics. In fact, carbon fibers that are sufficiently graphitic
are even more thermally conductive than the metal matrix, so the thermal conduc-
tivity of the composite increases with increasing fiber volume fraction. However,
these fibers are expensive. The mesophase-pitch-based carbon fiber K-1100 from
BP Amoco Chemicals exhibitslongitudinal thermal conductivity of 2000 W/m.K 2526

Both carbon and SiC form a galvanic couple with aluminum, which isthe anode.
It is the component in the composite that is corroded. The corrosion becomes more
severe in the presence of heat and/or moisture.

The thermal conductivity of aluminum-matrix composites depends on the filler
and its volume fraction, the alloy matrix heat treatment condition, and the filler-
matrix interface.’®2

To increase the thermal conductivity of SIC aluminum-matrix composite, a
diamond film can be deposited on the composite.?® The thermal conductivity of
single crystal diamond is 20002500 W/m.K, though a diamond film is not single
crystaline.

2.2.2.2 Copper-Matrix Composites

Because copper is heavy, the filler does not have to be lightweight. Thus, low CTE
but heavy metals such as tungsten,?*3 molydenum,®-%? and Invar®33 are used as
fillers. These metals (except Invar) have the advantage that they are quite conductive
thermally and are available in particle and sheet forms; they are suitable for partic-
ulate as well as layered®®s” composites. Another advantage of the metal fillers is
better wettability of molten matrix metal with metal fillers than with ceramic fillers,
which is important if the composite is fabricated by a liquid phase method.

An advantage of copper over aluminum is its nonreactivity with carbon, so
carbon is a highly suitable filler for copper. Additional advantages are that carbon
is lightweight and its fibers are available in a continuous form. Furthermore, copper
is a rather noble metal, as shown by its position in the Electromotive Series, so it
does not suffer from the corrosion that plagues aluminum. Carbon used as a filler
in copper isin the form of fibers of diameter around 10 pm.?23%4> As carbon fibers
that are sufficiently graphitic are even more thermally conductive than copper, the
thermal conductivity of a copper-matrix composite can exceed that of copper. Less
common fillers for copper are ceramics such as silicon carbide, titanium diboride
(TiB,), and alumina.*-48

The melting point of copper is much higher than that of aluminum, so the
fabrication of copper-matrix composites is commonly done by powder metallurgy,
athough liquid metal infiltration is also used.??#%% |n the case of liquid metal
infiltration, the metal matrix is often a copper alloy (e.g., Cu-Ag) chosen for reduced
melting temperature and good castability.>°

Powder metallurgy conventionally involves mixing the metal matrix powder and
the filler, and subsequently pressing and then sintering under either heat or both heat
and pressure. The problem with this method is that it is limited to low-volume
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fractions of the filler. In order to attain high-volume fractions, a less conventional
method of powder metallurgy is recommended. This method involves coating the
matrix metal on the filler units, followed by pressing and sintering.%2465152 The
mixing of matrix metal powder with the coated filler is not necessary, although it
can be doneto decrease thefiller volume fraction in the composite. The metal coating
on the filler forces the distribution of matrix metal to be uniform, even when the
metal volume fraction is low (i.e., when the filler volume fraction is high). With the
conventional method, the matrix metal distribution is not uniform when the filler
volume fraction is high, causing porosity and the presence of filler agglomerates, in
each of which the filler units directly touch one another; this microstructure results
in low thermal conductivity and poor mechanical properties.

Continuous carbon fiber copper-matrix composites can be made by coating the
fibers with copper and then diffusion bonding (i.e., sintering).38404453-5 This method
is akin to the abovementioned less conventional method of powder metallurgy.

Lesscommon fillers used in copper include diamond powder,%°5¢ aluminosilicate
fibers,5” and Ni-Ti aloy rod.%® The Ni-Ti alloy is attractive for its negative CTE of
—21 x 1078/°C. The coating of a carbon fiber copper-matrix composite with adiamond
film has been undertaken to enhance thermal conductivity.*

2.2.2.3 Beryllium-Matrix Composites

Beryllium oxide (BeO) hasahighthermal conductivity (Table 2.1). Beryllium-matrix
BeO-platelet composites with 20-60 vol.% BeO exhibit low density (2.30 g/cm?® at
40 vol.% BeO, compared to 2.9 g/cm?® for Al/SIC at 40 vol.% SiC), high thermal
conductivity (232 W/m.K at 40 vol.% BeO, compared to 130 W/m.K for Al/SIC at
40vol.% SiC), low CTE (7.5 x 10-%/°C at 40 vol.% BeO, compared to 12.1 x 10-5/°C
at 40 vol.% SiC), and high modulus (317 GPaat 40 vol.% BeO, compared to 134 GPa
for Al/SiC at 40 vol.% SiC).5960

2.2.3 CArRBON-MATRIX COMPOSITES

Carbon is an attractive matrix for composites for thermal conduction because of its
thermal conductivity and low CTE. Furthermore, it is corrosion resistant and light-
weight. Yet another advantage of the carbon matrix is its compatibility with carbon
fibers, in contrast to the common reactivity between a metal matrix and its fillers.
Hence, carbon fibers are the dominant filler for carbon-matrix composites. Compos-
ites with both filler and matrix of carbon are called carbon-carbon composites.5!
Their primary applications are heat sinks,®? thermal planes,® and substrates.5 There
is considerable competition between carbon-carbon composites and metal-matrix
composites for the same applications.

The main drawback of carbon-matrix compositesistheir high cost of fabrication,
which involves making a pitch-matrix or resin-matrix composite and subsequent
carbonization of the pitch or resin by heating at 1000-1500°C in an inert atmosphere.
After carbonization, the porosity is substantial in the carbon matrix, so pitch or resin
is impregnated into the composite and carbonization is carried out again. Quite a
few impregnation-carbonization cycles are needed to reduce the porosity to an
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acceptable level, resulting in high cost. Graphitization by heating at 2000-3000°C
in an inert atmosphere may follow carbonization in order to increase thermal con-
ductivity, which increases with the degree of graphitization. However, graphitization
is an expensive step. Some or all of the impregnation-carbonization cycles may be
replaced by chemical vapor infiltration (CV1), in which acarbonaceous gasinfiltrates
the composite and decomposes to form carbon.

Carbon-carbon composites have been made by using conventional carbon fibers
of diameters around 10 um. 26385 and by using carbon filaments grown catalytically
from carbonaceous gases and of diameters less than 1 um.?* By using graphitized
carbon fibers, thermal conductivities exceeding that of copper can be reached.

To increase thermal conductivity, carbon-carbon composites have been impreg-
nated with coppert®5” and have been coated with a diamond film.58

2.2.4 CARBON AND GRAPHITE

An all-carbon materia (called Therma Graph®, a tradename of BP Amoco Chemi-
cals), made by consolidating oriented precursor carbon fibers without a binder and
subsequent carbonization and optional graphitization, exhibits thermal conductivity
ranging from 390 to 750 W/m.K in the fiber direction of the material.

Another material is pyrolytic graphite (called TPG) encased in a structural
shell % The graphite, highly textured with the c-axes of the grains perpendicular to
the plane of the graphite, has an in-plane thermal conductivity of 1700 W/m.K (four
times that of copper), but it is mechanically weak because of the tendency to shear
in the plane of the graphite. The structural shell serves to strengthen by hindering
shear.

Pitch-derived carbon foams, with thermal conductivity up to 150 W/m.K after
graphitization, are attractive for their high specific thermal conductivity (thermal
conductivity divided by the density).”

2.2.5 CeramMic-MATRIX COMPOSITES

The SIC matrix is attractive due to its high CTE compared to the carbon matrix,
though it is not as thermally conductive as carbon. The CTE of carbon-carbon
composites is too low (0.25 x 10¢/°C), resulting in reduced fatigue life in chip-on-
board (COB) applications with silica chips (CTE = 2.6 x 10-/°C). The SiC-matrix
carbon fiber composite is made from a carbon-carbon composite by converting the
matrix from carbon to SiC.%° To improve the thermal conductivity of the SiC-matrix
composite, coatings in the form of chemical vapor-deposited AIN or Si have been
used. The SIC-matrix metal (Al or Al-Si) composite, as made by a liquid-exchange
process, also exhibits relatively high thermal conductivity.”

Borosilicate glass matrix is attractive due to its low dielectric constant (4.1 at 1
MHz for B,05;-SiO,-Al,0,-Na,0 glass) compared to 8.9 for AIN, 9.4 for alumina
(90%), 42 for SIC, 6.8 for BeO, 7.1 for cubic boron nitride, 5.6 for diamond, and
5.0for glass-ceramic. A low value of the dielectric constant isdesirable for electronic
packaging applications. On the other hand, glass has alow thermal conductivity, so
fillers with relatively high thermal conductivity are used with the glass matrix. An
example is continuous SiC fibers, the glass-matrix composites of which are made
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by tape casting followed by sintering.”> Another example is aluminum nitride with
interconnected pores (about 28 vol.%), the composites of which are obtained by
glass infiltration to a depth of about 100 pum.7>74

2.3 THERMAL INTERFACE MATERIALS

The improvement of a thermal contact involves the use of a thermal interface
material, such as a thermal fluid, a therma grease (paste), a resilient thermal
conductor, or solder that is applied in the molten state. A thermal fluid, thermal
grease, or molten solder is spread on the mating surfaces. A resilient thermal
conductor is sandwiched by the mating surfaces and held in place by pressure.
Thermal fluids are most commonly mineral oil. Thermal greases (pastes) are usually
conducting particle-filled silicone. Resilient thermal conductors are conducting par-
ticle-filled elastomers. Of these four types of thermal interface materials, thermal
greases (based on polymers, particularly silicone) and solder are by far the most
common. Resilient thermal conductors are not as well developed as thermal fluids
Or greases.

As the materials to be interfaced are good thermal conductors, the effectiveness
of athermal interface material is enhanced by high thermal conductivity and low
thickness of the interface material, and low thermal contact resistance between the
interface material and each mating surface. As the mating surfaces are not perfectly
smooth, the interface material must be able to flow or deform so as to conform to
the topography of the mating surfaces. If the interface material is afluid, grease, or
paste, it should have a high fluidity (workability) in order to conform and to have
a small thickness after mating. On the other hand, the thermal conductivity of the
grease or paste increases with increasing filler content, and this is accompanied by
a decrease in workability. Without afiller, as in the case of an ail, thermal conduc-
tivity ispoor. A thermal interface material in the form of aresilient thermal conductor
sheet (e.g., felt consisting of conducting fibers held together without a binder, and
aresilient polymer-matrix composite containing athermally conducting filler) cannot
be as thin or conformable as one in the form of a fluid, grease, or paste, so its
effectiveness requires a very high thermal conductivity.

Solder is commonly used as a thermal interface material for enhancing the
thermal contact between two surfaces. This is because it can melt at rather low
temperatures and the molten solder can flow and spread itself thinly on the adjoining
surfaces, resulting in high thermal contact conductance at the interface between the
solder and each of the adjoining surfaces. Furthermore, solder in the metallic solid
state is a good thermal conductor. In spite of its high thermal conductivity, the
thickness of the solder greatly influences its effectiveness as a thermal interface
material. When solder is used as a thermal interface material between copper sur-
faces, increasing the thickness of solder from 10 to 30 um increases the heat transfer
time by 25%. The effect is akin to replacing solder with an interface material that
is80% lower inthermal conductivity. It isalso akin to decreasing the thermal contact
conductance of the solder-copper interface by 70%.7

Thermal pastes are predominantly based on polymers, particularly silicone,s7°
although thermal pastes based on sodium silicate have been reported to be superior
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in providing high thermal contact conductance.®® The superiority of sodium-silicate-
based pastes over silicone-based pastes is primarily due to the low viscosity of
sodium silicate compared to silicone, and the importance of high fluidity in the paste
so that it can conform to the topography of the surfaces it interfaces.

A particularly attractive thermal paste is based on polyethylene glycol (PEG, a
polymer) of a low molecular weight (400 amu).8! These pastes are superior to
silicone-based pastes and are as good as sodium-silicate-based pastes because of the
low viscosity of PEG and the contribution to thermal conduction of lithium ions (a
dopant) in the paste. Compared to sodium-silicate-based pastes, PEG-based pastes
are advantageous in their long-term compliance, in contrast to the long-term rigidity
of sodium silicate. Compliance is attractive for decreasing thermal stress, which can
cause thermal fatigue.

Table 2.2 presentsthe thermal contact conductancefor different thermal interface
materials. Included in the comparison are results obtained with the same testing
method on silicone-based paste, sodium-silicate-based pastes, and solder.8°8: PEG
(i.e., A) gives much higher thermal contact conductance (11.0 x 10* W/m2.°C) than
silicone (3.08 x 10* W/m2.°C), dueto itsrelatively low viscosity, but the conductance
is lower than that given by sodium silicate (14.1 x 10* W/m?.°C) in spite of its low
viscosity because of the molecular nature of PEG. The addition of the Li salt (1.5
wt.%) to PEG (i.e., to obtain C) raises the conductance from 11.0 x 10* to 12.3 x
10* W/m2.°C, even though the viscosity is increased. The further addition of water
and DMF (i.e., F) raises the conductance to 16.0 x 10* W/m?.°C and decreases the
viscosity. Thus, the addition of water and DMF is very influential, as water and
DMF help the dissociation of the lithium salt. The further addition of BN particles
(18.0 vol.%) (i.e., F,) raises the conductance to 18.9 x 10* W/n2.°C. The positive
effect of BN is also shown by comparing the results of C and D (which are without
water or DMF) and by comparing the results of A and B (which are without Li*).
In the absence of the lithium salt, water and DMF aso help, though not greatly, as
shown by comparing A and J. The viscosity increases with the lithium salt content,
as shown by comparing J, E, F, G, H, and I.

Comparison of E, F, G, H, and | shows that the optimum lithium salt content
for the highest conductance is 1.5 wt.%. That an intermediate lithium salt content
givesthe highest conductance is probably because of the enhancement of the thermal
conductivity by the Li* ions and the increase of the viscosity. Both high conductivity
and low viscostiy are desirable for a high-contact conductance. Comparison of F,,
F,, F;, and F, shows that the optimum BN content is 18.0 vol.%, as also indicated
by comparing G;, G,, G;, and G,. Among al the PEG-based pastes, the highest
conductance is given by F,, asit has the optimum lithium salt content as well as the
optimum BN content. An optimum BN content also occurs for BN-filled sodium-
silicate-based pastes.® It is due to the increase in both thermal conductivity and
viscosity as the BN content increases. The best PEG-based paste (i.e., F,) is similar
to the best sodium-silicate-based paste in conductance. Both are better than BN-
filled silicone, but both are slightly inferior to solder. Although solder gives the
highest conductance, it suffers from the need for heating during soldering. In con-
trast, heating is not needed for the use of PEG-based, silicone-based, or silicate-
based pastes.
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TABLE 2.2
Thermal Contact Conductance for Various Thermal Interface Materials
between Copper Disks at 0.46 Ma Contact Pressure®3

Thermal Interface Material

Interface Material  Thermal Contact  Viscosity

Description Designation Thickness (pm) Conductance (cps)
(x10) (10* W/m2.°C) (£ 0.3)

PEG A <25 11.0+ 03 1270
PEG + BN (18 vol.%) B 25 123+ 03 /
PEG + Li salt (1.5 wt.%) C <25 123+ 0.3 1430
PEG + Li sdlt (1.5 wt.%) D 25 13.4 £ 04 /

+ BN (18 vol.%)
PEG + water + DMF J <25 125+ 0.2 75.6°
J+ Li salt (0.75 wt.%) E <25 114 £ 03 79.70
J+ Li salt (1.5 wt.%) F <25 16.0 + 05 85.60
J+ Li st (3.0 wt.%) G <25 11.6 + 0.2 99.0°
J+ Li salt (4.5 wt. %) H <25 952 + 0.25 1170
J+ Li st (6.0 wt.%) | <25 7.98 + 0.16 120°
F + BN (16.0 vol.%) F, 25 185+ 0.8 /
F + BN (18.0 vol.%) F, 25 189+ 0.8 /
F + BN (19.5 vol. %) Fs 25 153 + 0.2 /
F + BN (21.5 vol.%) F, 25 14.0 + 05 /
G + BN (16.0 vol.%) G, 25 170+ 05 /
G + BN (18.0 vol.%) G, 25 173+ 06 /
G + BN (19.5 vol.%) G, 25 149 = 0.6 /
G + BN (21.5 vol.%) G, 25 134+ 04 /
H + BN (18.0 vol.%) H, 25 139+ 04 /
Solder / 25 20.8 + 0.62 /
Sodium silicate + BN / 25 182 + 0.7 /

(16.0 vol. %)
Sodium silicate + BN / 25 155+ 04 /

(17.3 vol. %)
Sodium silicate / <25 141+05 206¢
Silicone/BN / 25 109+ 15 /
Silicone / <25 3.08 + 0.03 8800¢
None / / 0.681 £ 0.010 /

a At zero contact pressure (not 0.46 MPa)
b Measured using the Ubbelohde method
¢ Measured using the Ostwald method
4 Value provided by the manufacturer

2.4 CONCLUSION

Materias for therma conduction include those exhibiting high therma conductivity, as
wel asthermal interface materials. The former includes metals, diamond, carbon, graph-
ite, ceramics, meta-matrix composites, carbon-matrix composites, and ceramic-matrix
composites. The latter includes polymer-based pastes, silicate-based pastes, and sol der.
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SYNOPSIS Polymer-matrix composite materials for microelectronics are reviewed
in terms of the science and applications. They include those with continuous and dis-
continuous fillers in the form of particles and fibers, as designed for high thermal con-
ductivity, low thermal expansion, low dielectric constant, high/low electrical
conductivity, and electromagnetic interference shielding. Applications include heat
sinks, housings, printed wiring boards, substrates, lids, die attach, encapsulation,
interconnections, and thermal interface materials.

RELEVANT APPENDICES: A B, C

3.1 INTRODUCTION

Composite materials are usually designed for use as structural materials. With the
rapid growth of the electronics industry, they are finding more and more electronic
applications. Due to the vast difference in property requirements between structural
and electronic composites, the design criteria are different. While structural com-
posites emphasize high strength and high modulus, electronic composites emphasize
high thermal conductivity, low thermal expansion, low dielectric constant, high/low
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electrical conductivity, and/or electromagnetic interference (EMI) shielding effec-
tiveness, depending on the particular electronic application. Low density is desirable
for both aerospace structures and aerospace electronics. Structural composites stress
processability into large parts, such as panels, whereas electronic composites empha-
size processability into small parts, such as stand-alone films and coatings. Because
of the small size of the parts, material costs tend to be less of a concern for electronic
composites than for structural composites. For example, electronic composites can
use expensive fillers such as silver particles, which provide high electrical conduc-
tivity.

3.2 APPLICATIONS IN MICROELECTRONICS

The applications of polymer-matrix composites in microelectronics include inter-
connections, printed circuit boards, substrates, encapsulations, interlayer dielectrics,
die attach, electrical contacts, connectors, thermal interface materials, heat sinks,
lids, and housings. In general, the integrated circuit chips are attached to a substrate
or a printed circuit board on which the interconnection lines have been written on
each layer of the multilayer substrate or board. To increase the interconnection
density, another multilayer involving thinner layers of conductors and interlayer
dielectrics may be applied to the substrate before the chip is attached. By means of
soldered joints, wires connect between electrical contact pads on the chip and
electrical contact pads on the substrate or board. The chip may be encapsulated with
a dielectric for protection. It may also be covered by a thermally conducting (metal)
lid. The substrate or board is attached to a heat sink. A thermal interface material
may then be placed between the substrate or board and the heat sink to enhance the
quality of the thermal contact. The whole assembly may be placed in a thermally
conducting housing.

A printed circuit board is a sheet for the attachment of chips, whether mounted
on substrates, chip carriers, or otherwise, and for drawing interconnections. It is a
polymer-matrix composite that is electrically insulating and has four conductor lines
(interconnections) on one or both sides. Multilayer boards have lines on each inside
layer so that interconnections on different layers may be connected by short con-
ductor columns called electrical vias. Printed circuit boards for mounting pin-
inserting-type packages need to have lead insertion holes punched through them.
Printed circuit boards for surface-mounting-type packages need no holes. Surface-
mounting-type packages, whether with leads, leaded chip carriers, without leads, or
leadless chip carriers (LLCCs), can be mounted on both sides of a circuit board,
whereas pin-inserting-type packages can only be mounted on one side. In surface
mounting technology (SMT), the surfaces of conductor patterns are connected
together electrically without employing holes. Solder is used to make electrical
connections between a surface-mounting-type package (leaded or leadless) and a
circuit board. A lead insertion hole for pin-inserting-type packages is a plated-
through hole, a hole on whose wall a metal is deposited to form a conducting
penetrating connection. After pin insertion, the space between the wall and the pin
is filled by solder to form a solder joint. Another type of plated-through hole is a
via hole, which connects different conductor layers without the insertion of a lead.
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A substrate, also called a chip carrier, is a sheet on which one or more chips
are attached and interconnections are drawn. In the case of a multilayer substrate,
interconnections are also drawn on each layer inside the substrate such that inter-
connections in different layers are connected, if desired, by electrical vias. A sub-
strate is usually an electrical insulator. Substrate materials include ceramics (Al,O;,
AIN, mullite, or glass ceramics), polymers (polyimide), semiconductors (silicon),
and metals (aluminum). The most common substrate material is Al,O; As the sin-
tering of Al,O, requires temperatures greater than 1000°C, the metal interconnections
need to be refractory, such as tungsten or molybdenum. The disadvantages of
tungsten and molybdenum lie in higher electrical resistivity compared to copper. In
order to make use of more conductive metals (e.g., Cu, Au, and Ag-Pd) as the
interconnections, ceramics that sinter at temperatures below 1000°C can be used in
place of Al,O;. The competition between ceramics and polymers for substrates is
increasingly keen. Ceramics and polymers are both electrically insulating; ceramics
are advantageous in that they have higher thermal conductivity than polymers;
polymers are advantageous in that they have lower dielectric constant than ceramics.
A high thermal conductivity is attractive for heat dissipation; a low dielectric constant
is appealing for a smaller capacitive effect, hence a smaller signal delay. Metals are
desirable for their very high thermal conductivity compared to ceramics and poly-
mers.

An interconnection is a conductor line for signal transmission, power, or ground.
It is usually in the form of a thick film of thickness > 1 pm. It can be on a chip, a
substrate, or a printed circuit board. The thick film is made by either screen printing
or plating. Thick-film conductor pastes containing silver particles and glass frit
(binder that functions by the viscous flow of glass upon heating) are widely used to
form thick-film conductor lines on substrates by screen printing and subsequent
firing. These films suffer from the reduction of electrical conductivity by the presence
of the glass, and by the porosity in the film after firing. The choice of a metal in a
thick-film paste depends on the need for withstanding air oxidation in the heating
encountered in subsequent processing, which can be the firing of the green thick-
film together with the green ceramic substrate (a process known as cofiring). It is
during cofiring that bonding and sintering take place. Copper is an excellent con-
ductor, but it oxidizes readily when heated in air. The choice of metal also depends
on the temperature encountered in subsequent processing. Refractory metals, such
as tungsten and molybdenum, are suitable for interconnections heated to high tem-
peratures (> 1000°C), for example during Al,O; substrate processing.

A z-axis anisotropic electrical conductor film is a film that is electrically con-
ducting only in the z-axis, i.e., in the direction perpendicular to the plane of the
film. As one z-axis film can replace a whole array of solder joints, z-axis films are
valuable for solder replacement, processing cost reduction, and repairability
improvement in surface-mount technology.

An interlayer dielectric is a dielectric film separating the interconnection layers
such that the two kinds of layers alternate and form a thin-film multilayer. The
dielectric is a polymer, usually spun on or sprayed, or a ceramic applied by chemical
vapor deposition (CVD). The most common multilayer involves polyimide as the
dielectric and copper interconnections, plated, sputtered, or electron-beam deposited.
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A die attach is a material for joining a die (a chip) to a substrate. It can be a
metal alloy (a solder paste), a polymeric adhesive (a thermoset or a thermoplast),
or a glass. Die attach materials are usually applied by screen printing. A solder is
attractive in its high thermal conductivity, which enhances heat dissipation. However,
its application requires the use of heat and a flux. The flux subsequently needs to
be removed chemically. The defluxing process adds cost and is undesirable for the
environment (the ozone layer) due to the chlorinated chemicals used. A polymer or
glass has poor thermal conductity, but this can be alleviated by the use of thermally
conductive filler such as silver particles. A thermoplast provides a reworkable joint,
whereas a thermoset does not. Furthermore, a thermoplast is more ductile than a
thermoset. Moreover, a solder suffers from its tendency to experience thermal fatigue
due to the thermal expansion mismatch between the chip and the substrate, and the
resulting work hardening and cracking of the solder. In addition, the footprint left
by a solder tends to be larger than the footprint left by a polymer because of the
ease with which the molten solder flows.

An encapsulation is an electrically insulating conformal coating on a chip for
protection against moisture and mobile ions. An encapsulation can be a polymer
(epoxy, polyimide, polyimide siloxane, silicone gel, Parylene, or benzocyclobutene),
which can be filled with SiO,, BN, AIN, or other electrically insulating ceramic
particles for decreasing the thermal expansion and increasing thermal conductivity.!
The decrease of thermal expansion is needed because a neat polymer typically has
a much higher coefficient thermal expansion than a semiconductor chip. An encap-
sulation can also be a ceramic (e.g., SiO,, Si;Ni,, or silicon oxynitride). In electronic
packaging, encapsulation is a step performed after both die bonding and wire bonding
and before the packaging, using a molding material. The molding material is typi-
cally a polymer, such as epoxy. However, it can also be a ceramic, such as Si;N,,
cordierite (magnesium silicate), SiO,, etc. A ceramic is advantageous in its low
coefficient of thermal expansion and higher thermal conductivity, but it is much less
convenient to apply than a polymer.

A 1id is a cover for a chip that offers physical protection. The chip is typically
mounted in a well in a ceramic substrate and the lid covers the well. A 1id is
preferably a metal because of the need to dissipate heat. It is joined to the ceramic
substrate by soldering, using a solder preform (e.g., Au-Sn) shaped like a gasket.
Due to the low coefficient of thermal expansion, Kovar® (54Fe-29Ni-17Co) is used
for the lid. For the same reason, Kovar is often used for the can in which a substrate
is mounted. Although Kovar has a low coefficient of thermal expansion
(5.3 x 106 °C-! at 20-200°C), it also has a low thermal conductivity of 17 W m~! K-,

A heat sink is a thermal conductor that conducts and radiates heat away from
the circuitry. It is typically bonded to a printed circuit board. The thermal resistance
of the bond and that of the heat sink govern the effectiveness of heat dissipation. A
heat sink that matches the coefficient of thermal expansion of the circuit board is
desirable for resistance to thermal cycling.

Insufficiently fast dissipation of heat is the most critical problem that limits the
reliability and performance of microelectronics.* The problem becomes more severe
as electronics are miniaturized. The problem also accentuates as power (voltage and
current) increases. Excessive heating from insufficient heat dissipation causes ther-
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mal stress in the electronic package, which may cause warpage of the semiconductor
chip. The problem is also compounded by thermal fatigue, which results from cyclic
heating and thermal expansion mismatches. Since there are many solder joints in
an electronic package, solder joint failure is a big reliability concern. For these
reasons, thermal management has become a key issue within the field of electronic
packaging. Thermal management refers to the use of materials, devices, and pack-
aging schemes to attain efficient heat dissipation.

The use of materials with high thermal conductivity and low thermal expansion
for heat sinks, lids, housings, substrates, and die attach is an important avenue for
alleviating the heat dissipation problem. For this purpose, metal-matrix composites
(such as silicon carbide particle aluminum-matrix composites) and polymer-matrix
composites (such as silver particle-filled epoxy) have been developed. However,
another method, which has received much less attention, is the improvement of the
thermal contact between the various components in an electronic package. The higher
thermal conductivity of the individual components cannot effectively help heat
dissipation unless thermal contacts between the components are good. Without good
thermal contacts, the use of expensive thermal conducting materials is a waste.

The improvement of a thermal contact involves the use of a thermal interface
material, such as a thermal fluid, a thermal grease, or a resilient thermal conductor.
A thermal fluid or grease is spread on the mating surfaces. A resilient thermal
conductor is sandwiched by the mating surfaces and held in place by pressure. A
thermal fluid is most commonly mineral oil. Thermal greases are usually conducting
particle-filled silicone. Resilient thermal conductors are conducting particle-filled
elastomers. Of these three types of thermal interface materials, thermal greases are
by far the most common. Resilient thermal conductors are not as well developed as
thermal fluids or greases.

As the materials to be interfaced are good thermal conductors, the effectiveness
of a thermal interface material is enhanced by high thermal conductivity and low
thickness of the interface material, and low thermal contact resistance between the
interface material and each mating surface. As the mating surfaces are not perfectly
smooth, the interface material must be able to flow or deform so as to conform to
their topology. If the interface material is a fluid, grease, or paste, it should have a
high fluidity in order to conform and to have a small thickness after mating. On the
other hand, the thermal conductivity of the grease or paste increases with increasing
filler content, and this is accompanied by decrease in workability. Without a filler,
as in the case of an oil, thermal conductivity is poor. A thermal interface material
in the form of a resilient thermal conductor sheet cannot usually be as thin or
conformable as one in the form of a fluid, grease, or paste, so its effectiveness
requires a very high thermal conductivity.

3.3 POLYMER-MATRIX COMPOSITES

Polymer-matrix composites with continuous or discontinuous fillers are used for
electronic packaging and thermal management. Composites with continuous fillers
are used as substrates, heat sinks, and enclosures. Composites with discontinuous
fillers are used for die attach, electrically/thermally conducting adhesives, encapsu-
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lations, thermal interface materials, and electrical interconnections. Composites with
discontinuous fillers can be in a paste form during processing, thus allowing appli-
cation by printing and injection molding. Composites with continuous fillers cannot
undergo paste processing, but the continuous fillers provide lower thermal expansion
and higher conductivity than discontinuous fillers.

Composites can have thermoplastic or thermosetting matrices. Thermoplastic
matrices have the advantage that a connection can be reworked by heating for the
purpose of repair, whereas thermosetting matrices do not allow reworking. On the
other hand, controlled-order thermosets are attractive for their thermal stability and
dielectric properties.’ Polymers exhibiting low dielectric constant, low dissipation
factor, low coefficient of thermal expansion, and compliance are preferred.

Composites can be electrically conducting or electrically insulating; the electri-
cal conductivity is provided by a conductive filler. The composites can be both
electrically and thermally conducting, as attained by the use of metal or graphite
fillers. They can also be electrically insulating but thermally conducting, as conveyed
by the use of diamond, aluminum nitride, boron nitride, or alumina fillers.”® An
electrically conducting composite can be isotropically conducting®!° or anisotropi-
cally conducting.!' A z-axis conductor is an example of an anisotropic conductor.

3.3.1 PoLYMER-MATRIX CoMPOSITES WITH CONTINUOUS FILLERS

Epoxy-matrix composites with continuous glass fibers and made by lamination are
used for printed wiring boards because of the electrically insulating property of glass
fibers, and the good adhesive behavior and established industrial usage of epoxy.
Aramid (Kevlar™) fibers can be used instead of glass fibers to provide lower
dielectric constant.'> Alumina (Al,0O,) fibers can be used for increasing the thermal
conductivity.'® By selecting the fiber orientation and loading in the composite, the
dielectric constant can be decreased and the thermal conductivity increased.'* By
impregnating the yarns or fabrics with a silica-based sol and subsequent firing, the
thermal expansion can be reduced.'” Matrices other than epoxy can be used, such
as polyimide and cyanate ester.'

For heat sinks and enclosures, conducting fibers are used since they enhance
thermal conductivity and the ability to shield electromagnetic interference. EMI
shielding is particularly important for enclosures.!” Carbon fibers are most commonly
used for these applications due to their conductivity, low thermal expansion, and
wide availability as a structural reinforcement. For high thermal conductivity, carbon
fibers made from mesophase pitch'®?* or copper plated carbon fibers are pre-
ferred.?>?” For EMI shielding, both uncoated carbon fibers?®? and metal-coated
carbon fibers**3! have been used.

For avionic electronic enclosures, low density is essential for saving aircraft
fuel. Aluminum is the traditional material for this application. Because of mechan-
ical, electrical, environmental, manufacturing/producibility, and design-to-cost cri-
teria, carbon fiber reinforced epoxy has been judged more attractive than aluminum,
glass fiber reinforced epoxy, glass fiber reinforced epoxy with aluminum interlayer,
beryllium, aluminum-beryllium, and SiC particle reinforced aluminum.’? A related
application is thermal management of satellites, for which the thermal management
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materials need to be integrated from the satellite structure down to the electronic
device packaging.** Continuous carbon fibers are suitable for this application due
to their high thermal conductivity, low density, high strength, and high modulus.

3.3.2 PoLYMER-MATRIX COMPOSITES WITH DISCONTINUOUS
FiLLERS

Polymer-matrix composites with discontinuous fillers are widely used in electron-
ics,3* despite their poor mechanical properties compared to composites with contin-
uous fibers. This is because materials in electronics do not need to be mechanically
strong and discontinuous fillers enable processing through the paste form that is
particularly suitable for making films, whether standalone or on a substrate.

Screen printing is a common method for patterning a film on a substrate. In the
case of an electrically conducting paste, the pattern is an array of electrical inter-
connections and electrical contact pads on the substrate. As screen printing involves
the paste going through a screen, screen printable pastes contain particles and no
fiber, and the particles must be sufficiently small, typically less than 10 pm. The
larger the particles, the poorer the patternability, i.e., the edge of a printed line is
not sufficiently well defined. In applications not requiring patternability, such as
thermal interface materials, short fibers are advantageous in that the connectivity of
the short fibers is superior to that of particles at the same volume fraction. For a
conducting composite, better connectivity of the filler units means higher conduc-
tivity for the composite. Instead of using short fibers, one may use elongated particles
or flakes for the sake of the connectivity. In general, the higher the aspect ratio, the
better the connectivity for the same volume fraction. The use of elongated particles
or flakes can provide an aspect ratio larger than one, while retaining patternability.
It is an attractive compromise.

In case of a conducting composite, the greater the volume fraction of the con-
ducting filler, the higher the conductivity of the composite, since the polymer matrix
is insulating. However, the greater the filler volume fraction, the higher the viscosity
of the paste, and the poorer its processability. To attain a high filler volume fraction
while maintaining processability, a polymer of low viscosity is preferred, and good
wettability of the filler by the matrix, as provided by filler surface treatments and/or
the use of surfactants, is desirable.

The matrix used in making a polymer-matrix composite can be in the form of
a liquid (a thermosetting resin) or a solid (a thermoplastic powder) during the mixing
of the matrix and the filler. In the case of the matrix in the form of a powder, the
distribution of the filler units in the resulting composite depends on the size of the
matrix powder particles; the filler units line the interface between adjacent matrix
particles and the filler volume fraction needed for percolation (i.e., the filler units
touching one another to form a continuous path)®® decreases with increasing matrix
particle size. The reaching of percolation is accompanied by a large increase in
conductivity. However, a large matrix particle size is detrimental to processability,
$0 a compromise is needed.

In the case of the matrix in the form of a thermoplastic powder, the percolation
attained may be degraded or destroyed after subsequent composite fabrication
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involving flow of the thermoplastic under heat and pressure. In this case, a thermo-
plastic that flows less is preferred for attaining high conductivity in the resulting
composite.>®

A less common way to attain percolation in a given direction is to apply an
electric or magnetic field to align the filler units along the direction. For this
technique to be possible, the filler units must be polarizable electrically or magnet-
ically. Such alignment is one of the techniques used to produce z-axis conductors.

In percolation, the filler units touch one another to form continuous paths, but
there is considerable contact resistance at the interfaces between them. To decrease
this contact resistance, thereby increasing the conductivity of the composite, one
can increase the size of the filler units so the amount of interface area is decreased,
provided percolation is maintained. A less common but more effective way is to
bond the filler units together at their junctions by using a solid (like solder) that
melts and wets the surface of the filler during composite fabrication. The low-
melting-point solid can be in the form of particles added to the composite mix, or
in the form of a coating on the filler units. In this way, a three-dimensionally
interconnected conducting network is formed after composite fabrication.?’

An intimate interface between the filler and the matrix is important to the
conductivity of a composite, even though the filler is conducting and the matrix may
be perfectly insulating. This is because conduction may involve a path from a filler
unit to an adjacent one through a thin film of the matrix by means of tunneling. In
the case of the matrix being slightly conducting (but not as conducting as the filler),
the conduction path involves both the filler and the matrix, and the filler-matrix
interface is even more important. This interface may be improved by filler surface
treatments prior to incorporating the filler in the composite, or by the use of a
surfactant.

The difference in thermal expansion coefficient between filler and matrix, and
the fact that composite fabrication occurs at an elevated temperature, cause thermal
stress during cooling of the fabricated composite. The thermal expansion coefficient
of a polymer is relatively high, so the filler units are usually under compression after
cooling. Compression helps to tighten the filler-matrix interface, though the com-
pressive stress in the filler and the tensile stress in the matrix may degrade the
performance and durability of the composite.

In case of the matrix being conducting, but not as conducting as the filler, as
for conducting polymer matrices,*" percolation is not essential for the composite
to be conducting, though percolation would greatly enhance conductivity. Below the
percolation threshold (the filler volume fraction above which percolation occurs),
the conductivity of the composite is enhanced by a uniform distribution of the filler
units since the chance increases of having a conduction path that involves more filler
and less matrix as filler distribution becomes more uniform. Uniformity is never
perfect; it is described by the degree of dispersion of the filler. The degree of
dispersion can be enhanced by rigorous agitation during mixing of the filler and
matrix, or by the use of a dispersant. In the case of a matrix in the form of particles
that are coarser than the filler units, the addition of fine particles to the mix also
helps dispersion of the filler.*!

©2001 CRC Press LLC



Because the thermal expansion coefficient of a polymer is relatively high, the
polymer matrix expands more than the filler during the heating of a polymer-matrix
composite. This results in the proximity between adjacent filler units changing with
temperature, decreasing the conductivity of the composite.*> This phenomenon is
detrimental to the thermal stability of composites.

Corrosion and surface oxidation of the filler are the most common causes of
degradation that decreases the conductivity of the composite. Thus, oxidation-resis-
tant fillers are essential. Silver and gold are oxidation resistant, but copper is not.
Due to the high cost of silver and gold, the coating of copper, nickel, or other lower-
cost metal fillers by gold or silver is common for improving oxidation resistance.
The most common filler by far is silver particles.**#

A z-axis anisotropic electrical conductor film is electrically conducting in the
direction perpendicular to the film, but is insulating in all other directions. This film
is technologically valuable for use as an interconnection material in electronic
packaging, as it electrically connects the electrical contact pads touching one side
of the film with the corresponding contact pads touching the direct opposite side of
the film. Even though the film is in one piece, it contains numerous z-axis conducting
paths, so it can provide numerous interconnections. If each contact pad is large
enough to span a few z-axis conducting paths, no alignment is needed between the
contact pad array and the z-axis film, whether the conducting paths are ordered or
random in their distribution.*>° In this situation, in order to attain a high density of
interconnections, the cross-section of each z-axis conducting path must be small.
However, if each contact pad is only large enough to span one z-axis conducting
path, alignment is needed between the contact pad array and the z-axis film, and
this means the conducting paths in the z-axis film must be ordered in the same way
as the contact pad array.®

An example of an application of a z-axis conductor film is in the interconnections
between the leads from (or contact pads on) a surface-mount electronic device and
the contact pads on the substrate beneath the device. In this application, one piece
of z-axis film can replace a whole array of solder joints, so the processing cost can
be reduced. Furthermore, the problem of thermal fatigue of the solder joints can be
avoided by this replacement. Another example is in the vertical interconnections in
three-dimensional electronic packaging.

A z-axis film is a polymer-matrix composite containing conducting units that
form the z-axis conducting paths. The conducting units are usually particles, such
as metal particles and metal-coated polymer particles. The particles can be clustered
so that each cluster corresponds to one conducting path.#-475! Metal columns,’> metal
particle columns (e.g., gold-plated nickel),’*3! and individual metal-coated polymer
particles* have been used to provide z-axis conducting paths. Particle columns were
formed by magnetic alignment. Using particle columns, Reference 46 attained a
conducting path width of 400 um and a pitch (center-to-center distance between
adjacent conducting paths) of 290 um. Also using particle columns, References 50
and 51 attained a conducting path width of ~ 10 um and a pitch of ~ 100 pm. In
general, a large conducting path width is desirable for decreasing the resistance per
path, while a small pitch is desirable for high density interconnection.
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In contrast to the use of metal wires, metal columns, or metal particle columns,
Reference 61 used one metal particle per conducting path. The concept of one particle
per path had been demonstrated by Reference 49 by using metal-coated polymer
particles. However, due to the high resistivity of the metal coating compared to the
bulk metal, the z-axis resistivity of the film was high (0.5 Q.cm for a conducting
path). By using metal particle in place of metal coated polymer particles, Reference
61 decreased the z-axis resistivity of a conducting path to 10 Q.cm. Furthermore,
Reference 61 did not rely on a polymer for providing resilience; resilience is provided
by the metal particles, which protrude from both sides of the stand-alone film. As
a result, the problem of stress relaxation of the polymer is eliminated. In addition,
the protrusion of the metal particles eliminates the problem of open-circuiting the
connection upon heating because of the higher thermal expansion of the polymer
compared to the conductor.”®

Most work on z-axis adhesive films3%>7 used an adhesive with randomly dis-
persed conductive particles (8—12 um diameter) suspended in it. The particles were
phenolic spheres that had been coated with nickel. After bonding under heat
(180-190°C) and pressure (1.9 MPa), a particle became oval in shape (4 pm thick).
There was one particle per conducting path. The main drawback of this technology
is the requirement of heat and pressure for curing the adhesive. Heat and pressure
are not desirable in practical use of the z-axis adhesive. Reference 61 removed the
need for heat and pressure through the choice of the polymer.

A different kind of z-axis adhesive film®® used screening or stenciling to obtain
a regular two-dimensional array of silver-filled epoxy conductive dots, but this
technology suffers from the large pitch (1500 um) of the dots and the consequent
need for alignment between z-axis film and contact pad array. In the work of
Reference 61, the pitch of the conducting paths in the z-axis adhesive film is as low
as 64 pm.

Capacitors require materials with a high dielectric constant. Such materials in
the form of thick films allow capacitors to be integrated with the electronic pack-
aging, allowing further miniaturization and performance and reliability improve-
ments.> These thick-film pastes involve ceramic particles with a high dielectric
constant, such as barium titanate (BaTiO,), and a polymer (e.g., epoxy).6>6*

Inductors are needed for transformers, DC/DC converters, and other power
supply applications. They require magnetic materials. Such materials in the form of
thick films allow inductors and transformers to be integrated with the electronic
packaging, allowing further miniaturization. These thick-film pastes involve mag-
netic particles (e.g., ferrite) and a polymer.5>%

The need for EMI shielding is increasing rapidly due to the interference of radio
frequency radiation (such as that from cellular phones) with digital electronics, and
society’s increasing dependence on digital electronics. The associated electronic
pollution is an interference problem.

EMI shielding is achieved by using electrical conductors, such as metals and
conductive-filled polymers.®”-”> EMI-shielding gaskets’*%7 are resilient conductors.
They are needed to electromagnetically seal an enclosure. The resilient conductors
are most commonly elastomers (rubber) that are filled with a conductive filler,®® or
elastomers that are coated with a metalized layer. Metallized elastomers suffer from
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poor durability because of the tendency of the metal layer to debond from the
elastomer. Conductive-filled elastomers do not have this problem, but they require
the use of a highly conductive filler, such as silver particles, in order to attain a high
shielding effectiveness while maintaining resilience. The highly conductive filler is
expensive, which makes the composite expensive. The use of a less conducting filler
results in the need for a large volume fraction of the filler in order to attain a high
shielding effectiveness; the consequence is diminished resilience or even loss of
resilience. Moreover, these composites suffer from degradation of shielding effec-
tiveness in the presence of moisture or solvents. In addition, the polymer matrix in
the composites limits the temperature resistance, and the thermal expansion mis-
match between filler and matrix limits the thermal cycling resistance.

Due to the skin effect (electromagnetic radiation at a high frequency interacting
with only the near surface region of an electrical conductor), a filler for a polymer-
matrix composite for EMI shielding needs to be small in unit size. Although con-
nectivity between the filler units is not required for shielding, it helps. Therefore, a
filler in the form of a metal fiber of very small diameter is desirable. For this purpose,
nickel filaments of diameter 0.4 um and length > 100 um, with a carbon core of
diameter 0.1 pm, were developed.® Their exceptionally small diameters compared
to those of existing metal fibers made them outstanding for use as fillers in polymers
for EMI shielding. A shielding effectiveness of 87 dB at 1 GHz was attained in a
polyethersulfone-matrix composite with only 7 vol.% nickel filaments.?*! The low
volume fraction allows resilience in a silicone-matrix composite for EMI gaskets.*?

3.4 SUMMARY

Polymer-matrix composite materials for microelectronics are designed for high
thermal conductivity, low CTE, low dielectric constant, either high or low electrical
conductivity, and processability (e.g., printability). Applications include heat sinks,
housings, printed wiring boards, substrates, lids, die attach, encapsulation, intercon-
nections, thermal interface materials, and EMI shielding. Combinations of properties
are usually required. For example, for heat sinks and substrates, the combination of
high thermal conductivity and low CTE is required for heat dissipation and thermal
stress reduction. In the case of aerospace electronics, low density is also desired.
Polymer-matrix composites for microelectronics include those with continuous and
discontinuous fillers. They can be in the form of an adhesive film, a stand-alone
film, or a bulk material, and can be electrically isotropic or anisotropic.
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SYNOPSIS Materials for the electromagnetic interference (EMI) shielding of elec-
tronics and radiation sources are reviewed, with emphasis on composite materials and
resilient EMI gasket materials which shield mainly by reflection of the radiation at a
high frequency.

RELEVANT APPENDICES: E D, C

4.1 INTRODUCTION

EMI shielding refers to the reflection and/or adsorption of electromagnetic radiation
by a material that acts as a shield against its penetration. As electromagnetic radia-
tion, particularly at high frequencies (radio waves, such as those emanating from
cellular phones) tend to interfere with electronics (computers), EMI shielding of
both electronics and radiation sources is needed, and is increasingly required by
governments around the world. The importance of EMI shielding relates to high
demand on the reliability of electronics, and the rapid growth of radio frequency
radiation sources.'”
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EMI shielding is distinguished from magnetic shielding, which refers to the
shielding of magnetic fields at low frequencies (60 Hz). Materials for EMI shielding
are different from those for magnetic shielding.

4.2 MECHANISMS OF SHIELDING

The primary mechanism of EMI shielding is reflection. For reflection of radiation,
the shield must have mobile charge carriers (electrons or holes) that 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 usually sufficient. However, electrical
conductivity is not the scientific criterion for shielding, as conduction requires
connectivity in the conduction path, whereas shielding does not. Although shielding
does not require connectivity, it is enhanced by it. Metals are by far the most common
materials for EMI shielding. They function by reflection due to the free electrons
in them. Metal sheets are bulky, so metal coatings made by electroplating, electroless
plating, or vacuum deposition are used for shielding.'®? The coating may be on
bulk materials, fibers, or particles, but coatings tend to suffer from their poor wear
or scratch resistance.

A secondary mechanism of EMI shielding is absorption. For significant absorp-
tion of radiation, the shield should have electric and/or magnetic dipoles that interact
with the electromagnetic fields in radiation. The electric dipoles may be provided
by BaTiO; or other materials having a high value of the dielectric constant. The
magnetic dipoles may be provided by Fe,O, or other materials with a high value of
magnetic permeability,'” which may be enhanced by reducing the number of mag-
netic domain walls through the use of a multilayer of magnetic films.2%%’

The absorption loss is a function of the product o, ,, whereas the reflection loss
is a function of the ratio o,/u,, where o, is the electrical conductivity relative to
copper and , is the relative magnetic permeability. Table 4.1 provides these factors
for various materials. Silver, copper, gold, and aluminum are excellent for reflection
because of their high conductivity. Superpermalloy and mumetal are excellent for
absorption because of their high magnetic permeability. The reflection loss decreases
with increasing frequency, whereas the absorption loss increases with increasing
frequency.

Other than reflection and absorption, a mechanism of shielding is multiple
reflections, the reflections at various surfaces or interfaces in the shield. This mech-
anism requires the presence of a large surface area or interface area. An example of
a shield with a large surface area is a porous or foam material. An example of a
shield with a large interface area is a composite material containing a filler that has
a large surface area. The loss due to multiple reflections can be neglected when the
distance between the reflecting surfaces or interfaces is large compared to the skin
depth.

The losses, whether due to reflection, absorption, or multiple reflections, are
expressed in dB. The sum of all the losses is the shielding effectiveness (in dB).
The absorption loss is proportional to the thickness of the shield.
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TABLE 4.1
Electrical Conductivity Relative to Copper (c,) and Relative
Magnetic Permeability (p,) of Selected Materials (from Ref. 119)

Material o, W, O, o, /u,
Silver 1.05 1 1.05 1.05
Copper 1 1 1 1
Gold 0.7 1 0.7 0.7
Aluminum 0.61 1 0.61 0.61
Brass 0.26 1 0.26 0.26
Bronze 0.18 1 0.18 0.18
Tin 0.15 1 0.15 0.15
Lead 0.08 1 0.08 0.08
Nickel 0.2 100 20 2 x 1073
Stainless steel (430) 0.02 500 10 4 x 107
Mumetal (at 1 kHz) 0.03 20,000 600 1.5 x 10°
Superpermalloy (at 1 kHz) 0.03 100,000 3,000 3 x 107

Electromagnetic radiation at high frequencies penetrates only the near surface
region of an electrical conductor. This is known as the “skin effect.” The electric
field of a plane wave penetrating a conductor drops exponentially with increasing
depth into the conductor. The depth at which the field drops to 1/e of the incident
value is the skin depth (8), which is given by

5 = — 4.1
e 4.1
where
f = frequency,
u = magnetic permeability = pyu,,
U, = relative magnetic permeability,
W =4n x 10”7 H/m, and
o = electrical conductivity in Q'm".

Hence, the skin depth decreases with increasing frequency, and with increasing
conductivity or permeability. For copper, u, =1, 0 =5.8 x 107 Q'm!, so 8 is 2.09
um at a frequency of 1 GHz. For nickel of u, = 100, o = 1.15 x 107 Q'm™, so &
is 0.47 um at 1 GHz. The small value of & for nickel compared to copper is due to
the ferromagnetic nature of nickel.

4.3 COMPOSITE MATERIALS FOR SHIELDING

Due to the skin effect, a composite material having a conductive filler with a small
unit size is more effective than one having a conductive filler with a large unit size.
For effective use of the entire cross-section of a filler unit for shielding, the unit size
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of the filler should be comparable to or less than the skin depth. 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?®>° due to their processability (moldability), which helps to reduce 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 radiation and diminish the effectiveness of the shield. In addition, polymer-matrix
composites are attractive in their low density. The polymer matrix is electrically
insulating and does not contribute to shielding, though the polymer matrix can affect
the connectivity of the conductive filler, and connectivity enhances shielding effec-
tiveness. In addition, the polymer matrix affects processability.

Electrically conducting polymers®>” are becoming increasingly available, but
they are not common and tend to be poor in processability and mechanical properties.
Nevertheless, electrically conducting polymers do not require a conductive filler to
provide shielding, so that they may be used with or without one. In the presence of
a conductive filler, an electrically conducting polymer matrix has the added advan-
tage of being able to electrically connect the filler units that do not touch one another,
thereby enhancing connectivity.

Cement is slightly conducting, so the use of a cement matrix allows the con-
ductive filler units in the composite to be electrically connected even when the filler
units do not touch one another. Thus, cement-matrix composites have higher shield-
ing effectiveness than corresponding polymer-matrix composites in which the poly-
mer matrix is insulating.®® Moreover, cement is less expensive than polymers, and
cement-matrix composites are useful for shielding rooms in a building.?'-83 Similarly,
carbon is a better matrix than polymers for shielding because of its conductivity,
but carbon-matrix composites are expensive.?*

A seam in a housing that serves as an EMI shield needs to be filled with an EMI
gasket, which is commonly a material based on an elastomer, such as rubber.8>%
An elastomer is resilient, but is not able to shield unless it is coated with a conductor
(a metal coating called metallization) or is filled with a conductive filler (typically
metal particles). The coating suffers from its poor wear resistance. The use of a
conductive filler is problematic because of the resulting decrease in resilience,
especially at the high filler volume fraction that is required for shielding effective-
ness. Because the decrease in resilience becomes more severe as the filler concen-
tration increases, a filler that is effective even at a low volume fraction is desirable.
Therefore, the development 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 desirable, although that is not as
critical as for EMI gaskets. This is because the strength and ductibility of a composite
decrease with increasing filler content when filler-matrix bonding is poor. Poor
bonding is quite common for thermoplastic polymer matrices. Furthermore, a low
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filler content is desirable because of greater processability, which decreases with
increasing viscosity. In addition, low filler content is desirable due to cost and weight
saving.

In order for a conductive filler to be highly effective, it 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 because of their higher conductivity, though carbons are
attractive in their oxidation resistance and thermal stability. Fibers are more attractive
than particles due to their high aspect ratio. Thus, metal fibers of a small diameter
are desirable. Nickel filaments of diameter 0.4 um have been shown to be particularly
effective.”®1% Nickel is more attractive than copper because of its superior oxidation
resistance. Oxide film is poor in conductivity and is thus detrimental to connectivity
among filler units.

Continuous fiber polymer-matrix structural composites that are capable of EMI
shielding are needed for aircrafts and electronic enclosures.3*101-19 The fibers in
these composites are typically carbon fibers, which may be coated with a metal
(nickel''®) or be intercalated to increase conductivity.''’'!!> An alternate design
involves the use of glass fibers (not conducting) and conducting interlayers in the
composite. 13114

4.4 EMERGING MATERIALS FOR SHIELDING

A particularly attractive EMI gasket material is flexible graphite, a flexible sheet
made by compressing exfoliated graphite flakes (called worms) without a binder.
During exfoliation, an intercalated graphite flake expands over 100 times along the
c-axis. Compression of the resulting worms (like accordions) causes them to be
mechanically interlocked so that a sheet is formed without a binder.

Due to exfoliation, flexible graphite has a large specific surface area (15 m?/g).
Because of the absence of a binder, flexible graphite is essentially entirely graphite
(other than the residual amount of intercalate in the exfoliated graphite). As a result,
flexible graphite is chemically and thermally resistant, and low in coefficient of
thermal expansion (CTE). Since its microstructure involves graphite layers that are
parallel to the surface of the sheet, flexible graphite is high in electrical and thermal
conductivities in the plane of the sheet. Because the graphite layers are somewhat
connected perpendicular to the sheet (i.e., the honeycomb microstructure of exfoli-
ated graphite), flexible graphite is electrically and thermally conductive in the direc-
tion 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 impor-
tant for EMI gaskets. Due to the skin effect, a high surface is desirable for shielding.
As the electrical conductivity 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).'"»

Other emerging materials for EMI shielding include woodceramics (porous
carbons made by impregnating woody materials with phenol resin)!'®!” and alumi-
num honeycomb.!'?

©2001 CRC Press LLC



4.5 CONCLUSION

Materials for EMI shielding are electrically conducting materials in the form of
metals in bulk, porous and coating forms, composite materials with polymer, cement
and carbon matrices, and carbons. In particular, EMI gasket materials, which require
resilience, include elastomers and flexible graphite.
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SYNOPSIS Cement-based electronics in the form of electrical circuit elements
(conductor and diode in the form of a pn-junction), sensors of strain and damage,
thermistor, and thermoel ectric device are reviewed. They enable a concrete structure
to provide electronic functions.

RELEVANT APPENDICES: A/ B,C E F |

5.1 INTRODUCTION

Cement, such as Portland cement, has long been used as a structural material. It can
also be used as an electronic material that provides electrical circuit elements,
sensors, and thermoelectric devices. The use of a structural material for electronics
enables a structure to provide eectronic functions, making it multifunctional and
smart.

Due to the large volume of usage of structural materials they must be inexpen-
sive. In contrast, conventional electronic materials such as semiconductors are rel-
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atively expensive, particularly when vacuum processing, single crystals, and high
purity are required. Using a structural material for electronics results in low-cost
electronics.

A structural material must have good mechanical properties. Semiconductors
tend to have poor mechanical properties. The use of a structural material for elec-
tronics results in electronics that are mechanically rugged.

This chapter is a review of cement-based electronics, an emerging field that is
scientifically rich and technologically relevant.

5.2 BACKGROUND ON CEMENT-MATRIX
COMPOSITES

Cement-matrix composites include concrete, mortar, and cement paste. They aso
include steel-reinforced concrete, i.e., concrete containing steel reinforcing bars.
Other fillers, called admixtures, can be added to the mix to improve the properties
of the composite. Admixtures are discontinuous, so they can be included in the mix.
They can be particles, such as silica fume and latex; short fibers, such as polymer,
stedl, glass, or carbon fibers; or they can be liquids, such as methylcellulose aqueous
solution, water-reducing agent, defoamer, etc. The focus of this chapter isadmixtures
for rendering composite electronic abilities while maintaining or even improving
structural properties.

Cement-matrix composites for electronics include those containing short carbon
fibers (for sensing strain, damage and temperature, for rendering p-type behavior,
and for electromagnetic radiation reflection), short steel fibers (for thermoel ectricity
and for rendering n-type behavior), and silica fume (for helping fiber dispersion).
This section provides background on cement-matrix composites, with emphasis on
carbon fiber cement-matrix composites.

Carbon fiber cement-matrix composites are structural materials that are rapidly
gaining in importance due to the decrease in carbon fiber cost! and the increasing
demand for superior structural and functional properties. These composites contain
short carbon fibers, typically 5 mm in length, as they can be used as an admixture
in concrete (whereas continuous fibers cannot simply be added to the concrete mix).
Short fibers are also less expensive than continuous fibers. However, due to the weak
bond between carbon fibers and the cement matrix, continuous fibers** are much
more effectivein reinforcing concrete. Surface treatment of carbon fibers (by heating®
or by using ozone,5” silane? SiO, particles,® or hot NaOH solution®®) is useful for
improving the bond between fiber and matrix, thereby improving the properties of
the composite. In the case of surface treatment by ozone or silane, the improved
bond is due to the enhanced wettability by water. Admixtures such as latex,5!
methyscellulose,® and silica fume'? also help the bond.

The effect of carbon fiber addition on the properties of concrete increases with
fiber volume fraction,*3 unless the fiber volume fraction is so high that the air void
content becomes excessively high.** (The air void content increases with fiber con-
tent, and air voids tend to have a negative effect on many properties, such as the
compressive strength.) In addition, the workability of the mix decreases with fiber
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content.** Moreover, the cost increases with fiber content. Therefore, a rather low
volume fraction of fibers is desirable. A fiber content as low as 0.2 vol. % is
effective,’> although fiber contents exceeding 1 vol. % are more common.62° The
required fiber content increases with the particle size of the aggregate, asthe flexural
strength decreases with increasing particle size.?*

Effective use of carbon fibersin concrete requires dispersion of the fibersin the
mix. The dispersion isenhanced by using silicafume as an admixture.’422* A typical
silica fume content is 15% by weight of cement.* The silicafume is typically used
along with asmall amount (0.4% by weight of cement) of methylcellulosefor helping
the dispersion of the fibers and the workability of the mix.2 Latex (typically 15-20%
by weight of cement) is much less effective for helping the fiber dispersion, but it
enhances workability, flexural strength, flexural toughness, impact resistance, frost
resistance, and acid resistance.'*?>% The ease of dispersion increases with decreasing
fiber length.?*

The improved structural properties rendered by carbon fiber addition pertain to
increased tensile and flexible strengths, increased tensile ductility and flexural tough-
ness, enhanced impact resistance, reduced drying shrinkage, and improved freeze-
thaw durability.13-1517-2527-38 Tensile and flexural strengths decrease with increasing
specimen size such that the size effect becomes larger as the fiber length increases.®
The low drying shrinkage is valuable for large structures and for use in repair,*4
and in joining bricks in a structure.*>43

The functional properties rendered by carbon fiber addition pertain to strain-
sensing ahility,”#+% temperature-sensing ability,5-6¢ damage-sensing ability,**486%71
thermoelectric behavior,53%8 thermal insulation ability,”>"* electrical conduction
ability™® (to facilitate cathodic protection of embedded steel and to provide elec-
trical grounding or connection), and radio wave refl ection/adsorption ability®-* (for
EMI shielding, for lateral guidance in automatic highways, and for television image
transmission).

Inrelation to the structural properties, carbon fibers compete with glass, polymer,
and steel fibers1827-29.32.36-3891 Carhon fibers (isotropic pitch-based)>®! are advanta-
geousin their superior ability to increase the tensile strength of concrete, even though
the tensile strength, modulus, and ductility of isotropic pitch-based carbon fibers are
low compared to most other fibers. Carbon fibers are also advantageous for relative
chemical inertness.?? PAN-based carbon fibers are also used,'”19%233 although they
are more commonly used as continuous fibers. Carbon-coated glass fibers®®** and
submicron-diameter carbon filaments®#” are even less commonly used, although the
former are attractive for the low cost of glass fibers and the latter for high radio
wave reflectivity. C-shaped carbon fibers are more effective for strengthening than
are round carbon fibers,% but their relatively large diameter makes them less attrac-
tive. Carbon fibers can be used in concrete together with stedl fibers, as the addition
of short carbon fibersto steel fiber-reinforced mortar increases the fracture toughness
of the interfacial zone between steel fibers and the cement matrix.® Carbon fibers
can aso be used in concrete with steel bars,*”% or with carbon fiber-reinforced
polymer rods.*®

In relation to most functional properties, carbon fibers are exceptional compared
to other fiber types. Carbon fibers are electrically conducting, in contrast to glass
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and polymer fibers, which are not. Steel fibers are conducting, but their typical
diameters (= 60 um) are much larger than the diameter of atypical carbon fiber (15
pm). The combination of electrical conductivity and small diameter makes carbon
fibers superior to the other fiber types in the area of strain sensing and electrical
conduction. However, carbon fibers are inferior to steel fibers for providing thermo-
electric composites because of the high electron concentration in steel and the low
hole concentration in carbon.

Although carbon fibers are thermally conducting, addition of carbon fibers to
concrete lowers thermal conductivity,” thus allowing applications related to thermal
insulation. This effect of carbon fiber addition is due to the increase in air void
content. The electrical conductivity of carbon fibersis higher than that of the cement
matrix by about eight orders of magnitude, whereas the thermal conductivity of
carbon fibers is higher than that of the cement matrix by only one or two orders of
magnitude. Asaresult, electrical conductivity isincreased upon carbon fiber addition
despite the increase in air void content, but thermal conductivity is decreased.

The use of pressure after casting,'® and extrusion'®%1%2 can result in composites
with superior microstructure and properties. Moreover, extrusion improves the shap-
ability. 10

5.3 CEMENT-BASED ELECTRICAL CIRCUIT ELEMENTS
5.3.1 CoNDUCTOR

Short carbon fibers are particularly effective for enhancing the electrical conductivity
of cement.® Figure 5.1% illustrates the volume electrical resistivity of composites
at seven days of curing. The resistivity decreases with increasing fiber volume
fraction, whether or not a second filler (silica fume or sand) is present. When sand
is absent, the addition of silica fume decreases the resistivity at all carbon fiber
volume fractions except the highest of 4.24%; the decrease is most significant at the
lowest fiber volume fraction of 0.53%. When sand is present, the addition of silica
fume similarly decreases resistivity such that the decrease is most significant at fiber
volume fractions below 1%. When silica fume is absent, the addition of sand
decreases resistivity only when the fiber volume fraction is below about 0.5%; at
high fiber volume fractions, the addition of sand increases resistivity due to the
porosity induced by the sand. Thus, the addition of a second filler that is essentially
nonconducting decreasestheresistivity of the composite only at low volumefractions
of the carbon fibers, and the maximum fiber volume fraction for the resistivity to
decrease is larger when the particle size of the filler is smaller. The resistivity
decrease is attributed to improved fiber dispersion because of the presence of the
second filler. Consistent with improved fiber dispersion is increased flexura tough-
ness and strength.

5.3.2 Diobe

The pn-junction is the junction between a p-type conductor (a conductor with holes
as the majority carrier) and an n-type conductor (a conductor with electrons as the
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FIGURE 5.1 Variation of the volume electrical resistivity with carbon fiber volume fraction:
(a) without sand, with methylcellulose, without silica fume; (b) without sand, with methyl-
cellulose, with silicafume; (c) with sand, with methyscellulose, without silicafume; (d) with
sand, with methyscellulose, with silica fume.

majority carrier). The pn-junction isideally rectifying, i.e., the current-voltage char-
acteristic is such that the current is large when the applied 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 circuitry because of its importance to diodes and transistors. Akin to
the pn-junction is the n-n* junction, a junction between a weakly n-type conductor
and a strongly n-type (i.e., n*) conductor.

In the field of electrical engineering, a pn-junction is obtained by allowing a p-
type semiconductor to contact an n-type semiconductor. These semiconductors are
obtained by doping with appropriate impurities that serve as electron donors (for n-
type semiconductors) or electron acceptors (for p-type semiconductors).

Cement isinherently n-type, although it is only slightly n-type.®> Upon addition
of a sufficient amount of short carbon fibers to cement, a composite that is p-type
is obtained.®*% Upon addition of short steel fibers to cement, a composite that is
strongly n-type is obtained.’®® In other words, the cement matrix contributes to
conduction by electrons; carbon fibers contribute to conduction by holes; and steel
fibers contribute to conduction by electrons.

Electric current rectification has been observed in acement junction, as obtained
by the separate pouring of electrically dissimilar cement mixes side by side.®*
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FIGURE 5.2 |-V characteristic of a cement-based pn junction.

Figure 5.2 shows the I-V characteristic for the junction involving carbon-fiber
(1.0% by weight of cement), silica-fume cement paste (p-type, with absolute ther-
moelectric power —0.48 + 0.11 nuV/°C), and steel fiber (0.5% by weight of cement)
cement paste (n-type, with absolute thermoelectric power 53.3 £ 4.8 uV/°C). This
pn-junction is rectifying. The |-V characteristic is nonlinear. The slope is steeper in
the positive voltage regime than the negative voltage regime.

The asymmetry inthe |-V characteristic on the two sides of the origin for various
junctions is in sharp contrast to the symmetry for a homogeneous piece of cement
paste without a junction.t* Hence, the asymmetry is attributed to the junction itself.

The junctions are rectifying; the magnitude of current is much larger when the
voltage is positive than when the voltage is negative. The rectification is attributed
to the asymmetric electron flow resulting from the junction. Due to the high con-
centration of electrons on the n-side, electrons flow by diffusion from the n-side to
the p-side across the junction. This flow is enhanced by a positive voltage that lowers
the contact potential at the junction. When the voltage is negative, the contact
potentia is high, causing the diffusion current to be low. However, electrons are
swept from the p-side to the n-side under the electric field associated with the high
contact potential at the junction, resulting in a drift current in the direction opposite
to the diffusion current. The drift current is enhanced by a more negative voltage,
but is low due to the low electron concentration on the p-side.

5.4 CEMENT-BASED SENSORS
5.4.1 STRAIN SENSOR

The electrical resistance of strain-sensing concrete changes reversibly with strain
such that the gage factor (fractional change in resistance per unit strain) is up to 700
under compression or tension.”#- The resistance (DC/AC) increases reversibly
upon tension and decreases reversibly upon compression because of fiber pull-out
upon microcrack opening (< 1 pm), and the consequent increase in fiber-matrix
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contact resistivity. The concrete contains as low as 0.2 vol.% short carbon fibers,
preferably those that have been surface treated. The fibers do not need to touch one
another in the composite. The treatment improves the wettability with water. The
presence of alarge aggregate decreases the gage factor, but the strain-sensing ability
remains sufficient for practical use. Strain-sensing concrete works even when data
acquisition is wireless. Applications include structural vibration control and traffic
monitoring.

Figure 5.3(a) shows the fractional change in resistivity along the stress axis, and
the strain during repeated compressive loading at an increasing stress amplitude for
carbon-fiber latex cement paste at 28 days of curing. Figure 5.3(b) shows the
corresponding variation of stress and strain during the repeated loading. The strain
varies linearly with the stress up to the highest stress amplitude (Figure 5.3(b)). The
strain returns to zero at the end of each cycle of loading. The resistivity decreases
upon loading in every cycle (due to fiber push-in) and increases upon unloading in
every cycle (due to fiber pull-out). The resistivity has a net increase after the first
cycle because of damage. Little further damage occurs in subsequent cycles, as
shown by the resistivity after unloading not increasing much after the first cycle.
The greater the strain amplitude, the more the resistivity decrease during loading,
although resistivity and strain are not linearly related. The effectsin the figures were
similarly observed in carbon-fiber silica-fume cement paste at 28 days of curing.

Figures 5.4 and 5.5 illustrate the fractional changes in the longitudinal and
transverse resistivities, respectively, for carbon-fiber silica-fume cement paste at 28
days of curing during repeated unaxial tensileloading at increasing strain amplitudes.
The strain essentially returns to zero at the end of each cycle, indicating elastic
deformation. Thelongitudinal strainispositive (i.e., elongation); thetransverse strain
isnegative (i.e., shrinkage due to the Poisson effect). Both longitudinal and transverse
resistivitiesincrease reversibly upon uniaxial tension. Thereversibility of both strain
and resistivity is more complete in the longitudinal direction than in the transverse
direction. The gage factor is 89 and 59 for the longitudinal and transverse resis-
tances, respectively.

Figures 5.6 and 5.7 show corresponding results for silicafume cement paste.
The strain is essentialy totaly reversible in both the longitudinal and transverse
directions, but the resistivity is only partly reversible in both directions, in contrast
to the reversibility of the resistivity when fibers are present (Figures 5.4 and 5.5).
Asinthe case with fibers, both longitudinal and transverse resistivitiesincrease upon
uniaxial tension. However, the gage factor isonly 7.2 and —7.1 for Figures 5.6 and
5.7, respectively.

Comparison of Figures5.4 and 5.5 (with fibers) with Figures 5.6 and 5.7 (without
fibers) shows that fibers greatly enhance the magnitude and reversibility of the
resistivity effect. The gage factors are much smaller in magnitude when fibers are
absent.

The increase in both longitudinal and transverse resitivities upon uniaxial ten-
sion for cement pastes, whether with or without fibers, is attributed to defect (e.g.,
microcrack) generation. In the presence of fibers, fiber bridging across microcracks
occurs, and slight fiber pull-out takes place upon tension, enhancing the possibility
of microcracks closing and causing more reversibility in the resistivity change. The
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FIGURE 5.3 Variation of the fractional change in volume electrical resistivity with time (a),
of the stress with time (b), and of the strain (negative for compressive strain) with time (a,b)
during dynamic compressive loading at increasing stress amplitudes within the elastic regime
for carbon-fiber latex cement paste at 28 days of curing.

fibers are much more electrically conductive than the cement matrix. The presence
of the fibers introduces interfaces between fibers and matrix. The degradation of the
fiber-matrix interface, due to fiber pull-out or other mechanisms, is an additional
type of defect generation that will increasethe resitivity of the composite. Therefore,
the presence of fibers greatly increases the gage factor.
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FIGURE 5.4 Variation of the fractional change in longitudinal electrical resistivity with time
(solid curve) and of the strain with time (dashed curve) during dynamic uniaxia tensile

loading at increasing stress amplitudes within the elastic regime for carbon-fiber silica-fume
cement paste.
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FIGURE 5.5 Variation of the fractional change in transverse electrical resistivity with time
(solid curve) and of the strain with time (dashed curve) during dynamic uniaxia tensile

loading at increasing stress amplitudes within the elastic regime for carbon-fiber silica-fume
cement paste.

Transverse resistivity increases upon uniaxia tension, even though the Poisson
effect causes the transverse strain to be negative. This means that the effect of the
transverse resistivity increase overshadows the effect of transverse shrinkage. The
resistivity increase is a consequence of uniaxial tension. In contrast, under uniaxial
compression, resistance in the stress direction decreases at 28 days of curing. Hence,
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FIGURE 5.6 Variation of the fractional change in longitudinal electrical resistivity with time
(solid curve) and of the strain with time (dashed curve) during dynamic uniaxial tensile
loading at increasing stress amplitudes within the elastic regime for silica-fume cement paste.
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FIGURE 5.7 Variation of the fractional change in transverse electrical resistivity with time
(solid curve) and of the strain with time (dashed curve) during dynamic uniaxia tensile
loading at increasing stress amplitudes within the elastic regime for silica-fume cement paste.

the effect of uniaxial tension on transverse resistivity, and that of uniaxial compres-
sion on longitudinal resistivity are different; the gage factors are negative and
positive, respectively.

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

5.4.2 DAMAGE SENSOR

Concrete, with or without admixtures, is capable of sensing major and minor
damage — even damage during el astic deformation — dueto the el ectrical resistivity
increase that accompanies damage.*#6%71 That both strain 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 islarger and less reversible when the stress amplitude is higher. The
resistance increase can be a sudden increase during loading. It can also be a gradual
shift of baseline resistance.

Figure 5.8(a)™ shows the fractional change in resistivity aong the stress axis,
as well as the strain during repeated compressive loading at an increasing stress
amplitude, for plain cement paste at 28 days of curing. Figure 5.8(b) shows the
corresponding variation of stress and strain during the repeated loading. The strain
varies linearly with the stress up to the highest stress amplitude (Figure 5.8(b)). The
strain returns to zero at the end of each cycle of loading. During the first loading,
resistivity increases due to damage initiation. During the subsequent unloading,
resistivity continues to increase, probably due to the opening of the microcracks
generated during loading. During the second loading, resistivity decreases dightly
as the stress increases up to the maximum stress of the first cycle (probably due to
closing of the microcracks), and then increases as the stress increases beyond this
value (probably due to the generation of additional microcracks). During unloading
in the second cycle, resistivity increases significantly (probably due to opening of
the microcracks). During the third loading, resistivity essentially does not change
(or decreases very dlightly) as the stress increases to the maximum stress of the third
cycle (probably due to the balance between microcrack generation and microcrack
closing). Subsequent unloading causesresistivity to increase very significantly (prob-
ably due to opening of the microcracks).

Figure 5.9 shows the fractional change in resistance, strain, and stress during
repeated compressive loading at increasing and decreasing stress amplitudes for
carbon fiber (0.18 vol.%) concrete at 28 days of curing. The highest stress amplitude
is 60% of the compressive strength. A group of cyclesin which the stress amplitude
increases cycle by cycle, and then decreases cycle by cycle to the initial low stress
amplitude, is hereby referred to as a group. Figure 5.9 shows the results for three
groups. The strain returns to zero at the end of each cycle for the stress amplitudes,
indicating elastic behavior. The resistance decreases upon loading in each cycle, as
in Figure 5.3. An extra peak at the maximum stress of a cycle grows as the stress
amplitude increases, resulting in two peaks per cycle. The original peak (strain
induced) occurs at zero stress, while the extra peak (damage induced) occurs at the
maximum stress. Hence, during loading from zero stresswithin acycle, theresistance
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FIGURE 5.8 Variation of the fractional change in electrical resistivity with time (a), of the
stress with time (b), and of the strain (negative for compressive strain) with time (a,b) during
dynamic compressive loading at increasing stress amplitudes within the elastic regime for
silica-fume cement paste at 28 days of curing.

drops and then increases sharply, reaching the maximum resistance of the extra peak
at the maximum stress of the cycle. Upon subsequent unloading, resistance decreases
and then increases as unloading continues, reaching the maximum resistance of the
origina peak at zero stress. In the part of this group where the stress amplitude
decreases cycle by cycle, the extra peak diminishes and disappears, leaving the
origina peak as the sole peak. In the part of the second group where the stress
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FIGURE 5.9 Fractiona change in resistance (a), strain (a), and stress (b) during repeated
compressive loading at increasing and decreasing stress amplitudes, the highest of which was
60% of the compressive strength, for carbon fiber concrete at 28 days of curing.

amplitude increases cycle by cycle, the original peak is the sole peak, except that
the extra peak returns in a minor way (more minor than in the first group) as the
stress amplitude increases. The extra peak grows as the stress amplitude increases,
but, in the part of the second group in which the stress amplitude decreases cycle
by cycle, it quickly diminishes and vanishes, asin thefirst group. Within each group,
the amplitude of resistance variation increases as the stress amplitude increases, and
decreases as the stress amplitude decreases.
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FIGURE 5.10 Fractional change in resistance (a), strain (a), and stress (b) during repeated
compressive loading at increasing and decreasing stress amplitudes, the highest of which was
>90% of the compressive strength, for carbon fiber concrete at 28 days of curing.

The greater the stress amplitude, the larger and less reversible the damage-
induced resistance increase. If the stress amplitude has been experienced before, the
damage-induced resistance increase is small, as shown by comparing the result of
the second group with that of the first (Figure 5.9), unless the extent of damage is
large (Figure 5.10 shows a highest stress amplitude of >90% the compressive
strength). When the damage is extensive (as shown by a modulus decrease), damage-
induced resistance increase occurs in every cycle, even at a decreasing stress ampli-
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FIGURE 5.11 Current-voltage characteristic of carbon-fiber silicafume cement paste at
38°C during stepped heating.

tude, and it can overshadow the strain-induced resistance decrease (Figure 5.10).
Hence, damage-induced resistance increase occurs mainly during loading (even
within the elastic regime), particularly at a stress above that in prior cycles, unless
the stress amplitude is high and/or damage is extensive.

At a high stress amplitude, damage-induced resistance increases cycle by cycle
as the increases in stress amplitude cause the baseline resistance to increase irre-
versibly (Figure 5.10). The baseline resistance in the regime of major damage (with
a decrease in modulus) provides a measure of the extent of damage. This measure
works in the loaded or unloaded state. In contrast, the measure using the damage-
induced resistance increase (Figure 5.9) works only during stress increase and
indicates the occurrence of damage and its extent.

5.4.3 THERMISTOR

A thermistor is athermometric device consisting of a material (typically a simicon-
ductor, but in this case a cement paste) whose electrical resistivity decreases with
rise in temperature. The carbon fiber concrete described above for strain sensing is
athermistor dueto itsresistivity decreasing reversibly with increasing temperature;®*
its sensitivity is comparable to that of semiconductor thermistors. (The effect of
temperature will need to be compensated by using the concrete as a strain sensor.)
Without fibers, sensitivity is much lower.61.62

Figure 5.115! shows the current-voltage characteristic of carbon-fiber (0.5% by
weight of cement) silica-fume (15% by weight of cement) cement paste at 38°C
during stepped heating. The characteristicislinear below 5V, and deviates positively
from linearity beyond 5 V. The resistivity is obtained from the slope of the linear
portion. The voltage at which the characteristic starts to deviate from linearity is
referred to as the “critical voltage.”

Figure 5.12 shows aplot of resistivity vs. temperature during heating and cooling
for carbon-fiber silica-fume cement paste. The resistivity decreases upon heating,
and the effect isquitereversible upon cooling. That theresistivity isdightly increased
after a heating-cooling cycleis probably due to thermal degradation of the material.
Figure 5.13 shows the Arrhenius plot of log conductivity (conductivity = 1/resistiv-
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FIGURE 5.12 Plot of volume electrical resistivity vs. temperature during heating and cooling
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FIGURE 5.13 Arrhenius plot of log electrical conductivity vs. reciprocal absolute tempera-
ture for carbon-fiber silica-fume cement paste.

ity) vs. reciprocal absolute temperature. The slope of the plot gives the activation
energy, which is 0.390 + 0.014 and 0.412 + 0.017 €V during heating and cooling,
respectively.

Results similar to those of carbon-fiber silica-fume cement paste were obtained
with carbon-fiber (0.5% by weight of cement) latex (20% by weight of cement)
cement paste, silica-fume cement paste, latex cement paste, and plain cement paste.
However, for al these four types of cement paste, (1) the resistivity is higher by
about an order of magnitude, and (2) the activation energy is lower by about an
order of magnitude, as shown in Table 5.1. The critical voltage is higher when fibers
are absent.

5.5 CEMENT-BASED THERMOELECTRIC DEVICE

The Seebeck®-68.103 effect isathermoel ectric effect that isthe basis for thermocouples
for temperature measurement. This effect involves charge carriers moving from a
hot point to a cold point within a material, resulting in a voltage difference between
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TABLE 5.1
Resistivity, Critical Voltage, and Activation Energy of Five Types of
Cement Paste

Activation Energy (eV)

Resistivity at 20°C  Critical Voltage

Formulation (Q.cm) at 20°C (V) Heating Cooling

Plain (4.87 + 0.37) x 10° 10.80 + 0.45 0.040 £ 0.006  0.122 + 0.006

Silica fume (6.12 + 0.15) x 10° 11.60 + 0.37 0.035+ 0.003 0.084 + 0.004

Carbon fibers (1.73 + 0.08) x 10* 815+ 0.34 0.390 £ 0.014 0.412 + 0.017
+ silica fume

Latex (6.99 £ 0.12) x 10° 11.80 + 0.31 0.017 £ 0.001 0.025 + 0.002

Carbon fibers (9.64 + 0.08) x 10* 8.76 £ 0.35 0.018 £ 0.001  0.027 + 0.002
+ latex

the two points. The Seebeck coefficient is the negative of the voltage difference per
unit temperature difference between the two points. Negative carriers (electrons)
make it more negative, and positive carriers (holes) make it more positive.

The Seebeck effect in carbon fiber-reinforced cement paste involves electrons
and/or ions from the cement matrix® and holes from the fibers,536¢ such that the
two contributions are equal at the percolation threshold, a fiber content between
0.5% and 1.0% by weight of cement.® The hole contribution increases monotonically
with increasing fiber content below and above the percolation threshold.®

Dueto the free electronsin ametal, cement containing metal fibers such as steel
fibersis even more negative in the thermoel ectric power than cement without fiber.1%
The attainment of a very negative thermoelectric power is attractive since a material
with a negative thermoelectric power and one with positive thermoelectric power
are two very dissimilar materials, the junction of which is a thermocouple junction.
(The greater the dissimilarity, the more sensitive the thermocouple.)

Table 5.2 and Figure 5.14 show the thermopower results. The absolute thermo-
electric power is much more negative for all the steel-fiber cement pastes compared
to all the carbon-fiber cement pastes. An increase of the steel fiber content from
0.5% to 1.0% by weight of cement makes the absolute thermoelectric power more
negative, whether or not silica fume (or latex) is present. An increase of the steel
fiber content also increases the reversibility and linearity of the change in Seebeck
voltage with the temperature difference between the hot and cold ends, as shown
by comparing the values of the Seebeck coefficient obtained during heating and
cooling in Table 5.2. The values obtained during heating and cooling are close for
the pastes with the higher steel fiber content, but are not so close for those with the
lower steel fiber content. In contrast, for pastes with carbon fibers in place of steel
fibers, the change in Seebeck voltage with the temperature difference is highly
reversible for both carbon fiber contents of 0.5% and 1.0% by weight of cement, as
shown in Table 5.2 by comparing the values of the Seebeck coefficient obtained
during heating and cooling.
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TABLE 5.2

Volume Electical Resistivity, Seebeck Coefficient (uV/°C) with Copper as the Reference, and
the Absolute Thermoelectric Power (pV/°C) of Various Cement Pastes with Steel Fibers (S;)

or Carbon Fibers (Cy)

Volume

Fraction
Cement Paste Fibers
Plain 0
SF 0
L 0
S (0.5) 0.10%
S (1.09) 0.20%
S (0.5 + SF 0.10%
S (1.0) + SF 0.20%
S (05) +L 0.085%
S (1.0) +L 0.17%
C (0.5 + SF 0.48%
C (L0 + SF 0.95%
C (05) +L 0.41%
C (L0)+L 0.82%

" % by weight of cement
SF: silica fume
L: latex

Resistivity
(Q.cm)

(4.7 £0.4) x 10°
(5.8 % 0.4) x 105
(6.8 0.6) x 105
(7.8 + 0.5) x 104
(4.8 + 0.4) x 104
(5.6 + 0.5) x 10
(32+0.3) x 10
(1.4 +0.1) x 105
(1.1+0.1) x 105
(1.5 +0.1) x 104
(8.3 +0.5) x 102
(9.7 + 0.6) x 10*
(1.8 +0.2) x 10°

Heating Cooling
Absolute Absolute
Seebeck Thermoelectric Seebeck Thermoelectric

Coefficient Power Coefficient Power
+0.35+ 0.03 -1.99 + 0.03 +0.38+0.05 -1.96 + 0.05
+0.31+0.02 —2.03 £0.02 +0.36 + 0.03 -1.98 + 0.03
+0.28 + 0.02 —2.06 + 0.02 +0.30+ 0.02 —2.04 + 0.02
-51.0+ 4.8 -53.3+438 453+ 4.4 476+ 4.4
-56.8+ 5.2 -59.1+52 -53.7+ 49 -56.0 + 4.9
548+ 3.9 -57.1+39 529+ 41 -552+41
—66.2+ 4.5 685+ 45 —-65.6+4.4 —-679+44
—48.1+ 3.2 -50.4 + 3.2 454+ 29 477+ 29
-554+5.0 -57.7+50 542+ 45 -56.5+ 4.5
+1.45+ 0.09 -0.89 + 0.09 +1.45+ 0.09 -0.89 + 0.09
+2.82+0.11 +0.48 £ 0.11 +2.82+0.11 +0.48 + 0.11
+1.20+ 0.05 -1.14 + 0.05 +1.20+ 0.05 -1.14 + 0.05
+2.10+ 0.08 -0.24 + 0.08 +2.10+ 0.08 -0.24 + 0.08
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FIGURE 5.14 Variation of the Seebeck voltage (with copper as the reference) vs. the tem-
perature difference during heating and cooling for steel-fiber silica-fume cement paste con-
taining steel fibers in the amount of 1.0% by weight of cement.

Table 5.2 shows that the volume electrical resistivity is much higher for the
steel-fiber cement pastes than the corresponding carbon-fiber cement pastes. Thisis
attributed to the much lower volume fraction of fibersin the former. An increase in
the steel or carbon fiber content from 0.5% to 1.0% by weight of cement decreases
resistivity, though the decrease is more significant for the carbon fiber case than for
the steel fiber case. That the resistivity decrease is not large when the steel fiber
content isincreased from 0.5% to 1.0% by weight of cement, and that the resistivity
is gtill high at a steel fiber content of 1.0%, suggest that the steel fiber content of
1.0% is below the percolation threshold.

Whether with or without silica fume or latex, the change of the Seebeck voltage
with temperature is more reversible and linear at a steel fiber content of 1.0% by
weight of cement than at 0.5%. This is attributed to the larger role of the cement
meatrix at the lower steel fiber content, and the contribution of the cement matrix to
irreversibility and nonlinearity. Irreversibility and nonlinearity are particularly sig-
nificant when the cement paste contains no fiber.

From apractical point of view, the steel-fiber silica-fume cement paste containing
sted fibers in the amount of 1.0% by weight of cement is particularly attractive for
use in temperature sensing, as the magnitude of the absolute thermoel ectric power
is the highest (68 pV/°C), and the variation of the Seebeck voltage with the
temperature difference between the hot and cold ends is reversible and linear. The
magnitude of the absolute thermoelectric power is as high as those of commercial
thermocouple materials.

A cement-based thermocouple in the form of a junction between dissimilar
cement pastes exhibitsthermocouple sensitivity 70+ 7 uV/°C.%® The dissimilar cement
pastes are stedl fiber cement paste (n-type) and carbon-fiber silica-fume cement paste
(p-type). The junction is made by pouring the cement pastes side by side.
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5.6 CONCLUSION

Cement-based electronics provide electrical circuit elements, including conductor
and diode (pn-junction), in addition to strain and damage sensors, thermistors, and
thermoelectric devices. This emerging technology provides the basis for the use of
concrete structures for electronic functions.
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SYNOPSIS The sdlf-sensing of continuous carbon fiber polymer-matrix structural
composites has been attained by electrical measurements. The sensing pertains to
strain, damage, temperature, bond degradation, structural transitions, and the fabrica-
tion process. The experimental methods and data interpretation are covered in this
chapter.

RELEVANT APPENDICES: A/ B,C FG,J

6.1 INTRODUCTION

Polymer-matrix composites for structural applications typically contain continuous
fibers such as carbon, polymer, and glass fibers; continuous fibers tend to be more
effective than short fibers as a reinforcement. Polymer-matrix composites with con-
tinuous carbon fibers are used for aerospace, automobile, and civil structures.
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Because carbon fibers are electrically conducting, whereas polymer and glass fibers
are not, carbon fiber composites exhibit electrical properties that depend on param-
eters such as strain, damage, and temperature, thereby attaining the ability to sense
themselves through electrical measurement. The self-sensing ability is valuable for
smart structures, smart manufacturing, structural vibration control, and structural
health monitoring. Self-sensing means the elimination of attached or embedded
sensors, as the structural material itself is the sensor. The consequence is reduced
cost, enhanced durability, larger sensing volume, and the absence of mechanical
property degradation.

This chapter isfocused on the use of DC electrical measurementsfor self-sensing
in continuous carbon fiber polymer-matrix structural composites. The sensing is in
terms of the strain, damage, temperature, bond degradation, structural transitions,
and the composite fabrication process.

6.2 BACKGROUND

Carbon fibers are electrically conducting, while the polymer matrix is electricaly
insulating (except for the rare situation in which the polymer is an electrically
conducting one?). The continuous fibers in a composite laminate are in the form of
layers called laminae. Each lamina comprises many bundles (called tows) of fibers
in a polymer matrix. Each tow consists of thousands of fibers. There may or may
not be twists in atow. Each fiber has a diameter ranging from 7 to 12 ym. The tows
within a lamina are typically oriented in the same direction, but tows in different
laminae may or may not be in the same direction. A laminate with tows in all the
laminae oriented in the same direction is said to unidirectional. A laminate with
towsin adjacent laminae oriented at an angle of 90° issaid to be cross-ply. In general,
an angle of 45° and other angles may be involved for various laminae. Thisisdesired
for attaining the mechanical propertiesrequired for the laminatein various directions
in the plane of the laminate.

Within alaminawith towsin the samedirection, electrical conductivity ishighest
in the fiber direction. In the transverse direction in the plane of the lamina, the
conductivity isnot zero, even though the polymer matrix isinsulating. Thisisbecause
there are contacts between fibers of adjacent tows.? In other words, a fraction of the
fibers of one tow touches a fraction of the fibers of an adjacent tow here and there
along the length of the fibers. These contacts result from the fact that fibers are not
perfectly straight or parallel (even though the lamina is said to be unidirectional),
and that the flow of the polymer matrix (or resin) during composite fabrication can
cause a fiber to be not completely covered by the polymer or resin (even though,
prior to composite fabrication, each fiber may be completely covered by the polymer
or resin, as in the case of a prepreg, i.e., afiber sheet impregnated with the polymer
or resin). Fiber waviness is known as marcelling. Transverse conductivity gives
information on the number of fiber-fiber contacts in the plane of the lamina.

For similar reasons, the contacts between fibers of adjacent laminae cause the
conductivity in the through-thickness direction (direction perpendicular to the plane
of the laminate) to be nonzero. Thus, the through-thickness conductivity gives
information on the number of fiber-fiber contacts between adjacent laminae.
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Matrix cracking between the tows of a lamina decreases the number of fiber-
fiber contacts in the plane of the lamina, thus decreasing transverse conductivity.
Similarly, matrix cracking between adjacent laminae (as in delamination®) decreases
the number of fiber-fiber contacts between adjacent laminae, thus decreasing
through-thickness conductivity. This meansthat the transverse and through-thickness
conductivities can indicate damage in the form of matrix cracking.

Fiber damage (as distinct from fiber fracture) decreases the conductivity of a
fiber, thereby decreasing longitudinal conductivity. However, due to the brittleness
of carbon fibers, the decrease in conductivity because of fiber damage prior to fiber
fracture is rather small.*

Fiber fracture causes a much larger decrease in the longitudinal conductivity of
alamina than does fiber damage. If there is only one fiber, a broken fiber resultsin
an open circuit, i.e., zero conductivity. However, a lamina has a large number of
fibers, and adjacent fibers can make contact here and there. Therefore, the portions
of a broken fiber still contribute to the longitudinal conductivity of the lamina. As
aresult, the decrease in conductivity due to fiber fracture is less than what it would
be if a broken fiber did not contribute to the conductivity. Nevertheless, the effect
of fiber fracture on longitudinal conductivity is significant, so longitudinal conduc-
tivity can indicate damage in the form of fiber fracture.®

The through-thickness volume resistance of alaminate is the sum of the volume
resistance of each of the laminae in the through-thickness direction, and the contact
resistance of each of the interfaces between adjacent laminae (i.e., the interlaminar
interface). For example, alaminate with eight laminae has eight volume resistances
and seven contact resistances, all in the through-thickness direction. Thus, to study
the interlaminar interface, it is better to measure the contact resistance between two
laminae rather than the through-thickness volume resistance of the entire laminate.

M easurement of the contact resi stance between laminae can be made by allowing
two laminae (strips) to contact at a junction, and using the two ends of each strip
for making four electrical contacts.® An end of the top strip and an end of the bottom
strip serve as contacts for passing current. The other end of the top strip and the
other end of the bottom strip serve as contacts for voltage measurement. The fibers
in the two strips can be in the same direction or in different directions. This method
is a form of the four-probe method of electrical resistance measurement. The con-
figuration is illustrated in Figure 6.1 for cross-ply and unidirectional laminates. To
make sure that the volume resistance within a lamina in the through-thickness
direction does not contribute to the measured resistance, the fibers at each end of a
lamina strip should be electrically shorted together by using silver paint or other
conducting media. The measured resistance is the contact resistance of the junction.
This resistance, multiplied by the area of the junction, gives the contact resistivity,
which is independent of the area of the junction and just depends on the nature of
the interlaminar interface. The unit of the contact resistivity is Q.m?, whereas that
of the volume resistivity is Q.m.

The structure of the interlaminar interface is more prone to change than the
structure within alamina. For example, damage in the form of delamination is much
more common than damage in the form of fiber fracture. Moreover, the structure of
the interlaminar interface is affected by the interlaminar stress, which is particularly
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FIGURE 6.1 Specimen configuration for measurement of the contact electrical resistivity
between laminae: (a) cross-ply laminag, (b) unidirectional laminae.

significant when the laminae are not unidirectional (as the anisotropy within each
lamina enhances interlaminar stress). The structure of the interlaminar interface also
depends on the extent of consolidation of the laminae during composite fabrication.
The contact resistance provides a sensitive probe of the structure of the interlaminar
interface.

The measurement of the volume resistivity in the through-thickness direction
can be conducted by using the four-probe method, in which each of the two current
contacts is in the form of a conductor loop on each of the two outer surfaces of the
laminate in the plane of the laminate, and each of the two voltage contacts is in the
form of a conductor dot within the loop.2 An alternate method is to have four of the
laminae in the laminate be extra long to serve as electrical leads. The two outer
leads are for current contacts; the two inner leads are for voltage contacts. The use
of athin metal wire inserted at an end into the interlaminar space during composite
fabrication to serve as an electrical contact is not recommended because the quality
of the electrical contact between the metal wire and carbon fibers is hard to control,
and the wire is intrusive to the composite. The alternate method is less convenient
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than the method involving loops and dots, but it approaches more closely the ideal
four-probe method.

6.3 SENSING STRAIN

Smart structures that can monitor their own strain are valuablefor structural vibration
control. Self-monitoring of strain has been achieved in carbon fiber epoxy-matrix
composites without the use of an embedded or attached sensor,”*! as the electrical
resistance of the compositein the through-thickness or longitudinal direction changes
reversibly with longitudinal strain due to change in the degree of fiber alignment.
Tensioninthefiber direction increases the degree of fiber alignment, thereby decreas-
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.

Figure 6.2° showsthe changein longitudinal resistance during cyclic longitudinal
tension in the elastic regime for a unidirectional continuous carbon fiber epoxy-
matrix composite with eight fiber layers. The stress amplitude is egual to 14% of
the breaking stress. The strain returns to zero at the end of each cycle. Because of
the small strains involved, the fractional resistance change AR/R, is essentially equal
to thefractional changein resistivity. The longitudinal AR/R, decreases upon loading
and increases upon unloading in every cycle, such that R irreversibly decreases
dlightly after the first cycle (i.e., AR/R, does not return to zero at the end of the first
cycle). At higher stress amplitudes the effect is similar, except that both the reversible
and irreversible parts of AR/R, are larger.

Figure 6.3° shows the change in the through-thickness resistance during cyclic
longitudinal tension in the elastic regime for the same composite. The stress ampli-
tude is equal to 14% of the breaking stress. The through-thickness AR/R, increases
upon loading and decreases upon unloading in every cycle, such that R irreversibly
decreases dlightly after the first cycle (i.e., AR/R, does not return to zero at the end
of the first cycle). Upon increasing the stress amplitude, the effect is similar, except
that the reversible part of AR/R, is larger.

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 mag-
nitudes are comparable for thelongitudinal and through-thickness strain sensitivities.
As a result, whether the longitudinal R or the through-thickness R is preferred for
strain sensing depends on the convenience of electrical contact application for the
geometry of the particular smart structure.

Figure 6.4° shows the compressive stress, strain, and longitudinal AR/R, obtained
simultaneously during cyclic compression at stress amplitudes equal to 14% of the
breaking stress for a similar composite having 24 rather than 8 fiber layers. The
longitudinal AR/R, increases upon compressive loading and decreases upon unload-
ing in every cycle, such that resistance R irreversibly increases very dlightly after
the first cycle. The magnitude of the gage factor is lower in compression (—1.2) than
in tension (from —18 to —12).
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FIGURE 6.2 Longitudinal stress and strain and fractional resistance increase (AR/R,)
obtained simultaneously during cyclic tension at a stress amplitude equal to 14% of the
breaking stress for continuous fiber epoxy-matrix composite.

A dimensional change without any resistivity change would have caused longi-
tudinal Rto increase during tensileloading and decrease during compressive |oading.
In contrast, the longitudinal R decreases upon tensile loading and increases upon
compressive loading. In particular, the magnitude of AR/R, under tensionis 7 to 11
times that of AR/R, calculated by assuming that AR/R, is due only to dimensiona
change and not to any resistivity change. Hence the contribution of AR/R, from
dimensional change is negligible compared to that from resistivity change.

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

6.4 SENSING DAMAGE

Self-monitoring of damage has been achieved in continuous carbon fiber polymer-
matrix composites, as the electrical resistance of the composite changes with dam-
age.38125> Minor damage in the form of slight matrix damage and/or disturbance to
the fiber arrangement is indicated by the longitudinal and through-thickness resis-
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FIGURE 6.3 Longitudinal stress and strain and the through-thickness AR/R, obtained simul-
taneously during cyclic tension at a stress amplitude equal to 14% of the breaking stress for
continuous fiber epoxy-matrix composite.

tance decreasing irreversibly because of increase in the number of contacts between
fibers, as shown after one loading cycle in Figures 6.2 to 6.4. More significant
damagein the form of delamination or interlaminar interface degradation isindicated
by the through-thickness resistance (or, more exactly, the contact resistivity of the
interlaminar interface) increasing due to decrease in the number of contacts between
fibers of different laminae. Major damage in the form of fiber breakage is indicated
by the longitudinal resistance increasing irreversibly.

During mechanical fatigue, delamination was observed to begin at 30% of the
fatigue life, whereas fiber breakage was observed to begin at 50% of the fatigue life.
Figure 6.5'2 shows an irreversible resistance increase occurring at about 50% of the
fatigue life during tension-tension fatigue testing of a unidirectional continuous
carbon fiber epoxy-matrix composite. The resistance and stress are in the fiber
direction. The reversible changes in resistance are due to strain, which causes the
resistance to decrease reversibly in each cycle, as in Figure 6.2.

Figure 6.6% showsthe variation of the contact resistivity with temperature during
thermal cycling. The temperature is repeatedly increased to various levels. A group
of cycles in which the temperature amplitude increases cycle by cycle and then
decreases cycle by cycle back to the initial low temperature amplitude is referred
to as a group. Figure 6.6(a) shows the results of the first ten groups, while Figure
6.6(b) shows the first group only. The contact resistivity decreases upon heating in
every cycle of every group. At the highest temperature (150°C) of a group, a spike
of resistivity increase occurs, as shown in Figure 6.6(b). It is attributed to damage
at the interlaminar interface. In addition, the baseline resistivity (the top envelope)
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FIGURE 6.5 Variation of longitudinal AR/R, with cycle number during tension-tension
fatigue testing for a carbon fiber epoxy-matrix composite. Each cycle of reversible decrease
in resistance is due to strain. The irreversible increase in resistance at around Cycle 218,281
is due to damage in the form of fiber breakage.

gradually and irreversibly shifts downward as cycling progresses, as shown in Figure
6.6(a). The baseline decrease is probably due to matrix damage within a lamina and
the resulting decreases in modulus and residual stress.
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FIGURE 6.6 Variation of contact electrical resistivity with time and of the temperature with
time during thermal cycling of a carbon fiber epoxy-matrix composite; (b) is the magnified
view of the first 900 s of (a).

6.5 SENSING TEMPERATURE

Continuous carbon fiber epoxy-matrix composites provide temperature sensing by
serving as thermistors®2” and thermocouples.?®

The thermistor function stems from the reversible decrease on temperature of
the contact electrical resistivity at the interface between fiber layers. Figure 6.7
shows the variation of the contact resistivity p, with temperature during reheating
and subsequent cooling, both at 0.15°C/min, for carbon fiber epoxy-matrix compos-
ites cured at 0 and 0.33 MPa. The corresponding Arrhenius plots of log contact
conductivity (inverse of contact resistivity) versus inverse absolute temperature dur-
ing heating are shown in Figure 6.8. From the slope of the Arrhenius plot, which is
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FIGURE 6.8 Arrhenius plot of log contact conductivity vs. inverse absolute temperature
during heating of carbon fiber epoxy-matrix composites at 0.15°C/min (a) for composite made
without any curing pressure, and (b) for composite made with curing pressure of 0.33 MPa.

quite linear, the activation energy can be calculated. The linearity of the Arrhenius
plot means that the activation energy does not change throughout the temperature
variation. This activation energy is the energy for electron jumping from one lamina
to another. Electronic excitation acrossthis energy enables conduction in the through-
thickness direction.
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TABLE 6.1
Activation Energy for Various Carbon Fiber Epoxy-Matrix Composites
(The standard deviations are shown in parentheses.)

Contact

Curing  Composite  Resistivity Activation Energy (kJ/mol)
Composite Pressure  Thickness Peo Heating at  Heating at  Cooling at
Configuration (MPa) (mm) (Q.m?) 0.15°C/min 1°C/min 0.15°C/min
Cross-ply 0 0.36 7.3 x10° 1.26 124 121
(2x109 (3% 1079 (8x 107
0.062 0.32 14 x 10 1.26 1.23 123
(4x109%  (7x10%)  (4x 1079
0.13 0.31 1.8 x 10 1.62 157 155
(3 x 109) (4 x 1079 (2 x 109)
0.19 0.29 54 x 10 214 2.15 213
(3x 109 (3% 1079 (1x109
0.33 0.26 4.0 x 107 11.4 12.4 11.3
(4 x10? (8 x10? (3x107?
Unidirectional 0.42 0.23 29 x10° 1.02 0.82 0.78

(3 x 109) (4 x 109) (2 x 109)

The activation energies, thicknesses, and room temperature contact resistivities
for samples made at different curing pressures and composite configurations are
shown in Table 6.1. All the activation energies were calculated based on the data at
75 to 125°C. In this temperature regime, the temperature change was very linear
and well controlled. From Table 6.1 it can be seen that, for the same composite
configuration (cross-ply), the higher the curing pressure, the smaller the composite
thickness (because of more epoxy being squeezed out), the lower the contact resis-
tivity, and the higher the activation energy. A smaller composite thickness corre-
sponds to a higher fiber volume fraction in the composite.

During curing and subsequent cooling, the matrix shrinks, so a longitudinal
compressive stress will develop in the fibers. For carbon fibers, the modulus in the
longitudinal direction is much higher than that in the transverse direction. Moreover,
the carbon fibers are continuous in the longitudinal direction. Thus, the overal
shrinkage in the longitudinal direction tends to be less than that in the transverse
direction. Therefore, there will be aresidual interlaminar stress in the two cross-ply
layers in a given direction. This stress accentuates the barrier for the electrons to
jump from one lamina to another.

After curing and subsequent cooling, heating will decrease thermal stress. Both
thermal stress and curing stress contribute to residual interlaminar stress. Therefore,
the higher the curing pressure, the larger the fiber volume fraction, the greater the
residual interlaminar stress, and the higher the activation energy, as shown in Table
6.1. Besides the residua stress, thermal expansion can also affect contact resistance
by changing the contact area. However, calculation shows that the contribution of
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thermal expansion isless than one-tenth of the observed changein contact resistance
with temperature.

The electron jump occurs primarily at points where direct contact takes place
between fibers of adjacent laminae. The direct contact is possible due to the flow
of the epoxy resin during composite fabrication, and also to the sight waviness of
the fibers, as explained in Reference 3, in relation to the through-thickness volume
resistivity of a carbon fiber epoxy-matrix composite.

The curing pressure for the sample in the unidirectional composite configuration
was higher than that of any of the cross-ply samples (Table 6.1). Consequently, the
thickness was the lowest. As a result, the fiber volume fraction was the highest.
However, the contact resistivity of the unidirectional sample was the second highest
rather than the lowest, and its activation energy was the lowest rather than the highest.
Thelow activation energy is consistent with the fact that there was no CTE or curing
shrinkage mismatch between the two unidirectional laminae and, as a result, no
interlaminar stress between them. This low value supports the notion that interlam-
inar stress is important in affecting activation energy. The high contact resistivity
for the unidirectional case can be explained in the following way. In the cross-ply
samples, the pressure during curing forced the fibers of the two laminae to press
onto one another and contact tightly. In the unidirectional sample, the fibers of one
of the laminae just sank into the other lamina at the junction, so pressure helped
relatively little in the contact between fibers of adjacent laminae. Moreover, in the
cross-ply situation, every fiber at the lamina-lamina interface contacted many fibers
of the other lamina, while, in the unidirectional situation, every fiber had little chance
to contact the fibers of the other lamina. Therefore, the number of contact points
between the two laminae was less for the unidirectional sample than for the cross-
ply samples.

The thermocouple function stems from the use of n-type and p-type carbon fibers
(obtained by intercalation) in different laminae. The thermocouple sensitivity and
linearity are as good as or better than those of commercial thermocouples. By using
two laminae that are cross-ply, a two-dimensional array of thermistors or thermo-
couple junctions is obtained, thus allowing temperature distribution sensing.

Table 6.2 shows the Seebeck coefficient and the absolute thermoel ectric power
of carbon fibers, and the thermocouple sensitivity of epoxy-matrix composite junc-
tions. A positive value of the absolute thermoel ectric power indicates p-type behav-
ior; a negative value indicates n-type behavior. Pristine P-25 is dlightly n-type;
pristine T-300 is strongly 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 of T-300 and P-25, whether the junction is unidirectional or
cross-ply. Pristine P-100 and pristine P-120 are both slightly n-type. Intercalation
with sodium causes them to become strongly n-type. Intercalation with bromine
causes P-100 and P-120 to become strongly p-type. A junction comprising bromine-
intercalated P-100 and sodium-intercalated P-100 has a positive thermocouple sen-
sitivity that is close to the sum of the magnitudes of the absolute thermoelectric
powers of the bromine-intercalated P-100 and the sodium-intercalated P-100. Sim-
ilarly, a junction comprising bromine-intercalated P-120 and sodium-intercal ated
P-120 has a positive thermocouple sensitivity that is close to the sum of the
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TABLE 6.2

Seebeck Coefficient (uV/°C) and Absolute Thermoelectric Power (uV/°C) of Carbon
Fibers and Thermocouple Sensitivity (uV/°C) of Epoxy-Matrix Composite Junctions
(All junctions are unidirectional unless specified as cross-ply. The temperature range
is 20-110°C.)

Seebeck Coefficient with

Copper as the Reference  Absolute Thermoelectric Thermocouple
(pv/°C) Power (pV/°C) Sensitivity (pVv/°C)
P-25* +08 -15
T-300* -50 -73
P-25* + T-300* +55
P-25* + T-300* (cross-ply) +54
P-100* -17 -4.0
P-120* -32 -55
P-100 (Na) —48 -50
P-100 (Br,) +43 +41
P-100 (Br,) + P-100 (Na) —42 —44 +82
P-120 (Na) + 38 + 36
P-120 (Br,) +74

P-120 (Br,) + P-120 (Na)

* Pristine (i.e., not intercalated)

magnitudes of their absolute thermoelectric powers. Figure 6.9 shows the linear
relationship of the measured voltage with the temperature difference between hot
and cold pointsfor the junction comprising bromine-intercalated P-100 and sodium-
intercalated P-100.

A junction comprising n-type and p-type partners has a thermocoupl e sensitivity
that is close to the sum of the magnitudes of the absolute thermoel ectric powers of
the two partners. This is because the electrons in the n-type partner, as well as the
holes in the p-type partner, move away from the hot point toward the corresponding
cold point. As aresult, the overall effect on the voltage difference between the two
cold ends is additive.

By using junctions comprising strongly n-type and strongly p-type partners, a
thermocouple sensitivity as high as +82 uV/°C has been attained. Semiconductors
are known to exhibit much higher values of the Seebeck coefficient than metals, but
the need to have thermocouples in the form of long wires makes metals the main
materials for thermocouples. Intercalated carbon fibers exhibit much higher values
of the Seebeck coefficient than metals. Yet, unlike semiconductors, their fiber and
fiber composite forms make them convenient for practical use as thermocouples.

The thermocouple sensitivity of the carbon fiber epoxy-matrix composite junc-
tions is independent of the extent of curing, and is the same for unidirectional and
cross-ply junctions. This is consistent with the fact that the thermocouple effect
hinges on the difference in the bulk properties of the two partners and is not an
interfacial phenomenon. This means that the interlaminar interfaces in a fibrous

©2001 CRC PressLLC



Voltage (mV)
N w » (4] o ~
t t t t t t

[y
1
T

0 t t t t t t t t
0 10 20 30 40 50 60 70 80 90
Temperature difference (°C)

FIGURE 6.9 Variation of the measured voltage with the temperature difference between hot
and cold points for the epoxy-matrix composite junction comprising bromine-intercalated
P-100 and sodium-intercalated P-100 carbon fibers.

composite serve as thermocouple junctions in the same way, irrespective of the lay-
up configuration of dissimilar fibers in the laminate. As a structural composite
typically has fibers in multiple directions, this behavior facilitates the use of a
structural composite as a thermocouple array.

It is important to note that thermocouple junctions do not require any bonding
agent other than epoxy, which serves as the matrix of the composite and not as an
electrical contact medium. In spite of the presence of the epoxy matrix in the junction
area, direct contact occurs between afraction of the fibers of alaminaand afraction
of the fibers of the other lamina, resulting in a conduction path in the direction
perpendicular to the junction.

6.6 SENSING BOND DEGRADATION

Continuous fiber polymer-matrix composites are increasingly used to retrofit con-
crete structures, particularly columns.22° The retrofit involves wrapping afiber sheet
around a concrete column, or placing a sheet on the surface of a concrete structure
such that the sheet is adhered to the underlying concrete using a polymer, most
commonly epoxy. Thismethod is effective for the repair of even quite badly damaged
concrete structures. Although the fibers and polymer are very expensive compared
to concrete, the aternative of tearing down and rebuilding the concrete structure is
often costlier. Both glass fibers and carbon fibers are used for composite retrofit.
Glass fibers are advantageous for their relatively low cost, but carbon fibers are
advantageous for their high tensile modulus.

The effectiveness of a composite retrofit depends on the quality of the bond
between the composite and the underlying concrete, as good bonding is necessary
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FIGURE 6.10 The fractional change in resistance for the fiber composite retrofit on a con-
crete substrate during cyclic compressive loading.

for load transfer. Peel testing for bond quality evaluation is destructive.3* Nonde-
structive methods to evaluate the bond quality are valuable. They include acoustic
methods, which are not sensitive to small amounts of debonding or bond degrada-
tion,*? and dynamic mechanical testing.3*** Electrical resistance measurement can
be used for nondestructive eval uation of the interface between concrete and its carbon
fiber composite retrofit. The concept is that bond degradation causes the electrical
contact between the carbon fiber composite retrofit and the underlying concrete to
degrade. Since concrete is electrically more conducting than air, the presence of an
air pocket at the interface causes an increase in the measured apparent volume
resistance of the composite retrofit in adirection in the plane of the interface. Hence,
bond degradation is accompanied by an increase in the apparent resistance of the
composite retrofit. Although the polymer matrix is electrically insulating, the pres-
ence of a thin layer of epoxy at the interface is unable to electrically isolate the
composite retrofit from the underlying concrete.

Figure 6.10 shows the fractional change in resistance during cyclic compressive
loading at a stress amplitude of 1.3 MPa. The stress is aong the fiber direction.
Stress returns to zero at the end of each cycle. In each cycle, the electrical resistance
increases reversibly during compressive loading. This is attributed to the reversible
degradation of the bond between carbon fiber sheet and concrete substrate during
compressive loading. This bond degradation decreases the chance for fibers to touch
the concrete substrate, leading to a resistance increase.

As cycling progresses, both the maximum and minimum values of the fractional
change in resistance in a cycle decrease. This is attributed to the irreversible distur-
bance in the fiber arrangement during repeated loading and unloading. This distur-
bance increases the chance for fibers to touch the concrete substrate, causing resis-
tance to decrease irreversibly as cycling progresses.
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Asshownin Figure 6.10, thefirst cycle exhibitsthe highest value of the fractional
change in resistance. This is because the greatest extent of bond degradation takes
place during the first cycle.

6.7 SENSING STRUCTURAL TRANSITIONS

The polymer matrix of a composite material can undergo structural transitions such
as glass transition, melting, cold-crystallization, and solid-state curing. Although the
polymer matrix isinsulating, the effect of astructural transition on fiber morphology
(e.g., fiber waviness) results in an increase in the electrical resistivity of the com-
posite in the fiber direction, allowing the resistance change to indicate a structural
transition of the matrix.353%

The glass transition and melting behavior of a thermoplastic polymer depends
on the degree of crystallinity, the crystalline perfection, and other factors.3-4 K nowl-
edge of this is valuable for the processing and use of the polymer. This behavior is
most commonly studied by differential scanning calorimetry (DSC),%# although
the DSC technique is limited to small samples, and the associated equipment is
expensive and not portable. As the degree of crystallinity and the crystalline perfec-
tion of a polymer depend on the prior processing of the polymer and the effect of
a process on the microstructure depends on the size and geometry of the polymer
specimen, it is desirable to test the actual piece (instead of a small sample) for glass
transition and melting behavior. Electrical resistance measurement provides a tech-
nigque for this purpose.

DSC isathermal analysistechnique for recording the heat necessary to establish
a zero temperature difference between a substance and a reference material, which
are subjected to identical temperature programs in an environment heated or cooled
at a controlled rate.*® The recorded heat flow gives a measure of the amount of
energy absorbed or evolved in aparticular physical or chemical transformation, such
as the glass transition, melting, or crystallization. The concept behind the electrical
resistance technique is totally different from that of DSC. This technique involves
measuring the DC electrical resistance when the polymer has been reinforced with
electrically conducting fibers such as continuous carbon fibers. The resistance isin
the fiber direction. The polymer molecular movements that occur at the glass tran-
sition and melting disturb the carbon fibers, which are much more conducting than
the polymer matrix, and affect the electrical resistance of the composite in the fiber
direction, allowing the resistance change to indicate glass transition and melting
behavior.

Exposure of polyamides to heat and oxygen may cause changesin physical and
chemical characteristics due to thermal oxidative degradation,* and thus changesin
the mechanical properties. Prolonged annealing at a high temperature results in
undesirable changes in the degree of crystallization and in the end groups, and may
cause inter- and intramolecular transamidation reactions, chain scission, and cross-
linking.*>%° The electrical resistance technique is capable of studying the effect of
annealing on the glass transition and melting behavior3% in addition to studying
the thermal history.5!

©2001 CRC PressLLC



Heat flow (W/g)
L L
L

9.0

50 100 150 200 250
Temperature (°C)

FIGURE 6.11 DSC thermograms showing the melting endothermic peaks before and after
annealing at the temperatures and for the times shown. (a) As-received; (b) 100°C, 5 h;
(c) 180°C, 5 h; (d) 180°C, 15 h; (e) 180°C, 30 h; (f) 200°C, 5 h.

6.7.1 DSC ANALYSIS

In Figure 6.11, (a) shows the DSC thermogram of the as-received carbon fiber
Nylon-6-matrix composite.® The glass transition was not observed by DSC. T,,
(melting temperature, as indicated by the peak temperature) is 218.5°C; (b), (c), (d),
(e), and (f) show the effect of annealing time and temperature on the melting peak.
The DSC results are summarized in Table 6.3.3 Since T, and AH of as-received
and 100°C (5 h) annealed samples are almost the same (Figures 6.11(a) and (b)), it
is attributed to the little change of the crystal perfection or the degree of crystallinity
during annealing at 100°C for 5 h. Figure 6.11(c) shows the DSC thermogram of
the sample annealed at 180°C for 5 h. It reveals two endothermic melting peaks
with peak temperatures of 216 and 195°C. The lower temperature peak may be
because of the structural reorganization during annealing in which the amorphous
portion partly developed crystallinity.355253 As the annealing time increases to 15 h
(Figure 6.11(d)), the high-temperature peak shifts to a lower temperature, but AH
increases. As the annealing time increases to 30 h (Figure 6.11(€)), the height of the
low-temperature peak increases, while that of the high-temperature peak decreases.
These effects are probably due to the reorganization and thermal oxidative degra-
dation of the Nylon-6 matrix. When the annealing time increases from 5 h (Figure
6.11(c)) to 15 h (Figure 6.11(d)), the degree of the crystallinity increases, so AH
increases. However, at the same time, the extent of degradation increases due to
thermal oxidation, which occurrs during annealing at a high temperature (180°C),
resulting in lower crystal perfection. Therefore, the high-temperature peak shifts to
alower temperature. When the annealing time islong enough (30 h, Figure 6.11(g)),
the crystalline portion from the reorganization process becomes dominant, as indi-
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TABLE 6.3
Calorimetric Data for Carbon Fiber Nylon-6
Composite Before and After Annealing

Annealing Condition

Temperature Time T, Ty T.c AHd
(O (h) (O (O O (/)

e e 2009 2185 26.7

100 5 2055 2182 26.6

180 5 1948 201.3 2155 348

180 15 196.3 2014 2089 39.1

180 30 196.3 2000 209.0 386

200 5 2083 2129 2164 165

2 Peak temperature of the low-temperature melting peak

b Onset temperature of the high-temperature melting peak
¢ Peak temperature of the high-temperature melting peak
d Heat of fusion

¢ As-received

cated by the increase of the height of the low-temperature peak. When the sample
has been annealed at 200°C for 5 h (Figure 6.11(f)), both T, and AH decrease rel ative
to the as-received sample. One possible explanation is that, when the annealing
temperature is very high, the extent of thermal degradation is extensive, resulting in
less crystalline perfection and a lower degree of crystallinity.

6.7.2 DC ELectriCAL RESISTANCE ANALYSIS

Figure 6.12(a)%* shows the fractional change in resistance for the as-received carbon
fiber Nylon-6-matrix composite during heating, in which the temperature is raised
from 25 to 350°C at a rate of 0.5°C/min. Two peaks were observed. The onset
temperature of thefirst peak is 80°C, and that of the second peak is 220°C. Thefirst
peak is attributed to matrix molecular movement above T, the second peak is
attributed to matrix molecular movement above T,,. Because the molecular move-
ment above T, is less drastic than that above T, the first peak is much lower than
the second. As indicated before, the DSC thermogram of the as-received composite
does not show a clear glass transition (Figure 6.11(a)). Therefore, the resistance is
more sensitive to the glass transition than DSC. The onset temperature (220°C) of
the second pesk (Figure 6.12(a)) is higher than the onset temperature (T, =
200.9°C) of the DSC melting peak (Figure 6.11(a)), and is close to the melting
temperature (T,,, = 218.5°C) indicated by DSC (Figure 6.11(a)). The matrix molec-
ular movement at T, islessintensethan that at T,,, giving no effect on the resistance
curve at T, Another reason may be a time lag between the matrix molecular
movement and the resistance change.

Figures 6.12(b), 6.12(c), and 6.12(d) show the effect of the annealing tempera-
ture. Comparison of Figures 6.12(a) and 6.12(b) shows that annealing at 100°C for
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FIGURE 6.12 Effect of annealing condition on the variation of the electrical resistance with
temperature. (a) As-received; (b) 100°C, 5 h; (c) 180°C, 5 h; (d) 200°C, 5 h; (e) 180°C, 15 h;
(f) 180°C, 30 h.
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5 h (Figure 6.12(b)) has little effect on the glass transition and melting behavior of
the Nylon-6 matrix; this is consistent with the DSC results (Figures 6.11(a) and
6.11(b)). When the annealing temperature increases to 180°C (Figure 6.12(c)), the
peak due to molecular movement above T, disappears. This is attributed to the
increase of the degree of crystallinity due to annealing. Because the crystaline
portion has constraint on molecule mobility, the higher the degree of crystalinity,
the lower the possibility of molecular movement above T,,.

The degree of crystallinity and the extent of thermal degradation affect molecular
mobility above T, Figure 6.12(d) shows the fractional change in resistance of the
sample annealed at 200°C for 5 h. No peak due to molecular movement above T,
was observed. The degree of crystallinity isless than that of the as-received sample,
as shown by AH in Table 6.3; however, the higher extent of thermal degradation
results in less molecular movement above T,,.

Figures 6.12(c) and 6.12(e) show the effect of annealing time from 5to 15 h at
180°C. The height of the peak due to molecular movement above T, decreases as
the annealing time increases. A longer annealing time results in more thermal
degradation of the matrix, which retards the molecular movement above T,,. That
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this effect is due to a change of the extent of thermal degradation is aso supported
by the effect of annealing temperature, as shown in Figures 6.12(c) and 6.12(d). A
higher annealing temperature likely enhances the extent of thermal degradation,
resulting in adecrease of the height of the peak associated with molecular movement
above T,,. Since the tail is more pronounced for samples with a larger extent of
thermal degradation, as shown in Figures 6.12(d) and 6.12(f), it may be attributed
to the lower molecular mobility caused by extensive thermal degradation.

6.8 SENSING COMPOSITE FABRICATION PROCESS

Continuous fiber polymer-matrix composites with thermosetting matrices are com-
monly made by stacking layers of fiber prepreg, and subsequent consolidation and
curing under heat and pressure. Consolidation involves the use of pressure to bring
the fiber layers closer to one another, and the use of heat to melt the resin in the
prepreg so that the resin flow will allow the layers to come even closer together. A
fraction of the resin may be sgueezed out during consolidation. Curing occurs
subsequent to consolidation and involves the resin completing its polymerization
reaction so that it sets. Curing requires sufficient time and temperature in addition
to the recommended pressure. There has been much work on the curing process,>->°
but little or no work on the consolidation process. As consolidation is an important
step in composite fabrication, understanding the consolidation process and charac-
terizing the effectiveness of consolidation are valuable.

During consolidation, the thickness of the prepreg stack decreases. However,
thickness change does not provide information on the extent of interaction between
the prepreg layers. In the case of the fibers being carbon fibers, which are electrically
conducting, the interaction between the prepreg layers leads to contact between
fibers of adjacent layers, causing the volume electrical resistivity in the through-
thickness direction to decrease. Hence, the resitivity provides information on the
extent of fiber-fiber contact. In Reference 60, this resistivity was measured during
consolidation for the purpose of studying the consolidation process in detail. Mea-
surement of resistivity requires measurement of resistance as well as thickness.
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FIGURE 6.13 Variations of N/N, (solid line) and through-thickness electrical resistivity
(dashed line) with temperature during consolidation heating to 120°C at apressure of 0.56 MPa.

Figure 6.13% shows the variation of the through-thickness electrical resistivity
and N/N, during consolidation at a pressure of 0.56 MPa. During consolidation, the
temperature is raised linearly and reaches 120°C, the curing temperature. In Figure
6.13, the resistivity decreases and N/N, increases during consolidation such that the
N/N, curve reveals three stages of consolidation. The first stage is characterized by
avery gradual increase in N/N, (due to the solid form of the resin); the second stage
is characterized by an abrupt increase in N/N, (due to the molten form of the resin);
the third stage is characterized by a moderately gradual increase in N/N, (due to the
thickening of the resin as the temperature increases). Similar changes in curvature
of the N/N, plot were observed for consolidation conducted at ramped temperatures
that reached 100, 110, 120, 130, or 140°C, athough only the results for a maximum
temperature of 120°C are shown in Figure 6.13. Similar effects were observed at a
pressure of 1.10 MPa. The curve of N/N, vs. temperature is quantitatively quite
independent of the maximum temperature of consolidation, but is quantitatively
different for the two pressures. At the higher pressure, (1) N/N, reaches much higher
values, (2) the second stage begins and ends at higher temperatures, and (3) the
slope of the N/N, vs. temperature curve in the second stage is higher (7.18/°C for
1.10 MPaand 3.31/°C for 0.56 MPa). This meansthat pressure hastens consolidation
and promotes the extent of consolidation, as expressed by the quantity N/N,. In
contrast, increasing the maximum temperature does not promote the extent of con-
solidation.

6.9 CONCLUSION

The measurement of the DC electrical resistance or voltage alows carbon fiber
polymer-matrix structural compositesto sensetheir own strain, damage, temperature,
bond degradation, structural transitions, and fabrication process.
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SYNOPSIS  Structural health monitoring by DC electrical resistance measurement
is reviewed. The technique is valuable for evaluating composites and joints, provided
the materials involved are not all electrically insulating. The measurement pertains to
either the volume electrical resistivity of a bulk material or the contact resistivity of
an interface, and it can be performed in real time during loading or heating.

RELEVANT APPENDICES: A B, C G

7.1 INTRODUCTION

Structural health monitoring refers to observing the integrity of a structure for the
purpose of hazard mitigation, whether the hazard is due to live load, earthquake,
wind, ocean waves, fatigue, aging, heat, or other factors. It mainly entails nonde-
structive sensing of the damage in the structure.
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Extensive damage, such as large cracks on the surface, can be sensed by visual
and liquid penetrant inspection. Both surface and subsurface defects can be sensed
by magnetic particle inspection, eddy current testing, ultrasonic testing, x-radiogra-
phy, and other methods. However, these techniques are not very sensitive to defects
that are subtle in nature or microscopic in size. The resolution is particularly poor
for magnetic particle inspection and x-radiography. The resolution is better for
ultrasonic methods, but it is still limited to about 0.1 mm (depending on the frequency
of the ultrasonic wave). For effective hazard mitigation, it is important to be able to
detect defects when they are small.

Recent attention to structural health monitoring has been centered on the use of
embedded or attached sensors, such as piezoelectric, optical fiber, microelectrome-
chanical, acoustic, dynamic response, phase transformation, and other sensors,'-*8
and the use of tagging through the incorporation of piezoelectric, magnetic, or
electrically conducting particles in the composite material.**4° The use of embedded
sensors or particles suffers from the mechanical property degradation of the com-
posite. Furthermore, embedded sensors are hard to repair. Attached sensors are easier
to repair than embedded sensors, but they suffer from poor durability. Both embedded
and attached sensors are much more expensive than the structural material, so they
add a lot to the cost of the structure.

Electrical resistance measurement has received relatively little attention in terms
of structural health monitoring. It does not involve any embedment or attachment,
so it does not suffer from the problems described for embedded or attached sensors.
Also, this method allows the entire structure to be monitored, whereas the use of
embedded or attached sensors allows the structure to be monitored only at various
places. The electrical resistance method is particularly effective for detecting small
and subtle defects in composite materials and in joints. Materials such as carbon
fiber polymer-matrix composites are lightweight structural composites that are
important for aircraft, for which structural health monitoring is critical. Joints,
whether by fastening or adhesion, are encountered in almost any structure, and their
structural health monitoring is particularly challenging due to the difficulty of prob-
ing the joint interface.

7.2 CARBON FIBER POLYMER-MATRIX STRUCTURAL
COMPOSITES

Polymer-matrix composites for structural applications typically contain continuous
fibers such as carbon, polymer, and glass fibers because continuous fibers are more
effective than short fibers as a reinforcement. Polymer-matrix composites with con-
tinuous carbon fibers (Section 6.2) are used for aerospace, automobiles, and civil
structures.

The monitoring of damage has been achieved with continuous carbon fiber
polymer-matrix composites, as the electrical resistance of the composite changes
with damage (Section 6.4). In other words, the composites are sensors of their own
damage.
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7.3 CEMENT-MATRIX COMPOSITES

Concrete (a cement-matrix composite) is the dominant structural material for civil
infrastructure. Particularly in the presence of short carbon fibers as an admixture,
its electrical resistivity changes upon strain or damage, making it a sensor of its own
strain (Section 5.4.1) and damage (Section 5.4.2). That both strain and damage can
be sensed simultaneously through resistance measurement means that the
strain/stress condition 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 during loading or a gradual shift of baseline
resistance.

7.4 JOINTS

Joining is one of the key processes in manufacturing and repair. It can be achieved
by welding, diffusion bonding (autohesion in the case of polymers), soldering,
brazing, adhesion, fastening, or other methods.

Joints can be evaluated destructively by mechanical testing, which involves
debonding. However, it is preferred to use nondestructive methods, such as modulus
(dynamic mechanical), acoustic, and electrical measurements. Electrical measure-
ments are particularly attractive because of short response time and equipment
simplicity. A requirement for the feasibility of electrical measurements for joint
evaluation is that the components being joined are not electrical insulators. Thus,
joints involving metals, cement (concrete), and conductor-filled polymers are suit-
able.

The method of electrical resistance measurement for joint evaluation most com-
monly involves measurement of the contact electrical resistivity of the joint interface.
Contact resistivity is given by the product of the contact resistance and the joint
area; it is a quantity that is independent of the joint area. Degradation of the joint
causes contact resistivity to increase. A less common method involves measuring
the apparent volume resistance of a component while component A is joined to
component B. When B is less conducting than A, but is not insulating, degradation
of the joint causes the apparent volume resistance of A to increase.

7.4.1 JoiNnTs INvOLVING ComMPOSITE AND CONCRETE BY ADHESION

Continuous fiber polymer-matrix composites are used increasingly to retrofit con-
crete structures, particularly columns.*!43 Retrofit involves wrapping a fiber sheet
around a concrete column or placing a sheet on the surface of a concrete structure
such that the fiber sheet is adhered to the underlying concrete by using a polymer,
usually epoxy. This method is effective for the repair of even quite badly damaged
concrete structures. Although the fibers and polymer are very expensive compared
to concrete, the alternative of tearing down and rebuilding the structure is often more
expensive than the composite retrofit. Both glass fibers and carbon fibers are used
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for composite retrofit. Glass fibers are advantageous for their relatively low cost,
but carbon fibers are advantageous for their high tensile modulus.

The effectiveness of a composite retrofit depends on the quality of the bond
between the composite and the underlying concrete, as good bonding is necessary
for load transfer. Peel testing for bond quality evaluation is destructive.** Nonde-
structive methods to evaluate the bond quality are valuable. They include acoustic
methods, which are not sensitive to small amounts of debonding or bond degrada-
tion,* and dynamic mechanical testing.*® Electrical resistance measurement has been
used for nondestructive evaluation of the interface between concrete and its carbon
fiber composite retrofit.! This method is effective for studying the effects of tem-
perature and debonding stress on the interface. The concept is that bond degradation
causes the electrical contact between the carbon fiber composite retrofit and the
underlying concrete to degrade. Since concrete is electrically more conducting than
air, the presence of an air pocket at the interface causes the measured apparent
volume resistance of the composite retrofit to increase in a direction in the plane of
the interface. Hence, bond degradation is accompanied by an increase in the apparent
resistance of the composite retrofit. Although the polymer matrix is electrically
insulating, the presence of a thin layer of epoxy at the interface is unable to elec-
trically isolate the composite retrofit from the underlying concrete.

The apparent resistance of the retrofit in the fiber direction is increased by bond
degradation, whether the degradation is due to heat or stress. The degradation is
reversible. Irreversible disturbance in the fiber arrangement occurs slightly as thermal
or load cycling occurs, as indicated by the resistance decreasing cycle by cycle.!

7.4.2 JoINTs INVOLVING COMPOSITES BY ADHESION

Joining methods for polymers and polymer-matrix composites include autohesion,
which is relevant to the self-healing of polymers. Diffusion bonding (or autohesion)
involves interdiffusion among the adjoining materials in the solid state. In contrast,
fusion bonding involves melting. Due to the relatively low temperatures of diffusion
bonding compared to fusion bonding, diffusion bonding does not suffer from the
undesirable side-effects that occur in fusion bonding, such as degradation and cross-
linking of the polymer matrix. Although the diffusion bonding of metals has been
widely studied, relatively little study has been conducted on the autohesion of
polymers. Because of the increased segment mobility above the glass transition
temperature (T,), thermoplastics are able to undergo interdiffusion above T,.

Diffusion, as a thermally activated process, takes time. How long diffusion takes
depends on the temperature. In order for diffusion bonding or autohesion to be
conducted properly, the kinetics of the process need to be known.

The study of the kinetics requires monitoring the process as it occurs. A real-
time monitoring technique is obviously preferable to a traditional method that
requires periodic interruption and cooling of the specimen. However, real-time
monitoring is experimentally difficult compared with interrupted monitoring. The
method described here is ideal for thermoplastic prepregs containing continuous
carbon fibers, since the carbon fibers are conductive. Two carbon-fiber thermoplastic
prepreg plies are placed together to form a joint. The electrical contact resistance
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of this joint is measured during autohesion. As autohesion occurs, the fibers in the
plies being joined come closer together, resulting in a decrease in contact resistance.
With the measurement of this resistance in real time, the autohesion process has
been monitored as a function of time at different selected bonding temperatures for
Nylon-6 and polyphenylenesulfide (PPS), both thermoplastics.*” Arrhenius plots of
a characteristic resistance decrease versus temperature allow determination of the
activation energy for the process. This method can be used for monitoring the
bonding of unfilled thermoplastics if a few carbon fibers are strategically placed.

Engineering thermoplastics can be bonded by autohesion above the glass tran-
sition temperature but below the melting temperature, or fusion welding (melting
and solidification). Both methods involve heating and subsequent cooling. During
cooling, the thermoplastic goes from a soft solid state (in the case of autohesion) or
a liquid state (in the case of fusion welding) to a stiff state. If the thermoplastic
members to be joined are anisotropic (as in the case of each member being reinforced
with fibers) and the fiber orientation in the two members is not the same, the thermal
expansion (actually contraction) mismatch at the bonding plane will cause thermal
stress to build up during cooling. This thermal stress is detrimental to the quality of
the adhesive bond.

Two scenarios can lead to the absence of bonding after cooling. One is the
absence of bond formation at the high temperature during welding because of
insufficient time or temperature. The other scenario is the presence of bonding at
the high temperature, but the occurrence of debonding during cooling due to thermal
stress. The cause of the absence of bonding is different in the two scenarios. In any
given situation, the cause of the debonded joint must be understood if the absence
of bonding after cooling is to be avoided.

The propensity for mutual diffusion in thermoplastic polymers increases with
temperature. The contact at the interface across which interdiffusion takes place also
plays arole. An intimate interface, as obtained by application of pressure to compress
the two members together, also facilitates diffusion. Thus, the quality of the joint
improves with increasing temperature and increasing pressure in the high-tempera-
ture period of welding. The poorer the quality of the joint attained at a high tem-
perature, the greater the likelihood that thermal stress built up during subsequent
cooling will be sufficient to cause debonding. Hence, merely having bonding
achieved at the high temperature in welding is not enough. The bond must be of
sufficient quality to withstand the abuse of thermal stress during cooling.

The quality of a joint is conventionally tested destructively by mechanical
methods, or nondestructively by ultrasonic methods.*®# This testing is performed
at room temperature after the joint has been cooled from the high temperature used
in welding. As a result, the testing does not allow distinction between the two
scenarios described above. The use of a nondestructive method, namely contact
electrical resistance measurement, to monitor joint quality in real time during the
high temperature period of welding, and also during subsequent cooling, has been
shown.”® The resistance increases by up to 600% upon debonding. The resistance
increase is much greater than the resistance decrease during prior bonding. Debond-
ing occurs during cooling when the pressure or temperature during prior bonding is
not sufficiently high.
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Adhesive joint formation between thermoplastic adherends typically involves
heating to temperatures above the melting temperature (T,) of the thermoplastic.
During heating to the desired elevated temperature, time is spent in the range between
the glass transition temperature (T,) and the T,,. The dependence of the bond quality
on the heating rate, heating time, and pressure has been investigated through mea-
surement of the contact resistance between adherends in the form of carbon fiber-
reinforced PPS.3! A long heating time below the melting temperature (T,,) is detri-
mental to subsequent PPS adhesive joint development above T,,. This is due to curing
reactions below T, and consequent reduced mass flow response above T,,. A high
heating rate enhances the bonding more than a high pressure.

7.4.3 JoINTS INVOLVING STEELS BY FASTENING

Mechanical fastening involves the application of a force to the components to be
joined so as to prevent them from separating in service. During repair, maintenance,
or other operations, unfastening may be needed. Hence, repeated fastening and
unfastening may be necessary. By design, the stresses encountered by the compo-
nents and fasteners are below the corresponding yield stresses so that no plastic
deformation occurs. However, the local stress at the asperities at the interface can
exceed the yield stress, resulting in local plastic deformation as shown for carbon
steel fastened joints at a compressive stress of just 7% or less of the yield stress.>?
Plastic deformation results in changes in the joint interfaces. This means that the
joint interface depends on the extent of prior fastening and unfastening. The joint
interface affects the mechanical and corrosion behavior of the joint; this problem is
of practical importance.

Stainless steel differs from carbon steel in the presence of a passive film, which
is important to its corrosion resistance. The effect of repeated fastening and unfas-
tening on the passive film is of concern.

Figures 7.1 (a) and (b)>* show the variation in resistance and displacement during
cyclic compressive loading of stainless steel on stainless steel at a stress amplitude
of 14 MPa. In every cycle, the resistance decreases as the compressive stress
increases such that the maximum stress corresponds to the minimum resistance and
the minimum stress corresponds to the maximum resistance (Figure 7.1(a)).

The maximum resistance (in the unloaded condition) of every cycle increases
upon stress cycling such that the increase is not significant until after 13 cycles (Figure
7.1(a)). The increase is due to the damage of the passive film and the consequent
surface oxidation. The minimum resistance (at the maximum stress) of every cycle
increases slightly upon cycling (Figure 7.1(b)), probably due to strain hardening.

The higher the stress amplitude, the fewer the number of stress cycles for passive
film damage to begin. At the lowest stress amplitude of 3.5 MPa, passive film damage
was not observed up to 30 cycles.

Comparison of the results on stainless steel and on carbon steel shows that the
carbon steel joint is dominated by effects associated with plastic deformation,
whereas the stainless steel joint is dominated by effects associated with passive film
damage. The effect of the passive film is absent in the carbon steel joint, as expected
from the absence of a passive film on carbon steel. The effects of plastic deformation
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FIGURE 7.1 Variation of contact resistance (thick curve) and stress (thin curve) during cyclic
compression of stainless steel on stainless steel at a stress amplitude of 14 MPa.

and strain hardening at asperities are much larger for carbon steel than for stainless
steel, as expected from the lower yield stress of carbon steel.

7.4.4 JoINTs INVOLVING CONCRETE BY PRESSURE APPLICATION

Many concrete structures involve the direct contact of one cured concrete element
with another such that one element exerts static pressure on the other due to gravity.
In addition, dynamic pressure may be exerted by live loads on the structure. An
example of such a structure is a bridge involving slabs supported by columns, with
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dynamic live loads exerted by vehicles traveling on the bridge. Another example is
a concrete floor in the form of slabs supported by columns, with live loads exerted
by people walking on the floor. The interface between concrete elements that are in
pressure contact is of interest, as it affects the integrity and reliability of the assembly.
For example, deformation at the interface affects the interfacial structure, which can
affect the effectiveness of load transfer between the contacting elements, and can
affect the durability of the interface to the environment. Moreover, deformation at
the interface can affect the dimensional stability of the assembly. Of particular
concern is how the interface is affected by dynamic loads.

A mortar-mortar contact was studied under dynamic loading at different com-
pressive stress amplitudes by measuring the contact electrical resistance.’*> Irre-
versible decrease in contact resistance upon unloading was observed as load cycling
progressed at a low stress amplitude (5 MPa, compared to a value of 64 MPa for
the compressive strength of the mortar), due to local plastic deformation at the
asperities at the interface. Irreversible increase in contact resistance at the maximum
stress was observed as load cycling progressed, probably due to debris generation;
it was more significant at a higher stress amplitude (15 MPa).

7.4.5 JoiNnTts INVOLVING COMPOSITES BY FASTENING

Fasteners and components are usually made of metals, such as steel. However,
polymers are increasingly used for both fasteners and components because of their
moldability, low density, and corrosion resistance.

Due to the electrically insulating behavior of conventional polymers and the
need for an electrical conductor for measuring contact electrical resistance, a polymer
with continuous carbon fibers in a direction parallel to the plane of the joint was
used.”® The carbon fibers caused the composite to be electrical conducting in the
fiber direction, as well as the through-thickness direction, because there is some
degree of contact between adjacent fibers in the composite despite the presence of
the matrix.’” Due to the direction of the fibers, the mechanical properties of the
composite in the through-thickness direction was dominated by the polymer matrix.

Contact resistance measurement was used to investigate the effect of repeated
fastening and unfastening on a composite-composite joint interface.’® A composite-
composite joint obtained by mechanical fastening at a compressive stress of 5% (or
less) of the 1% offset yield strength of the polymer (Nylon-6) was found to exhibit
irreversible decrease in contact electrical resistance upon repeated fastening and
unfastening. The decrease occurred after up to 10 cycles of fastening and unfastening,
although the decrease diminished with cycling. It was primarily due to local plastic
deformation of the matrix at the asperities at the interface. Moreover, the stress
required for the resistance to reach its minimum in a cycle decreased with cycling
because of softening of the matrix.

7.5 CONCLUSION

DC electrical resistance measurement is useful for structural health monitoring,
particularly in relation to composites and joints, provided the materials involved are
not all electrically insulating. Monitoring involves measuring the volume resistivity
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of a bulk material or the contact resistivity of an interface. Measurement can be
conducted in real time during loading or heating.
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8 Modification of the Surface
of Carbon Fibers for Use as
a Reinforcement in
Composite Materials
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SYNOPSIS Surface modification can greatly enhance the effectiveness of carbon
fibers as a reinforcement in composite materials. The methods of surface modifica-
tion, as used for polymer-matrix and metal-matrix composites, are covered.

RELEVANT APPENDIX: J

8.1 INTRODUCTION TO SURFACE MODIFICATION

The surface of a material greatly affects many of its properties. Modification of the
surface is an effective way to improve material properties. Surface modification
refersto modification of surface composition or surface structure. The surface region
can have a thickness ranging from A to um. As modification of the surface is often
simpler and less expensive than modification of the bulk, it is used technologically
to improve materials for many applications.
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Methods of surface modification include heating in a reactive environment (to
change the surface composition or to form surface functional groups, a surface alloy,
a surface compound, surface porosity, surface roughness, or a coating); heating the
surface in an inert environment, such as by using a laser (to change the surface
microstructure or crystallinity); bombardment by charged particles such as ions
(plasma) or electrons (to introduce surface defects or roughness); immersion in a
liquid, possibly followed by hegating (to form a coating, or areaction product in case
the liquid is reactive); immersion in a solvent (to remove contaminants such as
grease); subjecting the material to electrochemica oxidation (to form surface func-
tional groups, surface roughness, etc.); and sandblasting (to roughen the surface).

Carbon (asin carbon fibers) can be modified by heating in air, as the oxygen in
the air reacts with the surface carbon atoms, thereby forming surface functional
groupsin the form of C-O and/or C=0. Similar effects can be attained by subjecting
carbon to electrochemical oxidation or to an oxygen plasma. Carbon can aso be
modified by heating in CO, gas, as the reaction

C+CO, - 2CO

causes the conversion of solid carbon on the surface to CO gas, resulting in surface
porosity — a form of carbon called activated carbon. Carbon can aso be modified
by immersion in silicon liquid to form SiC on the surface through the reaction

C+S - SIC

It can also be modified by heating in silane (SiH,) gas to form SIC on the surface
through the reaction

C+SH, - SC+H,

As carbon is typicaly either amorphous or partly crystaline, it can be modified by
heating the surfacein an inert atmosphere so that the surface crystallinity isincreased —
a process known as surface annealing. As sandblasting involves bombardment with
abrasive particles, it cannot be used on surfaces of microscopic size (such asthe surface
of carbon fibers).

This chapter focuses on the surface modification of carbon fibers for use as a
reinforcement in composite materials. The fibers are also used in the activated form
for fluid purification by adsorption. In addition, carbon fibers are used as battery
electrode materials and as materials for EMI shielding. Surface modification signif-
icantly improves carbon fibers for al these applications, although the dominant
application is reinforcement.

8.2 INTRODUCTION TO CARBON FIBER
COMPOSITES

Composite materials are materials containing more than one phase such that the
different phases are artificially blended together. They are not multiphase materials
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in which the different phases are formed naturally by reactions, phase transforma-
tions, or other phenomena.

A composite material typically consists of one or morefillersin a certain matrix.
A carbon fiber composite is one in which at least one of the fillers is carbon fibers,
either short or continuous, unidirectional or multidirectional, woven or nonwoven.
The matrix is usually a polymer, a metal, a carbon, a ceramic, or a combination of
different materials. Except for sandwich composites, the matrix is three-dimension-
ally continuous, whereas the filler can be three-dimensionally discontinuous or
continuous. Carbon fiber fillers are usually three-dimensionally discontinuous unless
the fibers are three-dimensionally interconnected by weaving or by the use of a
binder such as carbon.

The high strength and modulus of carbon fibers makes them useful as a rein-
forcement for polymers, metals, carbons, and ceramics, even though they are brittle.
Effective reinforcement requires good bonding between the fibers and the matrix,
especialy for short fibers. For a unidirectional composite, the longitudinal tensile
strength is quite independent of the fiber-matrix bonding, but the transverse tensile
strength and the flexural strength increase with increasing fiber-matrix bonding. On
the other hand, excessive fiber-matrix bonding can cause a composite with a brittle
matrix (e.g., carbon and ceramics) to become more brittle. The strong fiber-matrix
bonding causes cracks to propagate straightly in the direction perpendicular to the
fiber-matrix interface without being deflected to propagate along this interface. In
the case of acomposite with aductile matrix (metals and polymers), acrack initiating
in the brittle fiber tends to be blunted when it reaches the ductile matrix, even when
the fiber-matrix bonding is strong. Therefore, an optimum degree of fiber-matrix
bonding is needed for brittle-matrix composites, whereas a high degree of fiber-
matrix bonding is preferred for ductile-matrix composites.

The mechanisms of fiber-matrix bonding include chemical bonding, van der
Waals bonding, and mechanical interlocking. Chemical bonding gives the largest
bonding force, provided the density of chemical bonds across the fiber-matrix inter-
face is sufficiently high. This density can be increased by chemical treatments of
the fibers or by sizings on the fibers. Mechanical interlocking between the fibers
and the matrix is an important contribution to the bonding if the fibers form a three-
dimensional network. Otherwise, the fibers should have a rough surface in order for
a small degree of mechanical interlocking to take place.

Both chemical and van der Waals bonding require the fibers to be in intimate
contact with the matrix. For intimate contact to take place, the matrix or matrix
precursor must be able to wet the surfaces of the carbon fibers during its infiltration
into the carbon fiber preform. Chemical treatments and coatings can be applied to
the fibers to enhance wetting. The choice of treatment or coating depends on the
matrix. Another way to enhance wetting is to use high pressure during infiltration.
A third method is to add a wetting agent to the matrix or matrix precursor before
infiltration. Asthe wettability may vary with temperature, the infiltration temperature
can be chosen to enhance wetting.

The occurrence of areaction between the fibers and the matrix helps the wetting
and bonding between the fibers and the matrix. An excessive reaction degrades the
fibers, and the reaction product(s) may be undesirable for the mechanical, thermal,
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or moisture resistance properties of the composite. An optimum amount of reaction
is preferred.

Carbon fibers are electrically and thermally conductive, in contrast to the non-
conducting nature of polymer and ceramic matrices. Therefore, carbon fibers can
serve not only as a reinforcement, but also as an additive for enhancing electrical
or thermal conductivity. Furthermore, carbon fibers have nearly zero coefficient of
thermal expansion, so they can also serve as an additive for lowering thermal
expansion. The combination of high thermal conductivity and low thermal expansion
makes carbon fiber composites useful for heat sinks in electronics, and for space
structures that require dimensional stability. As the thermal conductivity of carbon
fibers increases with the degree of graphitization, applications requiring a high
thermal conductivity should use the graphitic fibers, such as high-modulus pitch-
based fibers and vapor-grown carbon fibers.

Carbon fibers are more cathodic than practically any metal, so in ametal matrix,
a galvanic couple is formed with the metal as the anode. This causes corrosion of
the metal. The corrosion product tends to be unstable in moisture and causes pitting,
which aggravates corrosion. To alleviate this problem, carbon fiber metal-matrix
composites are often coated.

Carbon is the matrix that is most compatible with carbon fibers. The carbon
fibers in a carbon-matrix composite (called carbon-carbon composite) serve to
strengthen the composite, as the carbon fibers are much stronger than the carbon
matrix because of the crystallographic texture in each fiber. Moreover, the carbon
fibers serve to toughen the composite, as debonding between the fibers and the
matrix provides amechanism for energy absorption during mechanical deformation.
In addition to having attractive mechanical properties, carbon-carbon composites
are more thermally conductive than carbon fiber polymer-matrix composites. How-
ever, at elevated temperatures (above 320°C), carbon-carbon composites degrade
due to the oxidation of carbon (especially the carbon matrix), which forms CO, gas.
To aleviate this problem, carbon-carbon composites are coated.

Carbon fiber ceramic-matrix composites are more oxidation resistant than car-
bon-carbon composites. The most common form of such composites is carbon fiber-
reinforced concrete. Although the oxidation of carbon is catalyzed by an akaline
environment and concrete is akaline, the chemical stability of carbon fibers in
concrete is superior to that of competitive fibers, such as polypropylene, glass, and
steel. Composites containing carbon fibers in more advanced ceramic matrices (such
as SIC) are rapidly being devel oped.

Carbon fiber composites are most commonly fabricated by the impregnation of
the matrix or matrix precursor in the liquid state into the fiber preform, which is
usually in the form of a woven fabric. In the case of composites in the shape of
tubes, the fibers may be impregnated in the form of a continuous bundle from a
spool and, subsequently, the bundles may by wound on a mandrel. Instead of
impregnation, the fibers and matrix material may be intermixed in the solid state by
commingling carbon fibers and matrix fibers, by coating the carbon fibers with the
matrix material, by sandwiching carbon fibers with foils of the matrix material, or
in other ways. After impregnation or intermixing, consolidation is carried out, often
under heat and pressure.
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Because of the decreasing price of carbon fibers, the applications of carbon fiber
composites are rapidly widening to include the aerospace, automobile, marine,
construction, biomedical, and other industries. This situation poses an unusual
demand on research and development in the field of carbon fiber composites.

8.3 SURFACE MODIFICATION OF CARBON FIBERS
FOR POLYMER-MATRIX COMPOSITES

Polymer-matrix composites are much easier to fabricate than metal-matrix, carbon-
matrix, and ceramic-matrix composites, whether the polymer is a thermoset or a
thermoplastic. Thisis because of the relatively low processing temperatures required
for fabricating polymer-matrix composites. For thermosets, such as epoxy, phenalic,
and furfuryl resin, the processing temperature ranges from room temperature to
about 200°C; for thermoplastics, such as polyimide (Pl), polyethersulfone (PES),
polyetheretherketone (PEEK), polyetherimide (PEI), and polyphenyl sulfide (PPS),
the processing temperature ranges from 300 to 400°C.

Thermosets (especialy epoxy) have long been used as polymer matrices for
carbon fiber composites. During curing, usualy performed in the presence of heat
and pressure, a thermoset resin hardens gradually due to the completion of poly-
merization and the cross-linking of the polymer molecules. Thermoplastics have
recently become important because of their greater ductility and processing speed
compared to thermosets, and the recent availability of thermoplastics that can with-
stand high temperatures. The higher processing speed of thermoplastics is due to
the fact that thermoplastics soften immediately upon heating above the glass tran-
sition temperature (T,), and the softened material can be shaped easily. Subsequent
cooling completes the processing. In contrast, the curing of a thermoset resin is a
reaction that occurs gradually.

Epoxy is by far the most widely used polymer matrix for carbon fibers. Trade
names of epoxy include Epon®, Epirez®, and Araldite®. Epoxy has an excellent
combination of mechanical properties and corrosion resistance, is dimensionaly
stable, exhibits good adhesion, and is relatively inexpensive. Moreover, the low
molecular weight of uncured epoxideresinsin theliquid sta