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ABSTRACT 

16 

This research describes the preparation of electrically and thermally 

conductive polymer composites. The filler used is short carbon fibers. These were 

dispersed in methyl methacrylate (MMA) and settled under different vibrational and 

gravitational forces, resulting in well packed sediments. To improve further the 

dispersability of the fiber/MMA system, steric stabilization was attempted by using 

organic dispersants of increasing chain length. Subsequent polymerization of the 

dense sediments produced composites with high fiber volume fractions. The electrical 

and thermal conductivities of these composites were studied. Fiber size, distribution, 

orientation and volume fraction are shown to have a profound influence on these 

properties. A general effective media equation, which relates percolation and 

effective media theories, is shown to describe the electrical conductivity of the 

composites. The specific thermal conductivity of the high fiber fraction composites 

is greater than that of stainless steel. Applications include electronic packaging and 

electromagnetic interference shielding. 
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1. INTRODUCTION 

In recent years composite materials have received a lot of interest. One good 

reason is that composites can be tailored to create materials with unique 

combinations of properties that cannot be achieved any other way. This is achieved 

by adding filler materials, mainly in the form of powders, flakes and fibers, to a 

matrix material. The amount, shape and distribution of these fillers will dictate the 

enhancement of properties over that of the matrix alone. 

Traditional filler materials are carbon black (powder), mainly used in polymer 

matrices; metal flakes, such as aluminum and nickel, mainly used in polymeric and 

ceramic matrices; and glass, steel and carbon fibers, also mainly used in polymer 

matrices. Newer filler materials include polymeric microspheres with surface-

embedded minerals, densified talc, mica, cultured granite and superconducting 

ceramic powders^^^^-\ 

When fibers are used as fillers, they can be in two forms; continuous (long) 

or discontinuous (short). Continuous fiber reinforced composites (FRC) are generally 

made of numerous layers, with each layer reinforced by aligned fibers that extend 

across the entire laminate. By varying the fiber concentration, number of layers and 

the angle at which these long fibers are aligned in each layer, composite properties 

can be tailored for specific applications. Discontinuous FRC are normally made of 

randomly oriented short (chopped) fibers dispersed throughout the matrix. Composite 

properties then vary according to fiber concentration and spatial distribution. 
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Recently, there has been a huge demand for materials that have high 

electrical and thermal conductivities, tailorable thermal expansion coefficients and 

low densities, and that are easily moldable. These needs are coming mainly from the 

electronics industry, where significant increase in miniaturization has produced ever-

increasing power densities, requiring that heat generated from integrated circuits be 

quickly removed to prevent device overheating^^\ 

Conventional packaging materials do not meet all of these requirements. 

Composite materials can be made, however, with properties tailored specifically for 

electronic packaging. Other major applications for these conducting composites are 

for electromagnetic interference (EMI) shielding of electric and electronic devices, 

such as used in home appliances and computers.^'*^ 

With the development of ultrahigh modulus petroleum pitch-based carbon 

fibers having high electrical and thermal conductivities, carbon fiber reinforced 

composites have been developed with specific properties (property/density) greater 

than many metals and alloys, thus being serious candidates for electronic packaging 

and EMI shielding materials. Figure 1.1 shows the thermal conductivities and 

electrical resistivities of metals and carbon fibers made from polyacrilonitrile (PAN) 

and petroleum-pitch precursor materials. As the figure shows, Pitch-100 (P-100) has 

a thermal conductivity value of 520 W/mK (higher than that of copper and 

aluminum) and an electrical resistivity value of 0.0025 n.cm, low enough to easily 

provide composites with EMI shielding capabilities. 
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Figure 1.1 - The thermal conductivity and electrical resistivity of carbon fibers and 
metals (from ref. 3). 

The process by which PAN is converted to carbon fibers involves mainly five 

steps: 1) spinning the PAN precursor; 2) stretching the precursor; 3) stabilization at 

220 °C in air under tension; 4) carbonization at 1550 °C in inert atmospheres; and 

5) graphitization at 3000 ° C in inert atmospheres. The processing scheme for making 

pitch-based carbon fibers is as follows: 1) heat treat isotropic pitch at 400-450 "C in 

inert atmospheres in order to transform it into a liquid crystalline (IX) state; 2) spin 

LC pitch; 3) thermoset the fibers; 4) carbonize and graphitize the fibers. 
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Continuous carbon fiber reinforced polymers have been developed with 

specific thermal conductivity higher than that of copper and aluminum^^\ The use 

of polymers as matrices is attractive because they are cost-effective and readily 

moldable into a variety of shapes, avoiding the numerous processing and finishing 

step that metal components require. 

In the case of discontinuous PRCs, the selection of the proper fiber size is 

critically important in making efficient short-fiber reinforced polymer composites. 

According to Milewski^®^^^, the question to be asked before attempting to make 

a composite is "how short can you use fibers as reinforcements and still be efficient?". 

By using glass fibers and wooden sticks as models, Milewski^®^ showed that packing 

density drops rapidly as fiber length increases. Fibers with aspect ratios (length to 

diameter (L/D)) of 10^ to 10^ readily tangle. Long-short fibers, with L/D of 50 to 

100, bundle and clump. Fibers with L/D between 10 and 50, however, can be 

arranged to pack in high densities. 

With this in mind, the objective of this work is to prepare short fiber 

reinforced composites with high electrical and thermal conductivities . To obtain 

these high conductivities, high fiber packing densities are needed. This requires an 

understanding of the dispersion characteristics of the fibers in the liquid monomer. 

The monomer selected is methyl methacrylate since its polymerization is very well 

characterized and easily controlled. Furthermore, Jin et al^'^ showed that dense 

packing of spherical silica particles can be obtained in methacrylate monomers and 

the resulting composites have improved properties. 
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2. LITERATURE REVIEW 

2.1. The Packing of Fibers 

Given that properties are enhanced by increasing the amount of fiber in a 

reinforced material, it is necessary to know how many fibers can be incorporated into 

the matrix. 

In discussing the efficient use of short fibers in composites, Milewski^^°^ has 

studied the packing of fibers with various L/D to determine their packing densities. 

Using 2 sets of fibers, differing in diameter by about 2 orders of magnitude and with 

similar aspect ratios, he has shown that packing density drops rapidly as fiber L/D 

increases. The large fibers were wooden rods cut to discrete size, with aspect ratios 

from 7 to 72, whereas the smaller ones were glass fibers with a narrow length 

distribution and average aspect ratios from 7 to 50. The data obtained by measuring 

the relative bulk volume for both fibers with known aspect ratios is illustrated in 

figure 2.1 and show very good agreement in volume packing between the wooden 

rods (for which exact L/D values were used) and the glass fibers (for which 

numerical average L/D values were used). The significance of this relation is that 3 

dimensional random packing values of fibers can be predicted from the curve of 

figure 2.1. 

Gibson and Evans^"^ were the first to propose, based on a geometrical 

analysis of rigid rod-like molecules done by Doi^^"\ a theoretical relationship to 
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Figure 2.1 - Monodisperse fiber packing data from ref. 10, showing the inverse 
relationship between fiber aspect ratio and the maximum attainable fiber volume 
fraction. 

describe the empirical analysis done by Milewski. They recognized that the packing 

of rigid rods should be similar to packing of rod-like polymer molecules in liquid-

crystal systems, where a transition from a random to an ordered state occurs at a 

certain volume fraction of rod-like molecules. 

Doi's geometrical model of rod-like molecular packing is illustrated in figure 

2.2. Three concentration regimes are shown. In the first, the concentration is sparse 

and the rods rotate freely. Its free volume of rotation is a sphere. As the 

concentration is increased, the free volume of rotation of a rod is reduced to a disk. 
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Figure 2.2 - Doi's model of hard-rod packing concentration regimes, (a) Rods have 
total rotational freedom, (b) Free-volume is reduced to a disk, (c) Maximum packing 
fraction is reached when free-volume approaches volume of rod (from ref 12). 

At the maximum concentration for random packing, the rotation of a rod is restricted 

in all directions, and the free volume is roughly equivalent to its own volume. 

Doi's theory predicts that the volume fraction at which a rod no longer has 

rotational freedom (figure 2.2 (c)) is: 

V (2.1) 

where is the maximum volume fraction, D is the rod diameter, L is the rod 

length and k is a constant (k = 4 when the distribution is random). 

According to Gibson and Evans^"\ for the random packing of fibers 

should coincide with the volume fraction at which the average rod no longer has 

rotational freedom. However, when they compared Milewski's experimental data^®\ 



24 

together with their own additional experimental values, with the values predicted by 

eq.(2.1), they found that the best linear fit to the data up to DjL = 0.1 was for k = 

5.3 (instead of the value of 4 predicted by Doi's theory), as shown in figure 2.3. 

Fibers with D/L in excess of 0.1 show a big deviation, probably due to limitations of 

Doi's geometric development. 

6 0 -

II 
50-

40-

30-

>  2 0 -

• Gibson el al. • Milswski 

0 .05  0 0 . 1  0 .15  0.2 0 .25  
D/L 

Figure 2.3 - Results obtained by using eq.(2.1) with k=4 (theoretical) and k=5.3 
(experimental) for random packing. 

Another approach on the packing of fibers was done by Chick and 

Aksay^'^\ They used a 2 dimensional system of chopped graphite fibers (L/D = 

30), which were vibrated by sonic waves. This resulted in randomly oriented clusters 

of aligned fibers, as shown in figure 2.4. As can be seen in the figure, a high 

concentration of chopped fibers spontaneously forms aligned clusters as motion is 
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0 

Figure 2.4 - Configuration of chopped graphite fibers obtained by uniaxial vibration 
at 300 Hertz (from ref. 13). 

induced in the system during processing, although factors such as the large size and 

mass of common reinforcing fibers, the friction forces, and the viscosity of the 

surrounding media can introduce kinetic barriers to rearrangement. The authors also 

suggested that this partial alignment and clustering is responsible for the higher-than-

expected packing fractions observed by Milewski^®^ and Gibson and Evans^"\ 

Chick et also performed numerical experiments 

to characterize quantitatively the packing of static monodisperse rod-like particles. 

Their approach was based on the well accepted model of Floiy and Ronca^^'\ 

which is derived for athermal molecular rod systems, i.e., for molecular rods that 

exhibit neither attraction nor repulsion with respect to the solvent or each other (the 



only interactions are steric). Besides the assumption of an athermal system, the only 

other clearly defined assumption of the thermodynamical approach developed by 

Flory and Ronca is that the motion of the rods is random (thermal agitation). For 

macroscopic rods (sticks) or microscopic rods (chopped fibers or whiskers), the latter 

assumption is an oversimplification. 

Whereas Flory used a 3 dimensional discrete lattice model, Chick et al. used 

a 2 dimensional non-discrete (continuous) Monte Carlo algorithm, meaning that the 

position and orientation of the rods are continuously variable and the rods do 

maintain their true shape. A detailed comparison between discrete and non-discrete 

models is given in reference (18). 

Figure 2.5 shows rod configurations with increasing concentration, which were 

built up during one run of the algorithm. It is evident that as rods are added, both 

the number of clusters and the average number of rods per cluster increase. Figure 

2,6 illustrates this point for rods with different axial ratios, showing larger cluster 

sizes, at a given rod concentration, for rods with longer axial ratios. According to the 

authors, the clusters that appear at high concentrations, in the absence of rod motion, 

are because of space-filling constraints, i.e., the majority of the available vacant 

positions for new rods are next to, and aligned with respect to, existing rods. 

Therefore the most probable way to fit in more rods is by adding to the clusters. 

Although the idealized conditions of no rod motion is not physically observed, 

the results clearly demonstrate the structural effects of space-filling constraints, 

providing a starting condition for observing the effects of rod motion. 
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Figure 2.5. - Non-discrete Monte Carlo simulation of a series of rod configurations 
(aspect ratio = 25) with increasing area fraction (Af) concentration (from ref. 14). 

In real processing operations, the alignment and clustering of short fibers are 

highly directional, making it difficult to describe using a single, general model. One 

model must be developed for each specific operation to account for the unique 

motion of the rods. On the other hand, for completely random motion, the results 

of the non-discrete 2 dimensional model developed by Chick et explain some 

physical phenomena which are observed in systems containing rods. Figure 2.7 shows 

the phase diagram that resulted from this treatment. At low concentrations, the rods 

are randomly oriented. As rods are added to the system, a critical concentration is 

reached (0.16 for rods with axial ratio 25) at which an aligned phase first appears. 



28 

L/D=10 • L/D=25 ^ L/D=100 

0.05 0.1 O.Ts ^2 oJs ^3 0.35 0.4 
Area fraction 

Figure 2.6 - Plot showing the growth of rod clusters as static rod concentration is 
increased (from ref. 14). Line drawn is explained in text. 

Adding more rods increases the amount of the aligned phase until a second critical 

concentration is reached (0.18), where the random phase disappears and only the 

aligned phase remains. At high concentrations, the positional freedom of the rods is 

restricted and, as with any phase transformation governed by thermodynamics, the 

appearance of the aligned phase above the critical concentration is spontaneous given 

that the rods experience sufficient random agitation. 

Experiments with mechanical vibration of wooden sticks (the same used in 

Milewski's experiments), demonstrated that relatively large rods can spontaneously 
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Figure 2.7 - Phase diagram for a 2 dimensional configuration of rods (from ref. 14). 

rearrange and cluster, although the imposed motion is not entirely random. As 

already shown in figure 2.6, as the rod concentration is increased, space-filling 

constraints result in the formation of clusters, even in the absence of rod motion. If 

motion is introduced to a system of fixed rod concentration inside the two phase 

region of figure 2.7, the clusters first formed will start to grow in what Chick et al.^^''^ 

call "space-filling-nucleated" cluster growth. In fact, comparison of the data on figure 

2.6, for randomly oriented static rods, with the phase diagram on figure 2.7, shows 

that above a cluster size of about 2 (line in figure 2.6), the random configurations 



described in figure 2.6 lie somewhere above the lower boundary of the phase 

diagram, and they should be unstable. If the rods are set in motion the clusters are 

expected to grow. Therefore, figure 2.6 predicts the existence of a "minimum cluster 

size" for a given axial ratio and concentration. 

According to Chick et al.^^'*^, the results predicted by the 2 dimensional system 

should apply to 3 dimensional configurations as well, although the boundaries in 

figure 2.7 will be at higher rod fractions. 

A 3 dimensional approach, assuming fibers with finite thicknesses, instead of 

the assumption of negligible thicknesses made from the previous models described, 

predicts that the maximum volume fractions are achieved when fibers are close to 

a 2 dimensional random configuration^^°\ This is illustrated in figure 2.8 which 

shows, for two particular aspect ratios, the variation in volume fraction when varying 

from a 2 dimensional random to a fully 3 dimensional random configuration, by 

varying the restriction on the out-of-plane angle from zero to 90 ° (a 2 dimensional 

random configuration has an out-of-plane angle of zero, whereas in a 3 dimensional 

random configuration it is 90"). As can be seen, there is a peak volume fraction as 

one moves from a 2 dimensional to a 3 dimensional random configuration, and is 

considered to be due to fiber overlap. 

The degree of proximity to a 2 dimensional random configuration is directly 

related to the aspect ratio of the fibers. The lower the aspect ratio, the greater the 

angular deviation required to reach the maximum value and the smaller the variation 

of volume fraction over the range from a 2 dimensional to a 3 dimensional random 
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Figure 2.8 - Plot of maximum achievable volume fraction as a function of out-of-
plane angular variation for fibers (from ref. 20). 

configuration. This is represented schematically by the diagram in figure 2.9. For rods 

with an aspect ratio of 1 (upper curve), changing the specified orientation has a 

negligible effect on the achievable packing fraction so a constant packing fraction is 

expected. For very long fibers, once one fiber is inserted in a plane no other fiber 

can be inserted unless they are exactly parallel otherwise they intersect somewhere 

along their length. As soon as a small degree of out-of-plane randomness is allowed, 

considerably more rods can be included and the packing fraction sizes rapidly to a 

peak. 
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2D random 3D random 

Figure 2.9 - Schematic diagram showing the variation in maximum achievable packing 
fraction Vf when increasing the out-of-plane orientation angle 0 from in-plane to 
fully 3-D random for various L/D's (from ref. 20). 

Figure 2.10 shows the maximum achievable volume fractions for 2 dimensional 

random, 3 dimensional random and the peak values of figure 2.8. The curve and the 

volume fractions represented by the filled and empty squares converge at an aspect 

ratio of 1, for which the packing fraction is found to be 0.61, which agrees with 

previous random sphere packing experiments producing 0.62^^^\ 
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Figure 2.10 - Plot of maximum achievable volume fraction plotted against aspect 
ratio for the case of 2 and 3 dimensional random configurations. The curve 
represents the peak values of figure 2.8 (from ref. 20). 

2.2. Electrical and Thermal Conduction in Composite Materials 

2.2.1. Electrical Conduction in Composite Materials 

The electrical properties of composite materials are usually sensitive to the 

relative concentrations of the different components, their intrinsic properties, and 
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interactions between them. Also, composites show a variety of shapes and 

arrangements of the components, which also influences the electrical properties of 

the composite. 

For the case where the composite medium consists of a conductive filler and 

an insulating matrbc, the filler aspect ratio, degree of packing and proximity to each 

other together play a major role in determining the electrical properties of the 

composite. 

The degree of packing is strongly dependent, among others, on the filler 

aspect ratio, as was discussed in section 2.1. Spheres, with an aspect ratio of 1, will 

pack more densely than fibers, with aspect ratios greater than 10. Dense packing 

results in fillers in close proximity to each other, although good wetting between the 

insulator and the filler prevents physical contact between the conductive fillers. When 

the conductive fillers are in close proximity, electrons can jump the gap between the 

fillers, creating current flow. This process of electron transport across an insulator 

gap is referred to as tunneling conduction, and it increases exponentially with 

decreasing gap size (dense packing), as discussed in a later section. Tunneling 

conduction is very important in composites containing particulates, such as carbon 

black, where there are many small gaps/cm^, thus creating a big interfacial resistance 

compared to the overall filler resistance. 

The filler aspect ratio also plays an important role on the ease from which 

conducting networks are formed throughout the composite. Fibers form continuous 

networks at smaller concentrations than spherical fillers. Consequently, composites 
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containing fibers will reach an insulator-conductor transition at smaller fiber loadings. 

This transition, as well as the prediction of network formation, is well modeled by 

percolation theory. 

These theories, together with their limitations, are presented in the following 

sections. The section on tunneling conduction is presented only to make this review 

more complete. It is based entirely on work done on carbon black/polymer 

composites, where this type of conduction contributes to the overall conductivity. 

2.2.1.1. Percolation Theory 

A widely used theoretical technique available for dealing with severely 

disordered systems is percolation theory. The practical importance of percolation 

theory resides in its applicability to a broad range of physical phenomena in which 

the conductor-insulator composite materials are included. 

Percolation theory deals with the effects of varying, in a random system, the 

richness of interconnections present^~l Consider a large array of squares as shown 

in figure 2.11(a). Also imagine this array to be so large (preferably infinite) that 

boundary effects are negligible. Now a fraction of squares is filled with a big dot in 

the center, as in figure 2.11(b). We now define a cluster as a group of neighboring 

squares occupied by the big dots; these clusters are encircled in figure 2.11(c). From 

this picture one can see that squares are called neighbors if they have one side in 

common, but not if they only touch at a corner. All sites within one cluster are thus 



36 

• • 

( 

• w 
• • • 

( 

• 
( • • • ( ) • 

• 
( 

w 
• • 

( 

( • J 

(a) (b) (c) 

Figure 2.11 - figure (a) shows parts of a square lattice; figure (b) shows some squares 
that are occupied with dots; figure (c) shows the encircled clusters. 

connected to each other by one unbroken chain of nearest-neighbor links from one 

occupied square to a neighbor square also occupied by a big dot. The simplest way 

the dots are distributed among the squares in figure 2.11 is assuming a random 

occupation, that is, each square is occupied or empty independent of the occupation 

status of its neighbors. Denoting p the probability (or fraction) of a site being 

occupied by a big dot, and N the number of squares (A^ being a very large number), 

then pN of these squares are occupied, and the remaining (1 - p)N of these squares 

are empty. 

Figure 2.12 shows a computer generated sample of a 60 x 60 square lattice, 

with probability p increasing from 0.2 to 0.6. One can see that for p above 0.6 one 

cluster extends from top to bottom and from left to right of the sample; such a 

cluster percolates through the system. The critical concentration where the first 

percolating cluster is formed is denoted p^. 
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p-0^ p-0.40 

Figure 2.12 - Example for percolation on a 60x60 lattice, for p = 0.20, 0.30, 0,40 and 
0.60. Occupied squares are shown as *. Near the threshold concentration 0.5928, the 
largest cluster is marked (from ref, 22), 

If the square-lattice of figure 2.12 is interpreted as an electrical network with 

the occupied sites as electrical conductors, when the concentration of occupied sites 

p reaches then current starts flowing and a very sharp insulator-conductor 

transition occurs. This sharp transition is called the percolation threshold and is 
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illustrated in figure 2.13. For p > Pc there is a cluster extending from one side of the 

system to the other, whereas for p < p^ no such cluster exists. 

0  0 .1  0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1  
Fraction of occupied sites (p) 

Figure 2.13 - Typical percolation curve showing the sharp insulator-conductor 
transition at the percolation threshold (p^ = 0.5928 in this example). 

There are two types of percolation processes on lattices; bond percolation and 

site percolation. Everything defined so far is called site percolation. In bond 

percolation, imagine each site of figure 2.14(a) to be occupied, and lines drawn 

between neighboring lattice sites. Then each line can be a connecting bond with 

probability p, or a disconnected bond with probability (1 - /?). A cluster is then a 

group of sites connected with connecting bonds. Note that a cluster of size 2 (3 sites 

3 O 
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Figure 2.14 - Example of bond percolation. Each occupied site on figure (a) can have 
a probability p of being connected with neighboring sites (figure (b)), forming the 
clusters shown in figure (c). 

connected by 2 connecting bonds) in bond percolation is equivalent to a cluster of 

size 3 in site percolation. Consequently, bond percolation occurs more readily than 

site percolation; for a given lattice < p""- In this way a given lattice presents 

a richer connectivity to a bond process than it does to a site process, which is why 

bond percolation is "easier" than site percolation^^^\ 

The growth of the bond percolation cluster on the square lattice of figure 2.14 

is shown as the broken curve in figure 2.15^"^\ This curve describes the probability 

P(p) of a randomly selected bond being a connected bond that belongs to the 

percolation cluster. P(p) is called the percolation probability. It marks the qualitative 

change at p^ as the opportunity for long-range connectivity goes, from nothing to 

something, and it provides the principal measure of the growth of the percolation 
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Figure 2.15 - Percolation probability, P(p), and conductance, a(p), for bond 
percolation on 3 dimensional simple cubic lattice. The solid line indicates the 
prediction of eq. 3.4 (from ref. 23). 

cluster as the concentration increases beyond p^. 

The curve labeled a(p} in figure 2.15 sketches the same behavior depicted in 

figure 2.13 for an electrical network. LikeP(pj, a(p) is zero iovp < p^, and increases 

abovePc {o(p) is normalized to unity alp = 1). However, just above/?<., P(p) rises 

very steeply, whereas a(p) shows a very soft rise. In fact, asp-p^ becomes very small, 

the slope dP/dp becomes very large (at p^ the slope is infinite). The initial growth 

in P(p) reflects the rapidity with which finite clusters link up with the percolation 

cluster as the concentration exceeds p^. But from the point of view of macroscopic 
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current flow, the new bonds (or filled sites) do not carry any current because they are 

situated on dead ends; i. e., they do not lead anywhere and thus they do not 

contribute to a(p). Just above the threshold, such dead ends dominate the percolation 

path, and only a fraction of it, called the backbone, contributes to the conductivity. 

This is illustrated in figure 2.16^^\ This is a very important practical consideration 

because in a conductor-insulator composite, one could design a system in which only 

a small fraction of the expensive conducting filler carries the electrical current. 

In the critical region very close to the percolation threshold, the percolation 

functions obey power-law dependencies on p - p̂ . As, p - Q 

-?,)<• „.2) 
a i p ) - ( p - p j  

where (3 and t are called critical exponents.^ and t are examples of dimensional 

invariants because they do not depend on the details of lattice geometry. They are 

the same for all lattices of the same dimensionality. Furthermore, jS and t are the 

same for site and bond percolation. This generality is known as universality. For 2 

dimensional lattices the values of (3 and t are 0.14 and 1.1, respectively. The values 

of IS and t for 3 dimensional lattices are 0.40 and 1.65, respectively. 
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(b) 

Figure 2.16 - (a) Largest connected component (white) in a 2 dimensional square 
lattice withp = 0.60, P(p) = 0.461. (b) Backbone (white) of the cluster shown in (a) 
(from ref. 24). 
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Although the critical region is governed by universal exponents, the 

percolation threshold is by no means a dimensional invariant; i.e., for each lattice 

type there is a unique value of p^, examples of which are given in table 2.1. In the 

table one can see the correlation between increasing Z (the coordination number) 

and decreasing p^. The more highly connected is a lattice, the lower is the 

concentration of filled sites (or connecting bonds) needed for the formation of the 

percolation cluster. Similarly, because lattices in higher dimensions are more highly 

connected than those in lower dimensions, the trend is to decreasing p^ with 

decreasing dimension. Also shown in table 2.1 is that pj'""'' < as discussed 

earlier in this section. 

Table 2.1 - Critical parameters for bond and site percolation for a variety of lattices. 

Lattice _ bond 
Pc Pc"" Z •^pbond vpf'=<Pc 

fee 0.119 0.1980 12 0.7405 1.43 0.147 

bcc 0.179 0.2540 8 0.6802 1.43 0.173 

sc 0.247 0.3110 6 0.5236 1.48 0.163 

diamond 0.388 0.4288 4 0.3401 1.55 0.146 

rcpC) 0.2700 0.6370 0.172 

average 1.5 0.16 

a) filling fraction; (b) rep = random close packed 
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2.2.1.1.1. Critical Volume Fraction 

So far the discussion on percolation theory has been made on the basis of a 

regularly ordered lattice. In many composite materials, where a highly random 

structure exists, the concept of a critical volume fraction, instead of a critical site (or 

bond) fraction, has to be introduced, in order to deal with a continuous set of spatial 

positions (instead of a discrete set of lattice sites). Volume fraction <t> is defined as the 

fraction of the volume that is taken up by the filled sites (or bonds) in a lattice (or 

the fraction of the volume occupied by a conducting filler in a conductor-insulator 

composite). The relationship between <p and p is 

0=vp  (2-3)  

where v is the filling fraction for the lattice, the fraction of space occupied by all 

sites. The critical volume fraction 0^ is the value of (p which applies at the threshold: 

0, = vp^ (2.4) 

The benefit of converting p^ to 0^ niay be seen by comparing the third and seventh 

columns of table 2.1, which lists p"" and 0^. for various 3 dimensional lattices. While 

the variability (non-universality) of p^ from lattice to lattice has already been 

mentioned, the same is not true for 0^. To within a few percent, the critical volume 

fraction for site percolation is 0.16, showing the insensitivity that <Pc has to lattice 

structure. This same "dimensional invariant" trend holds true for bond percolation. 

Table 2.1 shows numerical evidence that the product Zp^"^ is close to 1.5 for 3 
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dimensional lattices; i.e., the critical average number of bonds per site at which 

percolation occurs is 1.5. This was verified by Gurland^^^ using silver particles 

dispersed on a bakelite matrix as the composite media. He showed that, at the 

percolation threshold, where the resistivity of the mixture dropped from 10^ to 1 

n.cm, the silver particles shared 1.3 to 1.5 contacts per particle on average. 

Furthermore, Aharoni^^®^ gives plausible arguments on why the probability of 

formation of infinite chains becomes non zero when the average number of contacts 

per particle is between 1 and 2 for a system consisting of conducting particles 

dispersed randomly throughout the composite. 

2.2.1.1.2. Parameters Affecting the Critical Volume Fraction 

For site percolation, the critical volume fraction 0^ has been shown to be 

about 0.16. This value is obtained whenever contacting conducting spheres are placed 

at random on a regular lattice or conducting spheres are randomly packed with 

equally sized insulating spheres. Whereas for bond percolation the "ease of 

percolation" is proportional to the coordination number Z, in site percolation Z is 

replaced by v, the filling factor, which measures the efficiency with which the 

structure fills space. Consequently, the critical volume fraction can be increased or 

decreased depending on how well the structure can densely pack, meaning that <Pc is 

no longer a dimensional invariant. 



Mixtures of spheres (or grains) of different sizes can give quite different 

percolation thresholds^^°\ Malliaris and Turner^^'^ studied the influence of particle 

size on the electrical resistivity of compacted mixtures of polymeric and metallic 

powders. They observed that if the starting radii of the powders were approximately 

the same, the values of 0^ obtained were about 0.16. However, decreasing the radii 

of the conducting metal powder (i?„) below those of the polymer powder (Rp), the 

value of dropped to about 0.05 where the value Rp/R^ reached 30. The value of 

<Pc for Rp/R„, was calculated on the basis that each polymer powder is covered with 

a monolayer of metallic powder at 0^, The values of obtained using this 

assumption tends to be higher than those observed. A similar approach, but 

considering that the metallic powder does not necessarily cover the polymer powders 

to form a percolation path, was done by Kusy^^l In this case a 2 dimensional 

percolating network is formed at a value of (p^ of about one-half of that needed for 

the completed covered insulating particle model, and the results obtained are in close 

agreement with experimental values. Kusy also realized that conducting particles not 

on the surface of the insulating powder, but trapped in the interstitial sites or pores, 

increased <p^. 

One method of achieving a very low (p^. is to use filler particles with an 

elongated geometry, that is, particles with aspect ratios greater than 1. The effect of 

aspect ratio on percolation path formation is shown in figure 2.17, which shows three 

computer simulations of 2 dimensional composites^^'\ In each of the three frames, 

the filler particles occupy 20 area percent and have the same randomly assigned 
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Figure 2.17 - The effect of filler particle aspect ratio on network formation. Each 
frame contains 20 area percent filler. Filler particles have the same randomly 
assigned positions and orientations (from ref. 29) 

positions and orientations, but their aspect ratios vary from frame to frame. At an 

aspect ratio of 1, the percolation path is very short and most particles are not in 

contact with other particles. Some additional interparticle contacts are made at an 

aspect ratio of 4. When the aspect ratio is increased to 64, the fibers are joined into 

an effective network that contains multiple conduction paths. This is to be expected 

since the surface of a fiber is much larger than that of the sphere of equal volume 

so numerous contacts can occur on a single fiber and an infinite chain forms. 

The effect of fiber aspect ratio on the maximum volume fraction of filler that 

can be incorporated into a matrix has already been discussed in section 2.1. At the 

maximum volume fraction, an effective network containing conduction paths has 

already been formed. This value then repesents an upper bound for the concentration 

of a particular filler required to form effective percolation paths. 
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The biggest problem in percolation theory is that, in real systems, the ratio of 

the conductivities is usually not high enough to enable the percolation conductivity 

equation to be used accurately. This is especially true close to the percolation 

threshold^^^ Strictly speaking, percolation theory only applies when either the 

insulator conductivity or the conductor resistivity is zero, which presents a problem 

in many real systems. 

In the next section a phenomenological equation, which has the mathematical 

form of the percolation equation, is introduced. This equation can model situations 

near the threshold. However, a brief introduction to effective medium theory will also 

be necessary. 

2^.1^. Effective Media Theories 

The development of the physics of electrical conductivity in inhomogeneous 

media has been well reviewed by Landauer^^\ where he traces the evolution of 

effective media theory. Effective media theory attempts to predict the effective, or 

large-volume-average, conductivity in inhomogeneous media over the entire range of 

composition. 

Bruggeman's symmetric theory^^^^^^^ treats two (or more) constituents, with 

conductivities Oj and 02 and volume fractionsand/2, on a completely symmetrical 

basis; i.e., the neighborhood of constituent 1 (or constituent 2), composed of either 

constituent 1 or constituent 2, is assumed to be a uniform medium with conductivity 
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a„. The theory is for a random mixture of spherical particles of the two constituents, 

in the correct volume ratio, which together completely fill the medium with a 

conductivity The cases of conduction in one, two and three dimensions (d) can 

be combined in the formula 

Note the conductor-insulator transition at / = 0 + e (e is an infinitesimal), 1/2 and 

2/3 in one, two and three dimensions, respectively. 

InBruggeman's asymmetric one starts with a homogeneous material 

of conductivity 02- Then small volume fractions are cut out from the starting material 

(in the form of spherical or disc shaped cavities) and are replaced by spheres (in 3 

dimensions) or discs (in 2 dimensions), with volume fractionand conductivity 

The equation for the medium conductivity becomes 

(2.5) 

If/; = / and the conductivity = 0, equation (2.5) becomes 

(2.6) 

(2.7) 

for = 2 and 3. 



When Oi = 0, equation (2.7) becomes 

(J-) 

At each stage equation (2.8) predicts an effective conductivity. Removing further 

material forces the current to detour around the near cavity, but this is always 

possible under the assumption that the newly formed cavity is surrounded by a 

homogeneous medium with an effective conductivity. 

Equations (2.6) and (2.8) are plotted in figure 2.18. As shown in the figure, 

Bruggeman's asymmetric theory shows no conductor-insulator transition, i.e., if the 

matrix is an insulator, the medium will always be an insulator. This is achieved by 

having an effectively infinite range of sphere sizes each of which remains coated with 

the matrix at all volume fractions. Also worth mentioning is that equation (2.7) 

permits the replacing spheres to overlap, thus allowing shapes other than spheres for 

the dispersed phase. 

An idealized media for which Bruggeman's symmetric and asymmetric media 

theories are expected to hold is shown in figure 2.19. Figure 2.19(a) shows 

Bruggeman's asymmetric media, where the conducting phase completely wets and 

coats the insulating phase, while figure 2.19(e) shows the inverse case. In figure 

2.19(c), neither phase wets the other and one has a symmetric media. 

50 

(2.8) 
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Figure 2.18 - Bruggeman's symmetric and asymmetric theories for a metal-insulator 
mixture of spheres in 3 dimensions (a^ = composite conductivity; CTj = host 
(conductor) conductivity). 

22.1.3. General Effective Media Theory 

Bruggeman's symmetric and asymmetric media equations can be used to fit 

a wide range of experimental results in which the composite medium is either 

illustrated in figure 2.19(a), (c) or (e). However, composite media that are 

intermediate between those shown in the figures just mentioned occur more 

frequently and are of greater practical importance. Intermediate composite media 
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Conductor Insulator 

(a) Asymmetric Medium Conductor Host 

(b) Intemiediate Medium Conductor Host 

(c) Symmetric Medium 

(d) Intermediate Medium Insulator Host 

(e) Asymmetric Medium Insulator Host 

Figure 2.19 - Idealized media representing Bruggeman's symmetric (c) and 
asymmetric media theories (a and e). The GEM equation was developed to analyze 
media such as those shown in (b) and (d) (from ref. 32). 
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include non-spherical particles, finite conductor and insulator conductivities, and 

intermediate wetting or coating of the composite components. This situation is shown 

in figures 2.19(b) and (d). For these situations a general effective media (GEM) 

equation has been postulated^^^\ This equation is 

for ellipsoidal dispersions. Here / is the volume fraction of the low-conductivity 

phase, a, is the conductivity of the low-conductivity phase, a^^ is the conductivity of 

the high-conductivity phase, an, is the composite conductivity and t is an exponent. 

The constant A can be written as 

1 - 0  
^ (2.10) 

where (pc is the critical volume fraction at which the high-conductivity phase first 

forms a continuous percolation path across the medium. 

The similar extension for equation (2.9) is 

V' 
=0 (2.11) 

where <t> is the volume fraction of the high-conductivity phase. 
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Because equations (2.9) and (2.11) are not derived, they can only be justified 

by examining limiting and special cases and observing how well they model the 

measured conductivity of various systems. The limits are discussed next, whereas the 

modelling of experimental data is reported elsewhere.^^^^^^^^ 

The GEM equation reduces to the Bruggeman symmetric equation (equation 

2 . 5 )  w h e n  A  =  d  •  1  a n d  t  =  1 .  

"When t  =  1  and >1 = «>, equation (2.9) becomes 

fa, + il-f)a^=a^ (2.12) 

corresponding to the series equation, which describes a stack of slabs (or rods) of the 

two conducting media parallel to the current flux. 

When t  =  1  and A  =  0 ,  equation (2.9) becomes 

/ 
f 

I 
- i x - f )  

/ \ 
1 1 (2.13) 

\ * J "J 

corresponding to the parallel equation, which describes a stack of slabs (or rods) of 

the two conducting media perpendicular to the current flux. 

When/i =  l , t  =  1  and / = 1/2, equation (2.9) becomes 

which is the geometric mean. 
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When A  = «, a, = 0 and t  = d/(d-l), the GEM equation reduces to the 

Bruggeman asymmetric equation, (equation 2.7). 

The parallel and series equations can be considered to be the maximum and 

minimum observable boxmds for the conductivity of a media consisting of two 

components. Composite media described by these two equations are highly 

anisotropic and, therefore, are not very realistic. However, the properties of 

composite media which are on a large scale isotropic and homogeneous are of 

general interest. 

Hashin and Shtrikman^^^ derived the conductivity bounds for such media 

by a variation method. The two bounds are 

/ 
^upper J ^ ^ (2.15) 

n — /T J. 0 
Slower = + j -y- (2.16) 

(a^-a,) 3a/ 

The GEM equation, together with the series and parallel bounds and the 

Hashin-Shtrikman upper and lower bounds, are plotted in figure 2.20, for a system 

where = 10® n.cm and P; = 1 n.cm. As shown from the curves, the GEM equation 

always lies within the Hashin-Shtrikman bounds. 

Figure 2.21 shows experimental and theoretical results for graphite (gr) and 

carbon black (carb)^^^ and in a flexible epoxy (epo) system. The 
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parameters used to generate the theoretical lines from the GEM equation are (p is 

the electrical resistivity): Pcr = 0.087 n.cm, p^p^, = 1.30 x 10^° n.cm, <p^ = 0.421 and 

t = 3.0 for the graphite; = 1.15 x 10"^ n.cm, = 8.30 x 10' n.cm, 0^ = 0.074 

and t = 4.49 for the carbon; PFe304 = 1-62 x 10^ n.cm, Ppo,y = 8.91 x 10' n.cm, 0^ = 

0.496 and t = 1.50, Further details of the implications of these parameters on these 

systems can be found in Blaszkiewicz et 
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Figure 2.20 - Various resistivity bounds which can be expected for a medium where 
= 10® n.cm and p, = 1 n.cm. From top to bottom the curves are (a) the parallel 

equation, (b) the Hashin-Strikman upperbound, (c) the GEM equation (r=3,0c=1), 
(d) the Bruggeman-GEM equation (f=l, 0j.=l/2), (e) the GEM equation (t=3/2, 
0c=0), (f) the Hashin-Strikman lowerbound, and (g) the series equation. 
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Figure 2.21 - Resistivity versus filler volume fraction for graphite, carbon black and 
Fe304 - polymer composites. The curve was generated with the GEM equation using 
the parameters given in text (from refs. 35 and 36). 

22.1.4. Electronic Tunneling in Composite Materials 

As discussed in section 2.2.1.1, percolation theory predicts the onset of 

macroscopic conductivity of a disordered system. However, on a microscopic scale, 

the formation of a truly continuous conducting path is hindered by the fact that there 
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must exist a layer around individual conductive fillers due to the adsorbed matrix 

material. 

Two conductive fillers whose separation W is large (> 100 A) compared to 

atomic dimensions do, indeed, see each other through a resistance controlled by the 

bulk resistivity of the insulating matrix^^^. However, when W is small (<100A), 

electrons hop from conductor to conductor by tunneling through the insulating 

barrier, leading to a resistance lower than the resistance of the insulator in the bulk 

form. 

The phenomenon of tunneling is a purely quantum mechanical one, having no 

counterpart in classical mechanics^^l Figure 2.22 shows an energy barrier having 

an energy Vg above some reference level and a width W. If a stream of particles that 

obey classical mechanics approach the barrier from the left, no particles will be 

observed to the right of the barrier unless they have a kinetic energy E greater than 

Vg. On the other hand, if the particles are electrons, a fraction of the current incident 

on the barrier will be observed on the right-hand side even if E is less than V^. This 

is a consequence of the wave nature of the electrons. Tunneling is a quantum 

mechanical process in which the wave function of the electron is not confined entirely 

within a potential box, but has a small tail extending beyond the potential 

barrier^^®\ 

The tunneling process is completely analogous to the transmission of light 

waves through a thin metallic film. In the case of light, intensity decays exponentially 

as it penetrates the metal with a characteristic length, known as the skin depth, which 
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Figure 2.22 - Schematic diagram of a potential barrier of height V^, and width W with 
a particle of kinetic energy E incident from the left (from ref 38). 

depends on the conductivity of the metal. If the metal thickness is not too large 

compared with the skin depth, light will be transmitted. In the case of electrons 

striking the barrier of figure 2.22, the characteristic length is^'*°^ 

(2.17) 

where fi is Planck's constant, m is the electronic mass, and E < Vg. If Vg-E is of the 

order of 1 eV, then S is of the order of lA, so that tunneling currents can be observed 

only for veiy thin barrier widths. 



The basic equation for the tunneling current is^^^ 

r/ ^ \  ̂ ]  /(e)ocexp 
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(2.18) 

where /(e) is the tunneling current when the electric field across the gap is e, WKis 

the gap width and 6 is the characteristic length described in equation (2.17). Note 

that in equation (2.18) the tunneling current is an exponential function of the gap 

width; thus tunneling takes place almost exclusively between closely neighboring 

conductive fillers. 

In trying to understand the temperature-dependence of conductivity in carbon 

black-polyvinylchloride composites, Sheng^''^^ introduced a characteristic 

temperature variation to the normally temperature-independent tuimeling 

conductivity discussed so far. He reasoned that there exists across any gap in the 

material a voltage that is the sum of two parts. One part is simply due to the 

externally applied source; the other part is contributed by thermal fluctuations in the 

material that give rise to voltage fluctuations across the gap, given by (kT/C)'^, where 

k is Boltzmann's constant and C=A/47rW is the capacitance of the junction formed 

by the small regions of conductive filler aggregates (of area A) on either side of the 

gap. If C is small (the case for carbon black-PVC composites), the thermally 

generated voltage fluctuations across the gap are of appreciable magnitude. 

Furthermore, these voltage fluctuations contribute to an effective lowering of the 

tunnel barrier Vg (see figure 2.22) of the order of 10% at room temperature 
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(comparing with at T = OK) and to a temperature-dependent conductivity. The 

fluctuation induced tunneling conductivity is given 

where m  = WA/Str and x = (2mVyh^)'^. 

The importance of thermal fluctuations depends on the characteristic 

temperatures Tq and At temperatures T < < Tq, the fluctuations are so small 

as to have little effect, and the conductivity again becomes temperature-independent. 

Typical values for Tq and Tj are 1 - 5K and 20 - 135K respectively for carbon black-

PVC composites. 

Although equation (2.19) predicts limiting conductivities at higher 

temperatures, experimentally this behavior has been shown to be counteracted by an 

increase in gap width because of thermal expansion of the insulating matrix. 

Consequently, at some temperature, the conductivity goes through a maximum. 

A more complete approach to the electric conductivity of composite materials 

was done by Sherman et al.^^^. They incorporated three distinct physical processes 

(2.19) 

where 

(2.20) 

2Aieo 

•nxWk 
(2.21) 



62 

that can control the electron transport in composite materials; percolation, tunneling 

and thermal expansion. The latter was included to account for changes in gap width 

and volume density changes with temperature, as discussed in the last paragraph. 

Recently, Moffatt et al^'*^^ applied this model to VjOj-polyethylene composites and, 

although the model did predict the trend of the resistivity-temperature curve, it did 

not quantitatively fit the experimental data. 

On investigating the electrical conductivity of carbon-black-PVC composites, 

Balberg^''^^ obtained a value as high as 4.0 for the critical exponent t (a universal 

value of ^ 1.65 is predicted by percolation theory for 3 dimensional systems). He 

developed a simple model based on interparticle tuimeling conduction and a 

percolative network and concluded that tunneling is necessary to account for the 

nonuniversal values of t. 

Finally, as Bridge et al^'*^^ point out, the presence of impurities in the 

insulating matrix and, in the case of polymer matrixes, the presence of chain oriented 

structures may lead to an increase in the probability of interparticle tunneling 

conduction. 

222. Thermal Conduction in Composite Materials 

As with the electrical properties (section 2.2.1), the thermal properties of 

composite materials are also sensitive to the details of the microstructure. 
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Because the thermal conductivities of the insulator and the conductor are not 

so different as their electric conductivities, changes in thermal conductivity of a 

composite with composition are not as dramatic as those of electrical conductivity. 

This can be seen schematically in figure 2.23. While the electrical conductivity of 

composites rises sharply at the percolation threshold, the thermal conductivity 

increases smoothly with the increase of the filler volume fraction. This distinction is 

due to the different conduction mechanism that takes place during heat transfer. In 

solids, thermal conduction is mainly due to two distinct mechanisms^'^^; the 

electronic conductivity due to the charge carriers (electrons) which dominates in 

metals, and the lattice conductivity, due to lattice vibrations (phonons), which 

dominates in electrically insulating materials (dielectric materials also transfer energy 

by radiation (photons) at high temperatures). Consequently, heat transfer in these 

materials is possible even in the absence of a continuous network of filler particles. 

Heat transport by phonon interactions can be very efficient. For example, the 

maximum thermal transport due to charge carriers in copper is approximately 50 

W/cmK, as compared with 200 W/cmK due to phonon transport in a pure single 

crystal of sapphire in which all of the net transport is by phonon interaction^"*^. 

In amorphous polymers, like polymethyl methacrylate, phonons are scattered 

by various processes, reducing substantially the heat transport. Even semi-crystalline 

polymers, like high density polyethylene, contain enough intercrystalline defects and 

amorphous regions to significantly reduce their level of thermal conductivity. Polymer 

with a high degree of molecular orientation along their main chain axis shows 
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Figure 2.23 - Schematic electrical and thermal conductivity behavior of composite 
materials. Predictions are based on the GEM and Nielsen's model (eq. 2.22) 
respectively. Note the absence of a percolation threshold for heat conduction. 

thermal conductivities 200 times greater than their unoriented counterparts^"*^. Also, 

heat transport in polymers increases with increasing molecular weight. 

Carbon fibers also show a strong dependence of thermal conductivity with 

degree of orientation and, hence, with the tensile moduIus^^\ 

There have been numerous attempts at constructing theories to describe the 

effective thermal conductivity of a composite and these theories may be divided into 

two types: rigorous and empirical. Rigorous theories, in which Bruggeman's effective 



65 

medium theory (see section 2.2.1.2) is an example, do not contain empirical 

parameters; these have been reviewed by Torquato^'*'\ Empirical theories contain 

parameters whose values must be estimated, or empirically determined. Empirical 

methods have been reviewed by numerous authors.^^^^^^^ Most of these models 

assume intimate contact between the insulating matrix and the conducting filler 

particles and a random dispersion of filler particles throughout the matrix. A serious 

limitation for many of these models is their applicability to a small concentration of 

spherical particles. Some models take into account the effect of nonspherical particles 

and the ratio of the thermal conductivity of the filler to the matrix; only a few are 

concerned with the effect of particle shape, conductivity of filler, and its 

concentration over a wide range of these parameters^""^. 

In their review, Progelhof et al^^^ concluded that, for glass spheres and 

magnesium oxide powder randomly dispersed in polyethylene up to 30 volume 

percent, Nielsen's empirical model fitted the data best for the range of fillers tested. 

Nielsen's model is^^^^: 

K _\+AB(p (2.22) 

where 

K f / K „  
(2.23) 
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(2.24) 

Kg. is the thermal conductivity of the composite and Kf and are the thermal 

conductivity of the filler and the matrix, respectively; <p is the volume fraction of filler 

particles in the composite; (t>„ is the maximum filler volume fraction possible while 

still maintaining a continuous matrix phase; and^l is a geometrical term depending 

on the particles shape, aspect ratio and/or degree of aggregation. Values of A and 

are given in reference 45. 

Bigg^"*^ tested Nielsen's model on composites with metallic particles, mineral 

particles and carbon fibers at volume concentrations up to the maximum for each 

filler. A summary of his survey is shown in figure 2.24 for the case of metallic 

spherical fillers. Also plotted on figure 2.24 is the predicted relationship of Nielsen, 

assuming <t>„ = 0.637 (the case for random close packing of spheres), A = 1.5, and 

a value of 1000 for the ratio of the thermal conductivity of the filler to that of the 

matrix. Nielsen's model follows the experimental data with excellent accuracy up to 

a volume fraction of approximately 0.5. According to Bigg^''^, the discrepancy above 

0.5 is due to poor dispersion of the fillers, introducing voids into the composite which 

reduces the thermal conductivity. However, when analyzing data on injection molded 

short carbon fiber reinforced composites. Bigg concluded that a simple predictable 

theory, such as Nielsen's, is inadequate to account for the variety of fiber 

distributions (non-randomness) that are possible in injection molded composites. 
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Figure 2-24 - Relative thermal conductivity as a function of volume fraction for 
plastic reinforced with various metallic spherical particles. Kp = plastic (matrix) 
thermal conductivity (from reference 47). 

Hakansson and Ross^^^^ also included Nielsen's empirical model in their 

work on the thermal conductivity of a low density polyethylene-AgCl powder 

composite. For their system, they found that Bniggeman's effective medium equation 

(see section 2.2.1.2) provided the best fit for the experimental data. Furthermore, 

they concluded that empirical methods in general are inherently unsatisfactory in the 

sense that they contain unkown parameters. 
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Recently, Hatta et studied the thermal conductivity of polymers 

reinforced with various types of fibrous and spherical fillers. They compared their 

experimental data with a previous analytical model^^^^ and a reasonable agreement 

was obtained. 

2.3. Applications of Conductive Composites 

In this section the use of polymeric conductive composites is discussed. 

Polymers are generally chosen for parts because of their low cost, low density, 

ease of forming and chemical inertness. They are also effective thermal and electrical 

insulators. In recent years, however, the rapid proliferation of polymers in electronic 

equipment and the increasing use of polymers in the automotive industry has resulted 

in an increasing need for polymers that can conduct heat and electricity . 

Figures 2.25 and 2.26 compare the thermal and electrical resistivities of 

different classes of materials. Figure 2.25 shows that polymeric composites can, 

depending on the application temperature range, replace metals as heat conductors, 

with the advantages described above. Regarding electrical resistivity, figure 2.26 

shows that these materials can have resistivities lower than semiconductors, making 

it possible to use them in a variety of applications. A list of some of these 

applications is presented in table 
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Figure 2.25 - Thermal conductivities for various classes of materials (units are 
cal/s.cm.K). The data are from the CRC Handbook of Chemistry and Physics, 71" 
edition. 
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Figure 2.26 - Electrical resistivities for various classes of materials (units are n.cm). 
The data are from the CRC Handbook of Chemistry and Physics, 71®' edition. 
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Table 2.2 - Some of many applications of conductive polymeric composites. 

2.3.1. Electric Conductive Polymeric Composites 

Electrically conductive pofymeric.composites (ECPC) are finding increasing 

applications in the automobile and electronics industry. For instance, polymers filled 

with metal and metal-coated graphite fibers were used in cases for hand-held 

satellite-guided positioning devices during the Gulf War to provide electromagnetic 

interference (EMI) and electrostatic dissipation (ESD) shielding. Today, civilian 

applications, such as calibration equipment for lasers, navigational aids, housing for 

oscilloscopes, ventilator, computers and TV's, are becoming common^^^^^®\ 

Another common use for ECPC is as positive-temperature-coefficient (PTC) 

resistors. These materials are characterized by a sudden resistivity increase upon 

EMI shielding 
Computers and their peripherals 
Telecommunication equipment 
High gain electronic equipment 
Motors and relays 
Automobile hoods 
Cable shields 

Electrostatic dissipation 
Electronic assemblies 
Computers 
Aircraft surfaces and 
interior 
Hospitals 
Rugs and fabrics 

Electrical Conductivity 
Thermal detectors 
Electrochemical electrodes 
Flow meters 
Electric junction boxes 
Electrostatic spraying 
Electroplating 

Thermal Conductivity 
Heat sinks 
Solar collection panels 
Heat exchanger 
Electronic cabinets 
Bearings and rings 
Tank wheels and pads 
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increasing temperature at filler concentrations near the percolation threshold^^'\ 

At high temperatures, the difference in thermal expansions of the filler and the 

matrix are believed to create gaps too large to allow electron tunneling to occur, 

resulting in the increase in resistivity^®'^ 

There is a huge market in the electronic packaging industry for electrically 

conductive adhesives. Applications include die attachment, surface mount component 

attachment (SMT), conductive paths, lead attachment, LED attachment, bonding of 

EMI/ESD gaskets and circuit repair work^®^^^®^\ Reasons for using these 

adhesives are their ability to accommodate the mismatch in thermal expansion 

between a ceramic chip carrier and the board itself (which is a problem with 

conventional tin/lead solders); significant simplification of the surface mount 

technology process; lower temperature processing and elimination of the fluxes and 

chlorofluorocarbons needed when using solder. Normally, conductive adhesives have 

low electrical resistivies (~ 10^ n.cm), good thermal stability and very stable 

electrical conductivity at high temperature (85 -100 °C) and high humidity^''^ Typical 

resins are epoxies and polyimides, although the methacrylate adhesives are emerging 

as potential substitutes^"^ The fillers normally used are the precious metals, 

mainly silver in the form of powder or flakes, with loadings of up to 75wt%. 

Recently, because of the relatively high density, constantly fluctuating cost and 

potential for galvanic corrosion with many substrate materials, the precious metals 

are being replaced by hybrid particles, an example being aluminum particles coated 

with a thin layer of silver^"\ 
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2.3.1.1. Electromagnetic Interference (EMI) 

EMI can be defined as spurious voltages and currents induced in electronic 

circuitry by external sources^^^ EMI can interrupt communications, erase information 

stored electronically in computers, and cause equipment malfunctions. 

The protection of electronic circuitry falls into two categories. Conducted EMI, 

which travels along power leads and data buses, can be attenuated with suitable 

filters. Radiated EMI (transmitted through the air) can be stopped with a shielded 

enclosure, which also blocks EMI radiation from the electronics within the shield. It 

is the latter, which is of increasing concern to plastics molders and compounders. 

Shielding is the sum of three mechanisms for interrupting the transmission of 

electromagnetic radiation: reflection, absorption, and multiple internal reflection^^\ 

In electrically conductive composites, reflection is by far the dominant mechanism, 

accounting for as much as 85 to 90% of the shielding^^\ 

An EMI shield is a barrier made of conductive material that attenuates 

(through reflection and absorption) radiated electromagnetic energy. Shielding 

effectiveness (SE) is a number that quantifies the attenuating ability of a particular 

material in a particular configuration. It is defined as the logarithm of the ratio of 

incident power to transmitted power and expressed in decibels (dB) according 

to(^) 

SE = W\og(,P^/P,) (2.25) 
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Thus 30 dB corresponds to attenuation of 99.9% of the incident power. The 

measurement of shielding effectiveness is discussed in detail in reference (66). 

While it is accepted that electrical conductivity is a prerequisite for shielding, 

shielding effectiveness also depends on the reflection and absorption coefficients of 

the filler, and the size, shape, and distribution of the voids in the conductive filler 

network^^\ It also depends on the complex permittivity of the matrix^^\ In most 

cases, however, the shielding effectiveness plotted against the volume resistivity of 

the composite falls within a fairly narrow envelope, as illustrated by figure 2.27. As 

the figure shows, a volume resistivity on the order of 1 n.cm provides about 40 dB 

of shielding; this should satisfy just about any current commercial application^^^. 

One advantage in the use of electrically conductive polymer composites as 

inherent EMI shields is the elimination of the expensive and time consuming 

procedure involved in applying conductive coatings to molded parts. The use of 

conductive fillers requires no equipment modification and provides added benefits 

such as reduced cycle time and increased thermal conductivity. Table 2.3 summarizes 

the advantages and disadvantages of some of the technologies for making electrically 

(and thermally) conductive composites. 

A related and less demanding electrically conductive polymeric composite 

application is electrostatic dissipation (ESD), that is, to bleed off charge continuously 

as a means of preventing harmful arcing discharges. The requirements for ESD are 

similar to those for EMI, but a lower conductivity is required. Resistixdties of lO"* to 

10*^ n.cm are adequate to bleed off static charges rapidly^^\ 
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Table 2.3 - Comparison of technologies for making conductive polymeric 
composites^®'^. 

Technique Advantages Disadvantages 

Conductive 
coating 

-paint 
-arc/flame spray 
-vacuum 
metallization 
-chemical 
deposition 
-sputtering 

-excellent 
conductivity, hence 
good shielding 
effectiveness 
-inexpensive 
-does not alter 
mechanical properties 
-does not affect 
aesthetics if coating is 
applied to part 
interior 

-extra processing step 
-a scratch will cause 
EMI leak 
-adhesion and 
corrosion must be 
controlled 
-high capital cost 
-coating thickness 
hard to control 

Conductive 
fillers 

-carbon black 
-carbon fibers 
-aluminum 
flakes 
-metallized glass 
-stainless steel 
fibers 

-economic, one stage 
processing 
-little modification to 
existing machinery 
-reduced cycle times 
-increased thermal 
conductivity 
-surface damage does 
not affect integrity of 
shield 

-large loadings 
required to provide 
adequate conductivity 
-fillers often degrade 
mechanical properties 
-color limited to 
silver brown or black, 
unless painted 

Inherently 
conductive 
polymers 

-doped 
-non-doped 

-conductive without 
modification 

-experimental 
-highly unstable 
-expensive 

2.32. Thermally Conductive Polymeric Composites 

For most applications, the thermal conductivity of plastics is either disregarded 

or kept as low as possible. These include power tools, athletic equipment, medical 
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Figure 2.27 - Relationship between shielding effectiveness and volume resistivity of 
many materials (from ref. 29). 

tools, and food service ware^^\ On the other hand there are serious disadvantages 

of using thermally insulating plastics, mainly during product use and manufacture. 

Examples include the use of high power, high packaging density semiconductors 

whose heat must be quickly dumped outside the system, or during extruding and 

injection molding processes, where heat must be drawn out of the system into the 

cold mold to solidify the part, extending the cycle time. Therefore, thermally 

conductive polymeric composites (TCPC) are finding increasing use to reduce hot 

spots or to conduct heat from a thermally sensitive component. 

In general, polymeric composites which are electrically conductive are good 

thermal conductors. Thus, applications where electrical conductivity is important will 
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have to cope with the increase in thermal conductivity as well. Although this seems 

to be a problem, these high electrical and thermal conductive polymeric composites 

can be used in the majority of applications where only electrical conductivity is 

required. 

Polymeric composites can be tailored to have good thermal conductivities but, 

at the same time, have high electrical resistivities. This can be achieved by 

concentrations of fillers below the threshold concentration. Thermally conductive 

adhesives are examples of this class of polymeric composites. The demand for these 

adhesives has increased with the development of smaller, more reliable electronic 

packages^^'\ The heat generated by this miniaturization can cause failure of parts 

as they exceed their maximum operating temperature. Also, by using adhesives, 

device designs are simplified and weight is reduced^^°\ 
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3. EXPERIMENTAL PROCEDURES 

3.1. Materials 

The filler material used in this investigation was short carbon fibers. They are 

experimental fibers made by DuPont, with thermal conductivity and electrical 

resistivity similar to the P-100 fiber made by Amoco Performance Products, Inc. 

These values are 1.24 cal/cm.s.°C and 0.0025 n.cm, respectively^'^l The as-

received fibers have an average diameter of S/xm and are on average 285Mm long 

(measurements of fiber dimensions are described in detail below). Table 3.1 gives 

typical properties of some commercial carbon fibers. 

Fiber density was measured using a 50 ml Gay - Lussac bottle according to 

the following procedure. First, the weight of the empty and dry bottle was measured 

(W^). Next, the bottle was filled with ethanol and weighed (PF/). After this, the bottle 

was emptied and dried at 100 °C for 15 minutes and allowed to cool to room 

temperature. Then a known amount of fiber was placed in the bottle and the weight 

measured (ft^j). Finally, ethanol was again poured into the bottle with the fibers and 

the weight measured 

Fiber density was calculated using the following formula: 



where pi^ is the density of ethanol. Table 3.2 shows the results. The average fiber 

density measured was 2.04 ± 0.05 g/cm^ 

Table 3.1 - Typical properties of carbon fibers^^^^^^^ 

name manufacturer pre
cursor 

UTS 
(GPa) 

E 
(GPa) 

density 
(g/cm^) 

P Ka 

P.25 Thomel Pitch 1.40 160 1.8 0.013 0.5 

P-55S Thomel Pitch 1.90 380 2.00 0.009 0.29 

P-100 Thornel Pitch 2.37 758 2.15 0.002 1.24 

P-120 Thomel Pitch 2.37 827 2.18 0.002 1.53 

T-40 Thomel PAN 5.65 290 1.81 0.015 0.04 

T.300 Thornel PAN 3.65 231 1.76 0.018 0.02 

GY70 Celanese PAN 1.86 517 1.96 0.001 — 

F3(0) Great Lakes PAN 2.48 186 1.73 0.002 0.05 

F-5 Great Lakes PAN 2.76 331 1.80 0.001 0.34 

resistivity (n.cm); Kg is axial thermal conductivity (cal/s.cm°C) 

Table 3.2 - Carbon fiber density measurements. 

# T 
(°C) 

Pl mass 
(g) 

Wl 
(g) 

K 
(g) 

WS.L 
(g) 

P 

1 28 0.782 7.57 20.16 59.48 27.73 64.12 2.02 

2 27 0.783 2.14 20.15 59.41 22.30 60.73 2.05 

3 28 0.783 12.55 20.16 59.39 32.71 67.26 2.10 

4 27 0.783 1.31 20.15 59.43 21.46 60.22 1.98 

* data from CRC Handbook of Chemistry and Physics, 71®* edition, page F-3. 



Methymethacrylate (MMA) was used as the medium for the dispersion and 

sedimentation studies, and as the monomer which was subsequently polymerized into 

the matrix material in the composite. It was purchased from Aldrich Chemical 

Company, Inc. MMA was chosen because its polymerization is simple and very well 

characterized in the literature. Another important aspect of using MMA is that it 

completely wets the carbon fibers, thus greatly enhancing the dispersion 

characteristics of the system. This was confirmed by measuring the contact angle 

between composite samples (polymethyl methaciylate (PMMA) with varying fiber 

content) and MMA, since a precise measurement of the carbon fiber wettability is 

a difficult process^''®^ A contact angle goniometer was used to measure the angle 

formed when a 0.2 ml droplet of MMA was placed on the samples using a syringe 

at room temperature in air. A zero contact angle (complete wetting) was found for 

all samples. A similar result was found for contact angles between carbon fibers and 

several organic liquids using a gravimetric method^'*®\ 

For the dispersion and sedimentation studies OLOA 1200, oleic acid and 

ethanolamine, was used as the dispersant. OLOA 1200, a mineral oil dispersant 

produced by the Chevron Corp, is a polybutene chain of about 100 carbon atoms 

with a terminal amine function. OLOA 1200 has shown to be an effective dispersant 

for silicon carbide^'^^ Oleic acid, an unsaturated carboxylic acid with a 18 carbon 

chain, is an effective dispersant for alumina^'''^ Ethanolamine is an organic liquid 

with two polar end functions: -NH2 and -OH. The formula, molecular weight (MW), 
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density (p) and boiling point (bp) of MMA and the three dispersants are listed in 

table 3.3. 

Table 3.3 - Properties of the organic liquids used. 

Liquids formula MW 
(g/cm^) 

bp 
(»C) 

MMA H2CC(CH3)C02CH3 100.12 0.936 100 

OLOA 1200 H(CH2C(CH3)2)„-NH2 1200 — 

Ethanolamine H2NCH2CH20H 61.08 1.012 170.6 

Oleic acid CH3(CH2)7CHCH(CH2)7C02H 282.47 0.893 286 

32. Sample Preparation 

32.1. Chopping of the As-Received Fibers 

As the aspect ratio of the filler material plays an important role in achieving 

high volume fractions and high thermal and electrical conductivities, it was necessary 

to decrease the length of the as-received carbon fibers. This was achieved by 

chopping them using a domestic blender with a metallic cup. Fiber length was 

changed by varying the blending time. Approximately 30 g of the as-received fiber 

was placed in the metallic cup together with 600 ml of ethanol. The blending times 

used were 1, 2, 5, 10, 15, 20, 30 and 50 minutes. Further blending would have 

resulted in very little decrease in fiber length, as shown in figure 3.1. After blending. 
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the fibers were separated from the ethanol in a Buchner filter. They were dried for 

60 minutes at 100° C and stored in a dessicator. 
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Figure 3.1 - Variation of fiber average length with blending time. 

322. Fiber Size Distribution 

The average lengths and diameters of the fibers, were measured from 

photomicrographs. There was an attempt to use an image analysis system 

(OMNIMET n fi-om Buehler) to measure size distribution, but this was without 
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success. Only the dimensions of fibers that were not tangled could be measured, and 

this meant that one had to tediously pick only the straight fibers and orient them. 

First, a small number of fibers was mixed with one drop of oil on a glass slide; 

this prevented the fibers from agglomerating. Photomicrographs were taken at 50 and 

lOOX magnification (for the as-received fibers 25 and 50Xwere used instead) on ASA 

100 black and white 35 mm film. To get the same sampling area, four photos were 

taken under 50 X (25X) magnification, and sixteen photos were taken under lOOX 

(SOX) magnification. 

3 J.3. Dispersion and Sedimentation Studies 

Dispersion and sedimentation studies were performed to determine the 

conditions under which the carbon fibers pack to high density. For these studies only 

the fibers blended for 10 minutes were used. 

In the first set of experiments, a sample of carbon fibers (1.3 g) was placed 

into a 25 ml glass graduated cylinder. MMA was added (12 ml) to the cylinder, and 

it was shook until the fibers were thoroughly dispersed (approximately 2 minutes). 

Sediment densities were measured after either letting the fibers settle under gravity, 

or after centrifuging for 20 minutes. A centrifuge tube was used for the centrifugal 

sedimentation test rather than the graduated cylinder. 
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Another series of dispersion tests were performed to investigate the effect of 

humidity, concentration, mass, and different sedimentation conditions on the 

sediment density. 

Because the dispersion of particles can be influenced by any surface adsorbed 

contaminants, the effect of water, both adsorbed on the fibers and contained in 

MMA, was suspected to decrease sediment densities. Therefore, carbon fibers were 

dried at 120 °C for 24 hours; the weight loss upon drying the powders was 0.1 wt%. 

MMA was dried by placing 15.0 g of molecular sieve in 30 ml of liquid for three 

days. 

Concentration experiments were performed to verify if the total mass of the 

fibers affects the sediment density. A constant mass of fibers was used with a 

decreasing amount of MMA to get different fiber concentrations (table 3.4). The 

dispersion procedure was the same as before, with the exception that the cylinder was 

placed in an ultrasonic bath for 30 minutes after being shook. 

For the mass experiments, the fiber concentration was held constant at 15.8 

vol.% while the total volume of suspension was varied, as shown in Table 3.4. 

The effect of using different sedimentation conditions on the sediment density 

for 2.5, 5.2, 10.4 and 20.8 vol% fiber concentrations was also investigated. The total 

suspension volume was fixed at 12.0 ml. After shaking the centrifuge tube by hand, 

it was placed on a centrifuge at 12000 rpm for 20 minutes. The effect of combining 

ultrasonic vibration for 30 minutes together with 20 minutes of centrifugal 

sedimentation was also investigated. 
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Table 3.4 - Dispersion test parameters. 

Experiment Fiber Suspension MMA Fiber 
concenration volume volume weight 

(vol %) (ml) (ml) (g) 

Concentration 2.6 25.0 24.4 1.30 
effect 5.2 12.5 11.9 1.30 

10.3 6.3 5.7 1.30 
20.3 3.2 2.6 1.30 

Mass 15.8 7.1 6.0 2.25 
effect 15.8 14.2 12.0 4.5 

15.8 21.4 18.0 6.75 
15.8 28.5 24.0 9.00 

Sedimentation 2.5 12.0 11.7 0.60 
conditions 5.2 12.0 11.4 1.25 

10.4 12.0 10.9 2.50 
20.8 12.0 9.8 5.00 

Another sedimentation test was performed on dispersions composed of 12.0 

ml MMA and 1.3 g (5.2 vol%) of carbon fiber. A 25 ml graduated cylinder was 

shaken by hand and the sediment allowed to settle under the influence of a 

continuous lateral agitation produced by the apparatus shown in figure 3.2. An 

electric stirrer rotates a shaft which contains two rubber stoppers. This setup acts like 

a camshaft, with the rubber stoppers tapping the cylinder (a test tube is shown in the 

figure for simplification) on every half shaft revolution, thus producing lateral 

agitation. However, as can be seen in the figure, the agitation is not homogeneous, 

being more effective when the rubber stoppers are in the position shown in figure 

3.2(a). 
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Figure 3.2 - Apparatus used for the lateral agitation of the dispersions, 

3^.4. Composite Preparation 

Composites were prepared by polymerization after dispersion in MMA and 

sedimentation; glass tubes with 10.5 mm diameter and 70 mm length were used in 

this step. 

3^.4.1. Polymerization of Methylmethaciylate 

Methylmethacrylate undergoes radical chain or addition polymerization. 

Radical chain polymerization is a chain reaction consisting of a sequence of three 

steps: initiation, propagation and termination. 
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In the initiation step, free radicals R* produced by the dissociation of 

initiators add to a monomer molecule to produce the chain initiating species 

/  v l R -

R + M  .Mj-
(3.2) 

The successive addition of one monomer M to Ml - will create a new radical 

M2- that is larger by one monomer unit. This propagation step can be represented 

by: 

Afi-+ M . Mj- (3.3) 

or in general terms 

(3.4) 

The termination step occurs by bimolecular reaction between radicals. 

Initiators commonly used to initiate polymerization are the organic peroxides, 

organic hydroperoxides, azo compounds and metal alkyls. All have the optimum 

range of bond dissociation energy of 25 - 40 kcal/mol^'^\ 

According to Odian^^^\ in order to function as a useful source of radicals, an 

initiator system should be readily available, stable under ambient or refrigerated 

conditions, and possess a practical rate of radical generation at temperatures up to 

150 "C. The rate of radical generation is given by the first-order decomposition rate 
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constant and should be in the range of 10"^ to 10'^ sec"^ for the temperature range in 

which the initiator is employed^'®\ 

Benzoyl peroxide was used as the initiator. It is a useful thermal initiator in 

the temperature range of 60 to 80° Benzoyl peroxide generates free radicals by 

dissociating according to the following reaction. 

0 0 O 
n y 0 

0—C—O—O—C—0 » 2(p—C—0-
(3.5) 

where the benzene ring is represented by <j>. The overall polymerization reaction for 

MMA using benzoyl peroxide as the initiator is 

OCH^ 

I 
c=o 
I 

nCH^=C 

I 
CH, 

OCH^ 

c=o 

CH^-C 

CH, 

Jn 

(3.6) 

32.42. Optimum Polymerization Conditions 

Control of the initiator concentration in the monomer is important because 

the rate of polymerization is proportional to the square root of the rate of initiation. 

In order to obtain a good quality sample in a reasonable period, a compromise had 
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to be made between polymerization rate and quality of samples; therefore, several 

concentrations of initiator, ranging from 0.05 to 1.0 wt% were tried. 

In the first polymerization trials, 1.0 wt% benzoyl peroxide was used, resulting 

in porous composites. It is reported^^ that the polymerization of MMA is 

exothermic, with the heat of polymerization at 25 °C equal to 13.5 kcal/mole of 

polymerized monomer. It was hypothesized that the heat released by the reaction was 

sufficient to vaporize the monomer (boiling point of MMA is 100 °C), thus creating 

bubbles that were trapped inside the material. 

Therefore, polymerization reaction temperatures were monitored for samples 

with 0.05, 0.1 and 1.0% benzoyl peroxide settled under gravity and under the shaker 

for 60 minutes. Polymerization was effected by inserting the glass tubes in an oil bath 

at 60 ° C. A thermocouple was inserted into the sediment prior to polymerization, and 

the temperature was recorded during polymerization. 

Another possible source of bubbles is the probability that the free radical 

produced by reaction (3.5) would react according to the following reaction: 

0 O 
1 1 (3.7) 

Ixp—C—O » <t>—C—O—tp + CO2 

According to Odian^^®\ this reaction has a reasonable probability of competing with 

those leading to initiation of polymerization. Thus, COj could also be the source of 

bubbles. 
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A third possibility was that during the dispersion procedure, air was entrapped 

during agitation, and subsequent polymerization would create pores. So the sediments 

were put inside a vacuum chamber prior to polymerization, allowing air bubbles to 

escape. 

Another problem was the appearance of shrinkage cavities, attributed to the 

20% volume change that occurs when MMA polymerizes. The volume of shrinkage 

cavities was greater with rapid polymerization (higher concentrations of benzoyl 

peroxide), so that the concentration of benzoyl peroxide was limited. 

3.2.4.3. Preparation of Composites 

After finding the optimum polymerization parameters that could yield good 

quality samples in a reasonable time, samples were prepared with fibers of different 

aspect ratios and different volume fractions, based on previous dispersion and 

sedimentation studies. The final procedure for polymerizing the high sediment 

density dispersions was performed by heating the sediment, containing monomer and 

initiator, for two days in an oil bath at 60 "C. To relieve the residual stresses 

introduced during polymerization, samples were heated above the glass transition 

temperature of PMMA to 120 °C for one hour. This post treatment also eliminated 

any residual monomer. Samples were then slowly cooled in the oil bath to avoid any 

thermal stresses in cooling cycle, released from the glass tubes by breaking the tubes, 

and were cut into the desired sizes with a diamond blade. 



The above procedure was followed for preparing medium to high volume 

fraction composites. In order to observe the conduction behavior at smaller volume 

fractions, a different procedure was used. To avoid the settling of the fibers (and 

hence high sediment densities), the monomer viscosity had to be increased, thus 

decreasing the settling velocity of the fibers. For this purpose, medium molecular 

weight PMMA was added to 200 ml MMA in a beaker. The solution was then heated 

to 50°C and thoroughly mixed for 1 day or until all PMMA was dissolved. Several 

PMMA concentrations were tested to arrive at the optimum viscosity. Carbon fibers 

were then added to the high viscosity solution, small amounts at a time, and the 

black mass poured into the glass tubes. Polymerization was carried out as described 

above. 

3.3. Fiber Volume Fraction Determination and Uniformity of Samples 

Two different procedures were used to determine fiber volume fraction in the 

composites: firstly, a chemical method developed by Haynes et al^'®^ and secondly, 

a method of burning out the matrix. 

In the Haynes' method 0.3-0.5 g of the composite was placed in a long-necked 

flask, along with 20 ml of concentrated sulfuric acid. The flask is heated until the 

acid begins to fume. Hydrogen peroxide (50%) is then added dropwise to minimize 

the violence of the reaction; after approximately 30 minutes, the polymer is 

completely digested. The mixture is allowed to cool to 70-80 °C, and the carbon 
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fibers are collected by vacuum filtration through a medium porosity sintered glass 

crucible (Gooch crucible). The fibers are washed with 600 ml distilled water and 

rinsed with ethanol to remove surface moisture. The crucible is removed from the 

filtering system, placed in an open beaker, and dried at 120 °C for 45 minutes. After 

drying, the crucible is cooled in a desiccator and weighed. 

This method was tried on samples containing fibers that had been blended for 

1,5,10 and 30 minutes. Although it gave reliable results, it proved to be delicate and 

very time consuming. 

Burning out the polymer matrix inside an oven was the alternative method. 

To find the temperature range in which PMMA bums out of the composite, thermal 

gravimetric analysis (TGA) was done on samples with fibers blended for 2 and 10 

minutes. A DuPont Instruments model 951 Thermogravimetric Analyzer was used. 

In the case of the sample prepared with fibers blended for 2 minutes, two TGA runs 

were performed. The results are shown in figures 3.3 and 3.4. As can be seen from 

the figures, the results are in very close agreement. The weight loss due to PMMA 

burn out occurs almost entirely between 300 and 400 ° C. Both samples lost about 

53.5 weight %, with the remaining carbon fibers accounting for 46.5 weight % (35.0 

vol.%). 

After determining the temperature and time to bum out the polymer matrix, 

the fiber volume fraction was determined by weighing small amounts of sample in 

a platinum cracible and placing it in an oven. The oven was heated to 480 ° C for one 

hour. In between measurements, the oven was allowed to cool to 100 ° C. This was 
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Figure 3.3 - TGA run on sample with 2 minutes blended fiber (position 1 
described in figure 3.5). 
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Figure 3.4 - TGA run on sample with 2 minutes blended fiber (position 2 
described in figure 3.5). 
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done mainly to avoid rapid vaporization of PMMA, and consequently throwing the 

fibers out of the platinum crucible. This procedure gave a very good correlation with 

the results obtained by TGA analysis, and therefore was the one used throughout this 

research. 

The uniformity of samples was also checked to see whether there were any 

variation of fiber volume fraction along the length of the composite. Slices of about 

2 mm thick (~ 0.2 g) were cut from the samples according to figure 3.5. The round 

bottom part was discarded. Fiber volume fraction determinations were performed as 

described above (oven method). Results for a composite prepared with fibers 

blended for 10 minutes are included in the figure. 

i 
2 mm 

10.5 mm 

Vol. % 
— 46.6 

— 47.0 

— 46.6 

46.9 

47.8 

47.3 

48.0 

46.0 

Figure 3.5 - Procedure used to check the uniformity of samples. Volume fraction 
values are for sample prepared with fibers blended for 10 minutes. 
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3.4. Electrical and Thermal Conductivity measurements 

Electrical resistivity measurements were made on composites which had been 

molded into bars measuring 3.0 x 0.5 x 1.0 cm. The standard four-probe method was 

used. The potential across the sample electrodes was measured with a digital 

electrometer (Keithley Instruments, model 617). The current was controlled with a 

programmable current source (Keithley model 224). Three specimens of each 

composition (same volume fraction and fiber aspect ratio) were tested. Three 

measurements were made for each specimen. 

Electrodes were made by threading brass screws through predrilled holes in 

the sample, as shown in figure 3.6. According to Hmurcik et al^'^^ by threading 

screws through the full thickness, enough fibers can be contacted so as to minimize 

contact resistance. This was verified by also making two-probe measurements. In this 

case, the voltage V across the contacts for a current I gives 

VlI=2R^^pLlA (3.8) 

where A is the sample cross-sectional area, L is the distance between contacts, and 

Rc is the contact resistance between the screw and the sample. V/I was measured for 

a given L, the distance between screws L was then decreased, and new measurements 

for V/I were taken. By plotting V/I versus L, one can extract the resistivity, p, and 

Rg. 
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Figure 3.6 - Sample dimensions showing the position of the 4 brass screws used as 
the electrodes. 

The two-probe method was also used to measure the higher resistivities of the 

low volume fraction samples. To be able to get stable readings, the samples were put 

inside a metal box to shield against any interference from the surrounding 

environment. 

For the thermal conductivity measurements, samples 2 mm thick were cut 

from the composite using the same procedure described in section 3.3. However, the 

diameter of the samples had to be machined to 9.5 mm diameter to accomodate the 

size limitation of the instrument used for the measurements. These samples were sent 

to DuPont, where thermal diffusivities were measured in a Theta Laser Thermal 

Diffusivity Apparatus. 
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.The thermal conductivity k was calculated using the following expression: 

k=DpCp (3.9) 

where D is the thermal diffusivity, p is the density and Cp is the heat capacity. 

The composite density was calculated using the addition formula: 

1 (3.10) 

Pc P/ Pm 

where trif and m„ are the fiber and PMMA mass fractions respectively, was 

measured (2.0 gr/cm^; section 3.1) and the value for was taken from the literature 

(Pm = 1.19 gr/cm^). 

The composite heat capacity was also calculated using an addition formula: 

C^ = m^Cf^m„Cm (3.11) 

were Cy and C„ are the fiber and PMMA heat capacities, respectively. Cf and 

were measured using differential scarming calorimetry (DuPont model 910). The 

measurement is a dynamic one based upon the power expenditure required to heat 

the sample container without the sample compared to that required for the sample 

container with the sample. These two measurements are then compared to a third 

measurement over the same temperature range made on a material of known heat 

capacity. Aluminum oxide, for which the heat capacity is very well determined, was 

used for this purpose, and also to calibrate the instrument. The heating rate was set 
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Figure 3.7 - DSC plot for carbon fiber. 
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- DSC plot for PMMA. Heat capacity was calculated using the equation 
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to lO-C/min up to a maximum temperature of 98 °C, which is below the glass 

transition temperature of PMMA. 

Figures 3.7 and 3.8 show the DSC plots. The heat capacity of PMMA and 

carbon fiber could then be calculated according to the method developed by 

0'Neill^®°\ which is based on}* andy' shown in figure 3.8. The heat capacities are 

plotted as a function of temperature in figure 3.9. Of particular interest are Cy and 

at 50 °C, since thermal diffusivity measurements were made at this temperature. 

The corresponding values are 0.48 cal/g°C for Cf and 0.21 cal/g-C for C„. 

1 

0.9 

0.8 

0.7 

^0.6 

I 0.5 

a 0.4 o 
0.3 

0.2 

0.1 

0 
3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  

Temperature (C) 

• PMMA • Co-bon fiber 

Figure 3.9 - Measured heat capacities of PMMA and carbon fiber as a function of 
temperature. 
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4. RESULTS 

4.1. Fiber Dimensions and Aspect Ratios 

Figure 4.1 shows the variation of fiber length with the blending time. As can 

be seen, the average length and the standard deviation decreases with increasing 

blending time. 
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Figure 4.1 - Variation of fiber length with the blending time. Shown for each fiber 
are the average length and its standard deviation. 
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Since cutting the fibers along its diameter is very unlikely to occur using a 

domestic blender, it was expected that the average diameter would remain constant 

for all fibers. As seen in figure 4.2, this was not exactly true, although the variation 

was small. The large standard deviations shown in figures 4.1 and 4.2 show that after 

as-rec 2 5 10 

Blending iime (min) 

Figure 4.2 - Variation of the fiber diameter with the blending time. 

the blending operation, a wide range of fiber lengths and diameters remain. This 

variation in dimensions can be seen in figure 4.3, which shows the fibers after 10 

minutes of blending. The variations of the lengths are important in the fiber packing 

and Composite properties. Figure 4.3 also shows that the fibers are not rigid, and that 
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Figure 4.3 - Photomicrograph of fibers after 10 minutes of blending (50x). 
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they can bend. With high packing densities the fibers can bend to form circles. This 

is discussed in section 5. 
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Figure 4.4 - Variation of fiber aspect ratio with the blending time. Shown for each 
blending time are the average aspect ratio and the standard deviation. 

The aspect ratios are shown in figure 4.4. As can be seen from the figure, both 

the average aspect ratio and the standard deviation decrease with the blending time. 

Furthermore, the values show little variation for blending times greater than 10 

minutes. Consequently, and for convenience, only the fibers blended for 10 minutes 

were used for the dispersion and sedimentation studies. 
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Since the packing of fibers is strongly related to its aspect ratio, and the fibers 

do have a wide range of aspect ratio values, it is important to know the fiber 

cumulative volume % as a function of aspect ratio. This is shown in figures 4.5 to 

4.11 for the as-received and blended fibers. Also shown in these figures are the 

number of fibers that were measured (n), the average value (mean), and the standard 

deviation from the mean (s.d.). The data shown in these figures are important when 

discussing fiber volume fractions obtained in the composites. 

To check the reproducibility of the fiber dimensions, the lengths and 

diameters in a second batch of fibers blended for 10 minutes were measured. The 

results, together with those already reported, are given in table 4.1. 
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Figure 4.5 - Aspect ratios in the as-received fibers. 
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Figure 4,6 - Aspect ratios of fibers blended for 1 minute. 
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Figure 4.7 - Aspect ratios of fibers blended for 2 minutes. 



Figure 4.8 - Aspect ratios for fibers blended for 5 minutes. 
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Figure 4.9 - Aspect ratios of fibers blended for 10 minutes. 
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Figure 4.10 - Aspect ratios of fibers blended for 30 minutes. 
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Figure 4.11 - Aspect ratios of fibers blended for 50 minutes. 
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Even though the number (n) of fibers measured were different, the values of 

the average aspect ratio, length and diameter are in very close agreement. The 

standard deviations are also in the same range, showing that the wide spread of 

values is maintained. 

Table 4.1 - Comparison of measurements made on fibers blended for 10 minutes 
from different batches. 

# n avg 
L/D 

s.d. avg L 
(Mm) 

s.d. avg D 
(Mm) 

s.d. (1) (2) 

1 480 13.5 9.5 106.0 57.6 7.8 3.9 61.0 39.2 

2 325 13.0 7.9 99.7 51.3 7.7 5.2 66.0 50.0 

(1) Cumulative voI% at average L/D 
(2) Cumulative vol% at L/D < 10 

The values under the ninth column are the volume fraction of fibers that have 

aspect ratios equal or smaller than the average value. For example, 61.0 vol% of the 

fibers of sample 1 have aspect ratios equal to or less than 13.5. The tenth column is 

similar, except that the volume % are for fibers with aspect ratio less than 10. Again, 

these values are similar in both cases. These parameters in these two columns are 

important parameters when discussing fiber volume fractions of the composites. 
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4^. Dispersion and Sedimentation Results 

In the first set of dispersion experiments, the fibers were dispersed in MMA 

inside a graduated cylinder. The cylinder was shook, and the fibers settled under 

gravity or by 20 minutes of centrifuging (in a centrifuge tube). The sediment densities 

using these procedures are 20.5 and 27.5 vol%, respectively. To increase the 

concentration of fibers, an alternative sedimentation method was tried. One 

commonly used method to enhance particle sedimentation is to use organic liquids 

(dispersants) that are adsorbed by the particles, causing what is called steric 

stabilization^^^\ Dispersion tests were conducted with various dispersant 

concentrations to determine whether they would increase the sediment density in the 

carbon fiber/MMA system. The same procedure used before for the dispersion tests 

was used for the dispersion tests with the presence of dispersants. The dispersants 

used were OLOA1200, ethanolamine and oleic acid. Their characteristics were given 

in table 3.3 (section 3.1). Volume concentrations of the dispersants in solution with 

MMA varied from 0.42 to 5.0% as shown in table 4.2. 

Table 4.2 - Dispersion and sedimentation tests by hand-shaking. 

MMA (ml) Dispersant (ml) Dispersant (%) 

12.00 0.00 0.00 
11.95 0.05 0.42 
11.90 0.10 0.83 
11.80 0.20 1.70 
11.70 0.30 2.50 
11.60 0.40 3.30 
11.40 0.60 5.00 
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The results of these experiments are plotted in figures 4.12 and 4.13. These 

figures show that, for both gravity and centrifugal sedimentation, the presence of 

dispersants did not increase the sediment densities. In some cases, the sediment 

density actually decreased in comparison with the value achieved using no dispersant. 

no dispersant = 20.5 vol% 

_— 1 —— 1 —" ••• • • • •  •  

OLOA 1200 ethondamine OIGIC acid 

Dispersanis 

Figure 4.12 - Sediment densities results for the fiber dispersions settled under gravity. 
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Figure 4.13 - Sediment density results for the fiber dispersions settled using 
centrifuge. 

4.2.1. EfTect of MMA Humidity, Fiber Concentration, Fiber Mass and Sedimentation 
Conditions 

A series of dispersant tests were used to investigate the effect of MMA 

humidity, fiber concentration and mass, and sedimentation conditions, on the 

sediment density. For the first 3 cases, the sediments were settled under 

centrifugation for 20 minutes; for the latter effect, centrifugation, a combination of 
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centrifugation and ultrasound, the shaker and a combination of centrifugation and 

shaker were used. The results are shown in tables 4.3, 4.4 and 4.5. 

For the effect of concentration, a variable fiber concentration was obtained 

by dispersing a constant mass of fiber with different amounts of MMA. For the effect 

of mass, the total mass of the suspension was varied to achieve a constant fiber 

concentration. This was shown in table 3.4. 

By drying MMA with molecular sieves, an increase in sediment density was 

obtained, as shown in table 4.3. 

Table 4.3 - Effect of MMA humidity, fiber concentration and mass on sediment 
density. These dispersions were settled under 20 minutes centrifugation. 

Experiment Fiber Fiber weight Sediment density (vol%) 
concentration (g) undried MMA dried MMA 

(vol%) 
(g) 

Concentration 2.6 1.30 22.2 24.0 
effect 5.2 1.30 22.5 25.7 

10.3 1.30 22.2 27.3 
20.3 1.30 23.7 27.6 

avg 22.6 ±0.7 avg 26.1 ±1,6 

Mass 15.8 2.25 28.1 29.5 
effect 15.8 4.52 27.0 28.4 

15.8 6.75 27.4 30.9 
15.8 9.00 32.4 31.4 

avg 28.7 ±2.5 avg 30.0 ±1.4 

Regarding the effect of mass, table 4.3 shows that there is a tendency for 

sediment density to increase with increasing fiber mass. 
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The influence of different sedimentation conditions on the sediment density 

is shown in tables 4.4 and 4.5. As can be seen from table 4.4, fibers settled under the 

influence of a combination of ultrasound and centrifugal forces are more densely 

packed than fibers settled using centrifugal force alone. Increasing the fiber 

concentration had little effect on sediment density in both cases. Table 4.5 compares 

the sediment density results, for one fiber concentration, of all sedimentation 

conditions tested, including the tests using the shaker. 

Table 4.4 - Effect of different sedimentation conditions on sediment density. Undried 
MMA was used in both cases. The dispersions were settled under 20 minutes 
centrifuge and a combination of 30 minutes ultrasound (US) and 20 minutes 
centrifuge. 

Experiment Fiber 
concentration 

(vol%) 

Fiber 
weight 

(g) 

Sediment density (vol%) Experiment Fiber 
concentration 

(vol%) 

Fiber 
weight 

(g) centrifuge US + centr 

Sedimentation 2.6 0.60 26.4 33.2 
conditions 5.2 1.25 26.1 31.1 

10.4 2.50 27.0 33.0 
20.8 5.00 28.2 32.5 

avg 26.9 ±0.9 avg 32.5 ±0.9 

Table 4.5 - Comparison of the different sedimentation conditions used (for 12.0 ml 
MMA and 1.3 g fiber (5.2vol%)). 

Sedimentation Conditions Sediment density (vol%) 

Gravity 20.5 
Centrifuge (20 minutes) 26.1 
US (30 minutes) + centrifuge (20 minutes) 31.1 
Shaker (60 minutes) 46.5 
Shaker (60 minutes) + centrifuge (20 minutes) 46.6 
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As seen from table 4.5, the dispersion tests using the shaker yielded the 

highest sediment densities, with a gain of over 10 vol% over the tests using the 

combination of ultrasound and centrifuge. 

The increase in sediment density with shaking time for the dispersions settled 

under the shaker and the combination shaker and centrifuge is shown in figure 4.14. 

Also plotted in figure 4.14 are the results for dispersions of the as-received fibers 

settled using only the shaker. The arrows in the figure point to sediment density 

values obtained under gravity for dispersions using the as-received fibers and the 

fibers blended for 10 minutes. 

As shown in the figure, the sediment density increases sharply with the 

"shaking" time until it reaches a plateau, where further agitation did not affect the 

sediment density. Also, the combination of the lateral agitation provided by the 

shaker and a 20 minute centrifugal sedimentation produced higher sediment densities 

only at small shaking times. In the case of the as-received fiber dispersions, sediment 

densities show little variation with the shaking time. 

By using the shaker, a gain of over 10 vol% was possible over the previous 

dispersion tests which used a combination of ultrasound and centrifugation. 

4.3. Optimum Polymerization Conditions and Quality of Samples 

Composite samples were prepared by polymerization after dispersion in MMA 

and sedimentation. The initiator used was benzoyl peroxide. The dissociation of 
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Figure 4.14 - Dispersion test results using shaker and a combination of shaker and 
20 minutes centrifuge, using the 10 minutes blended fibers. Dispersion tests results 
using only the shaker are shown for comparison using the as-received fibers. 

benzoyl peroxide into free radicals was given in equation 3.5, and the overall 

polymerization reaction was given in equation 3.6. 

The first polymerization trials were carried out on gravity-settled samples 

using 1.0 wt% benzoyl peroxide at 60 ° C. This resulted in composites with pores up 

to 7 mm in diameter, which were located throughout the body of the sample. 
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The second polymerization attempt was made on samples settled with shaking 

for 60 minutes, using the same amount of initiator as before. This time, besides a 

small presence of pores, a large number of cracks were also present. 

Five possible sources, acting alone or in conjunction, were thought to be the 

cause for the appearance of these defects: 

1) Since the polymerization of MMA is exothermic, it was possible that the 

heat of the reaction was sufficient to vaporize the monomer, and the resulting 

gas was trapped inside the material; 

2) The free radicals produced by reaction 3,5 could react with each other 

according to equation 3.6, thus producing COj, which would lead to pores; 

3) Air was getting trapped during the hand agitation prior to sedimentation, 

resulting in pores after polymerization; 

4) The change in volume during polymerization was too abrupt for the system, 

creating cracks; 

5) Dissolved gas in MMA may not be soluble in PMMA. 

To verify what was causing the defects, polymerization time and temperatures 

were monitored for gravity-settled and shaker-settled (for 60 minutes) samples. The 

results are shown in figures 4.15, 4.16 and 4.17. 

Figure 4.15 shows the temperature rise during polymerization using 0.05 wt% 

of benzoyl peroxide. The temperature rises quickly up to that of the oil bath, 59 ° C, 

where it remains constant until the onset of the polymerization reaction. In both 

cases, the reaction starts after 200 minutes and lasts a further 250 minutes. The rise 
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Figure 4.15 - Poljuierization reaction temperatures for samples with 0.05 wt% 
benzoyl peroxide settled under gravity and under the shaker for 60 minutes. 

in temperature is small, being less than 1 ° C for the gravity-settled sample, and 1 ° C 

for the shaker-settled sample. 

Figure 4.16 shows the temperature rise during polymerization of the same kind 

of samples as figure 4.15, but using 0.1 wt% benzoyl peroxide. Polymerization starts 

after 150 minutes and lasts for 80 minutes in both cases. The rise in temperature is 

still small. For the gravity-settled sample, the temperature rose I'C, and for the 

shaker-settled sample, it rose 3" C. 
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Figure 4.16 - Same as figure 4.15, with the exception of using 0.1 wt% benzoyl 
peroxide. 

For the polymerization using 1.0 wt% of benzoyl peroxide, figure 4.17 shows 

that the rise in temperature is substantially greater than in the previous 

polymerizations. The rise in temperature, for the shaker-settled sample, is almost 

20 "C, and, for the gravity-settled sample, it is around 10 °C. The polymerization 

starts after 100 minutes and lasts 40 minutes in both cases. 

As shown in the last 3 figures, the rise in temperature increased with 

increasing benzoyl peroxide content. However, the maximum temperature achieved 

was 20 ° C below the boiling point of MMA. Also, the duration of the polymerization 
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Figure 4.17 - Same as figures 4.15 and 4.16, with the exception that 1.0 wt% was used 
for polymerization. 

reaction decreased with increasing peroxide contents, as expected. 

Even though no pores were created by MMA vaporization, the gravity-settled 

samples still were porous, as shown in figure 4.18. The sample on the left was 

prepared using 1.0 wt% initiator. A large number of pores was present. A transverse 

section of a similar sample is also shown, revealing the internal pores. The sample 

in the center was prepared using 0.1 wt% initiator. Very few pores are present on the 

surface compared with the 1.0 wt% sample. The sample on the right was prepared 

using 0.05 wt% initiator. This sample has a clean surface, except for a huge pore that 
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is 7 mm in length, and penetrates well inside the sample. Probably the 0.1 wt% 

initiator sample (center) also has some internal pores. No cracks were observed on 

the samples. 

Figure 4.19 shows the samples prepared from the shaker-settled sediments. 

Again, initiator content decreases from left to right. The trend is similar to figure 

4.18, with sample quality improving from left to right, but this time the great majority 

of the defects are cracks instead of pores. This can be seen on the left sample shown 

in figure 4.19. The bottom part of the 0.1 wt% sample (center) was separated from 

the body when breaking the glass tube, indicating that cracks were present inside the 

material. The sample on the right has a better appearance, with no surface cracks. 

Some pores appear just above the packed sediment on all samples. 

To verify whether air was getting trapped prior to polymerization, sediments 

were placed inside a vacuum chamber. The gravity-settled sediments had large 

numbers of air bubbles "coming out" even at low vacuum. The shaker-settled 

sediments had fewer air bubbles compared to the gravity-settled ones, and a higher 

vacuum was necessary to free them from the sediment. 
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Figure 
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4.19 - Same as figure 4.18, except that samples were prepared from shaker-
sediments. 



4.4. Fiber Volume Fraction and Uniformity of Samples 
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4.4.1. Chemical Method 

The chemical method was the first method used to determine the fiber volume 

fraction and uniformity of samples. This method, based on work done by Haynes et 

al/'®^ consists of digesting the polymer matrix with a solution of sulfuric acid and 

50% hydrogen peroxide, and collecting the carbon fibers by vacuum filtration. As can 

be seen in figure 4.20, samples made of fibers blended for 1, 5, 10 and 30 minutes 

are very uniform, showing little variation of fiber volume fraction with height in the 

packed sediment. As mentioned before, this method proved to be very time 

consuming and, therefore, other alternatives were sought for the determination of the 

fiber volume fraction and sample uniformity. Burning out the polymer matrbc proved 

to be a reliable and alternative choice. 

4.4.2. Oven Method 

The oven method consists of burning out the polymer matrix inside an oven. 

It proved to be a reliable alternative to the chemical method, as was shown by the 

very good correlation that exists between the results obtained by this method and 

TGA analysis. 
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Figure 4,20 - Fiber volume fraction determination using the chemical method. The 
composite samples show little variation of fiber content. The numbers labeled 1 to 
4 are the positions specified in section 3.3. 

Table 4.6 shows the fiber volume fractions of samples prepared using the as-

received and blended fibers, determined using the oven method. 

The columns labeled 1 to 4 are for the height positions described in section 

3.3. Again, the samples appear to be very uniform, with fiber volume fraction being 

almost constant over all 4 positions. 
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Table 4.6 - Fiber volume fraction and uniformity of samples. 

Sample 1 2 3 4 avg s.d. 

as -rec 9.5 12.2 13.5 11.7 11.7 1.44 
1 min 27.8 26.1 26.4 29.7 27.5 1.42 
2 min 34.7 36.2 34.0 35.5 35.1 0.83 
5 min 39.8 39.6 37.0 42.0 39.6 1.77 
10 min 46.0 48.0 47.0 45.4 46.5 1.14 
30 min 49.9 48.0 50.2 48.4 49.1 1.09 
50 min 52.6 52.3 51.1 51.5 51.8 0.74 

With the fiber volume fractions determined, a relation between these values 

and the fiber average aspect ratio could be made. This relation is plotted in figure 

4.21. The two curves shown confirm the expected packing behavior, that is, small 

aspect ratios result in high packing densities, 

4.5. Electrical Conductivity 

For the electrical conductivity measurements, 2-probe and 4-probe methods 

were used. The electrodes were made by threading brass screws through pre-drilled 

holes in the sample. The samples were bars having the following dimensions: 3.0 x 

0.5 X 1.0 cm. The sample shape and the position of the electrodes were shown in 

figure 3.6. 

The 4-probe method consisted of measuring the potential drop across the 

inner electrodes while applying current on the outer electrodes. 

The 2-probe method was used to measure electrical conductivities on the low 

volume fraction samples, and to determine contact resistances between the sample 
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Figure 4.21 - Relation between fiber aspect ratio and fiber volume fraction for the 
composite samples. 

and the electrodes. 

4.5.1. Contact Resistance and 2-Probe Resistivity 

By using equation 3.8, V/I = + pL/A, contact resistances were 

estimated. A constant current of 10 mA was applied between the 2 electrodes, and 

V/I was measured for each L, the distance between the electrodes. L was made 

shorter after each measurement and, since the electrodes are screws of 0.1 cm in 
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diameter, and the sample transverse section is 1.0 x 0.5 cm (see figure 3.6), a shape 

factor was introduced in the calculations to correct for this geometry. Because steady 

state current flow and steady state heat flow can be considered as analogous 

phenomena^®^^ the shape factor used for the geometry correction is that for heat 

conduction between two cylinders in an infinite medium (equation 22 from chapter 

16 of ref. 82). 

Figure 4.22 shows the corrected V/I as a function of L plot for composites 

prepared with the as-received and blended fibers. As seen fi-om the figure, a very 

good fit exists between the data points and the equation obtained by regression 

analysis, except for the composite prepared with the as-received fibers. Therefore, a 

very good estimate could be made for the contact resistance between the screws and 

the sample. 

The estimated contact resistances, as well as the estimated 2-probe electrical 

resistivities of the samples, are listed in table 4.7. Very low contact resistances were 

obtained by using threaded screws as the probes. 

4.52. 4-Probe Resistivity 

Four-probe electrical resistivities of the composite samples are listed in table 

4.8. Except for the 5 minutes sample, the trend is for decreasing resistivities with 

increasing fiber volume fractions, although the values are very close to each other. 
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Table 4.8 - 4-probe electrical resistivities of the samples. 

Sample 

1 

p (n.cm) 

2 3 avg s.d. 

as-rec 0.35 0.29 0.30 0.31 0.03 

1 min 0.24 0.27 0.30 0.27 0.03 

2 min 0.19 0.24 0.29 0.24 0.05 

5 min 0.42 0.32 0.31 0.35 0.06 

10 min 0.13 0.26 0.28 0.22 0.08 

30 min 0.17 0.15 0.23 0.18 0.05 

50 min 0.14 0.21 0.17 0.17 0.04 

4.5.3. Critical Volume Fraction 

In order to measure electrical conductivities of samples with small fiber 

volume fractions, a different dispersion procedure had to be used, since the minimum 

volume fraction that was obtained (20.5%) was when using gravity only as the 

sedimentation force. 

The procedure was to try to avoid the settling of the fibers by using a higher 

viscosity MMA MMA viscosity was increased by mixing with medium molecular 

weight PMMA. When the fibers were dispersed in the high viscosity MMA, settling 
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of the fibers was greatly reduced, and, hence, an increase in the sediment volume was 

achieved. By using this procedure, fiber volume fractions as low as 0.06% could be 

obtained. Figure 4.23 shows transverse sections of some composite samples with fiber 

volume fractions ranging from 0,06 to 14.0%. 

Figure 4.24 shows the resistivity of samples prepared with increasing volume 

fraction of fibers blended for 10 minutes. Samples with volume fractions up to 25.0% 

were prepared using the above procedure, while samples with higher volume fractions 

were prepared using the shaker. The figure shows a sharp decrease in resistivity at 

a critical fiber volume fraction (p^ of around 21.0%. This sharp insulator-conductor 

transition is typical of processes described by percolation theory (section 2.2.1.1). 

The GEM equation (equation 2.9) is also plotted in the figure, assuming 0^ 

= 0.21 (as discussed above), Ppmma - lO^'^n.cm (literature value), Pfiber = 0.0025 

n.cm (according to DuPont; the actual value is not known yet) and t = 2.0 (see 

section 2.2.1.1). 

4,6. Thermal Conductivity 

Thermal diffusivities were measured using a Theta Laser Thermal Diffusivity 

(TLTD) apparatus. In this technique a laser beam is pulsed against the front plane 

of a solid specimem, thereby increasing the temperature approximately 8.0 ° C. The 

rear plane temperature rise (and decay) of the specimem with time is measured via 

infrared detector. 
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Figure 4.23 - Transverse sections of composite samples (10 mm in diameter). Fiber 
volume fractions are 0.06, 0.26 and 0.46% for the samples on the upper row, and 
0.75, 1.06 and 14.0% for the samples on the lower row. 
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Figure 4.24 - Comparison of the fitted GEM equation and the experimental values 
for the samples prepared with fibers blended for 10 minutes. 

The samples were discs having a diameter of approximately 9.5 mm and a 

thickness of 2 mm. Examples of the disc-shaped samples with fiber volume fractions 

ranging from 0.06 to 14.0% was shown in figure 4.23. Unfortunately, the low fiber 

volume fraction samples (Vf < 1.06 vol%) were too translucent, allowing the laser 

beam to shine on the infrared detector of the TLTD apparatus, so no measurements 

could be made on these low volume fraction samples. This was also the case for the 

PMMA sample. 
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Tables 4.9 and 4.10 list composite thermal conductivities (calculated using 

equation 3.9) obtained with increasing fiber volume fraction. 

The kc/k„ values listed on table 4.9, for the samples prepared with fibers 

blended for 10 minutes (constant L/D), are plotted in figure 4.25. As expected, 

composite thermal conductivity increases with increasing fiber volume fraction. Also, 

no sharp insulator-conductor transition is present since, as mentioned in section 2.2.2, 

thermal conductivities between materials do not differ as dramatically as their 

electric conductivities. 

Table 4.9 - Thermal conductivities for composites prepared with fibers blended for 
10 minutes (constant aspect ratio of 13.5). 

Vf(vol%) D(cm^/s) P(g/cm^) C„(cal/g°C) Kc(cal/cm.s''C) VK. 

14.0 0.0096 1.30 0.442 0.00553 12 
19.6 0.0128 1.35 0.426 0.00736 16 
21.9 0.0168 1.37 0.420 0.00965 21 
23.0 0.0174 1.38 0.417 0.01000 22 
27.0 0.0192 1.41 0.406 0.01100 24 
38.1 0.0372 1.50 0.376 0.02100 46 
46.5 0.0408 1.57 0.351 0.02250 49 

D = thermal diffusivity; p = composite density; Cp = heat capacity; = composite 
thermal conductivity; = PMMA thermal conductivity (0.00046 cal/cm.s.'C). 
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Table 4.10 - Thermal conductivities for composites prepared with fibers with different 
aspect ratios. Volume fractions listed are the maximum achieved for each fiber. 

Sample Vf L/D D P Cp Ke Kc/K 
m 

as-rec 12.0 34.7 0.0264 1.29 0.447 0.01500 33 
1 min 28.0 23.7 0.0175 1.42 0.403 0.01000 22 
2 min 35.0 20.4 0.0213 1.47 0.384 0.01200 26 
5 min 40.0 15.5 0.0358 1.51 0.370 0.02000 43 
10 min 46.5 13.5 0.0408 1.57 0.351 0.02250 49 
30 min 49.0 11.9 0.0415 1.59 0.346 0.02280 50 
50 min 52.0 10.7 0.0423 1.61 0.338 0.02300 51 

D = thermal diffusivity; p = composite density; Cp = heat capacity; = composite 
thermal conductivity; ̂  = PMMA thermal conductivity (0.00046 cal/cm.s. ° C). Units 
are same as in table 4.9. 
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Figure 4.25 - Variation of composite thermal conductivity (prepared with fibers 
blended for 10 minutes) with fiber volume fi"action. 
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5. DISCUSSION 

This discussion will be conducted in the following manner. First, the carbon 

fiber characteristics are reviewed. Second, the factors which led to the high fiber 

volume fractions obtained are addressed, mainly the effect of dispersants, 

gravitational forces, fiber size and fiber orientation. These factors are compared with 

the theoretical predictions. Third, the factors affecting the quality of samples, mainly 

the appearance of pores and cracks, are examined. Finally, the electrical and thermal 

conductivities of the carbon fiber/PMMA composite are discussed in terms of fiber 

size, distribution, orientation and concentration, and compared with the existing 

theories. 

5.1. Fiber Characteristics 

Table 5,1 lists some important data taken from figures 4.5 to 4.11. The 

standard deviation from the average aspect ratios are almost the average values 

themselves. Increasing the blending time did lead to a more uniform size distribution 

of fibers, although the deviation is significant. The fourth column of table 5.1 lists the 

cumulative volume % up to the average aspect ratio, showing that more than 50 

vol% of the fibers in each case had aspect ratios smaller or equal to their average 

aspect ratios. The fifth column shows that, in some cases, a significant vol% of the 

fibers have aspect ratios smaller than 10. By the ASTM standards, particles with 
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aspect ratios smaller than 10 are not considered to be fibers. This means that, in the 

case of the fibers blended for 50 minutes, 74 vol% are considered to be "non-fibers" 

(even the as-received fibers have 14 vol% of "non-fibers"). However, in terms of an 

average aspect ratio, all blended fibers as well as the as-received fibers can be 

considered as being fibers using the ASTM definition. 

Table 5.1 - Fiber characteristics. 

Fibers avg L/D s.d. Vol% @ Vol% @ L max. 
avg L/D L/D < 10 (/im) 

as-rec 34.7 29.6 65.0 14.0 1920 
1 min 23.7 19.4 55.0 8.6 636 
2 min 20.4 17.1 68.0 16.4 555 
5 min 15.5 12.8 70.0 38.3 403 
10 min 13.5 9.5 61.0 39.2 276 
30 min 11.9 8.7 65.0 57.5 331 
50 min 10.7 8.0 78.0 74.0 311 

Table 5.1 also lists the longest fibers measured for each fiber type. Obviously 

the length decreases as the blending time increases. This trend was also shown in 

figure 3.1, for the average fiber length. 

Figures 4.5 to 4.11 also shows that the number of 'Tjig" fibers, that is, fibers 

that are big in volume, decreases with blending time. In figure 4.6 there are 5 "big" 

fibers, ranging from 379 to 632 /xm in length and with a diameter of 20 /im, 

accounting for as much as 36 vol% of all the measured fibers blended for 1 minute. 

In the case of the fibers blended for 2 minutes, figure 4.7 shows 2 "big" fibers, with 
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347 and 440 /xm in length and 20 /xm in diameter, that accounts for 12 vol% of the 

fibers measured. For the other blended fibers, there are no "big" fibers present. 

Although the number of fibers measured in each case are different, the results 

seem to be coherent. 

52. Dispersion and Sedimentation Tests 

These tests were conducted using only the fibers blended for 10 minutes. 

5^.1. Effect of Dispersants 

Normally, the dispersion involves a number of stages^®^^: (a) wetting the 

entire surface of all the primary particles by the liquid, (b) breakdown of aggregates 

(groups of primary particles) and agglomerates (aggregates of primary particles which 

are attached to other aggregates and/or primary particles) into primary particles and 

(c) stabilization of the dispersed primary particles. The stability of a system is the 

resistance to flocculation (reduction in particle number). Dispersion stabilization 

usually results from the adsorption (or chemical bonding^®^^) of molecules or ions 

from the liquid solution onto particle surfaces, thus imparting repulsive forces 

between the particles in suspension. 

As mentioned earlier, steric stabilization of the MMA/carbon fiber dispersion 

was attempted by using OLOA 1200, oleic acid and ethanolamine. From the results 
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presented in figures 4.12 and 4.13 it is obvious that the presence of the dispersants 

did not affect the dispersion stability. In fact, a closer look at figure 4.12 reveals that, 

by using OLOA 1200 on gravity-settled dispersions, a decrease in sediment density 

(15.0 ± 0.5 vol%) occurred as compared with the sediment density obtained using 

no dispersant (20.5 ± 0.7 vol%). When centrifugation was used, sediment densities 

were constant and equal to those obtained with no dispersant. These facts can be 

explained as follows: 

1) according to Tormey et dispersants promote the wetting process 

(stage (a) above) by reducing the surtace tension of the liquid and the 

solid/liquid interfacial free energy, thus ensuring a small solid/liquid contact 

angle. This behavior was not observed during the dispersion tests using 

dispersants probably because the wetting of the fibers by MMA was very 

good; 

2) a significant number of fiber agglomerates was formed when using OLOA 

1200, resulting in flocculation and, consequently, smaller sediment densities. 

This was not the case when using oleic acid and ethanolamine, and when only 

MMA was used. The flocculation had only a small effect when using 

centrifugal force, as shown in figure 4.13. 

3) the extent of dispersant adsorption from solution is determined by the 

balance of three interactions: dispersant-solvent (solvation), dispersant-solid 

(adsorption), and solvent-solid (wetting)^®^\ Regarding the dispersant-solid 

interaction, adsorption will occur provided there is a reasonable driving force 
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at the dispersant-solid interface^®^^ This requires that the solid surface have 

some sites capable of interacting specifically with the functional groups of the 

dispersants. If the dispersant is very soluble in the solvent, then there will be 

little driving force for adsorption. Thus, even though sites are available at the 

solid surface for interaction with the dispersant molecules, this interaction can 

be counterbalanced by the good solvation of the dispersant. Another 

important fact to be pointed out is that there is a competition between the 

solvent and the dispersant for the solid surface (competitive adsorption). If the 

solvent completely wets the solid surface, then the driving force for a solvated 

dispersant to be adsorbed will be even lower. 

As was mentioned before, the wetting of the fibers by MMA was very good. 

Also, the dispersants were very soluble in MMA. Additionally, if competitive 

adsorption did occur, sediment densities should have increased with increasing 

dispersant concentration until a plateau was reached, where there are no more sites 

available for further adsorption. However, this was not the case, as shown in figures 

4.12 and 4.13. As seen from the figures, sediment densities remained almost constant. 

Furthermore, the average sediment densities are independent of the dispersant used 

and are almost the same (with the exception of the gravity-settled sediment using 

OLOA 1200), even though it seems reasonable to expect that at least some variation 

should have occurred due to the big difference in the dispersants chain length. 
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Although no surface characterization was done on the carbon fibers, and the 

change in dispersant concentration in the solutions due to adsorption was not 

monitored, the facts just presented suggest that dispersant adsorption, if any, was very 

small. Furthermore, even when big molecules like OLXDA 1200 are used, the carbon 

fibers seems to be too big for steric stabilization to take place. More work has to be 

done to confirm this. 

S2J2. Effect of Humidity, Fiber Concentration, Fiber Mass and Sedimentation 
Conditions 

Table 4.3 shows that, by using diy MMA, a slight increase in sediment 

densities is obtained. Since the increase in sediment density was on average only 3.5 

±1.4 vol%, it was decided not to use dry MMA. 

Regarding the effects of fiber concentration and mass, tables 4.3 and 4.4 show 

that these parameters are not the dominating factors affecting sediment densities. 

Increasing the fiber concentration from 2.6 to 20.3 vol% resulted in an increase of 

only 1.5 vol% using wet MMA and only 3.6 vol% using dry MMA. Increasing the 

fiber mass from 2.25 to 9.00 g increased sediment densities by only 4.3 vol% and 1.9 

vol% using wet and dry MMA respectively. 

The determining factor in increasing the sediment densities of the 

MMA/carbon fiber dispersion was the effect of the different sedimentation 

conditions used. By using a centrifugal force, sediment densities increased fi-om 20.5 
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voI% (gravity settlement) up to 28.2 vol%. Using a combination of ultrasound 

vibration and centrifugal sedimentation, sediment densities up to 33.2 vol% were 

obtained, an increase of 12.7 vol% over gravity settlement. Ultrasonic vibration was 

shown to align chopped graphite fibers into rows^^'*\ This alignment may be the cause 

for the increase in sediment densities when adding ultrasound vibration before the 

centrifuge step. 

However, the biggest increase in sediment density was obtained by using the 

shaker, with an increase of 26.0 vol% over the gravity-settled dispersion and 15.4 

vol% over the combination of ultrasound and centrifugation. The reason why shaker-

settled dispersions are more dense than ultrasound-settled dispersions may be the 

highly directional motion imposed by the shaker. The fibers can align and form 

clusters more easily with the lateral agitation than with the truly random agitation 

provided by the ultrasound. As discussed in the next section, the high sediment 

densities obtained using the shaker is partially due to the formation of fiber clusters 

which are randomly oriented on planes, although an overall 3 dimensional random 

fiber distribution was obtained on all samples. As shown in figures 2.8 and 2.10, a 2 

dimensional random distribution of fibers are more packed than 3 dimensional 

random distributions. 



5.3. Maximum Packing Density of Fibers 

141 

As mentioned in section 2.1, the packing of rod-like particles can be divided 

into three concentration regimes; (i) dilute, (ii) semi-concentrated and (iii) 

concentrated (these regimes are represented in figure 2.2 (a), (b) and (c), 

respectively). According to Doi^^^\ the three concentration regimes are identified by: 

(i) Vf < dVL^; (ii) d^L^ < Vf < d/L; and (iii) d/L < Vf < 7r/4. The fiber volume 

fractions (Vf) obtained from the composite samples were shown in table 4.5, These 

values all lie easily inside the Vf range of regime (iii), taking the proper average 

aspect ratio of the fibers into account. In fact, a comparison of the fiber volume 

fractions obtained in this research with the values predicted by Milewski and Evans 

shows that, except for the samples prepared with the as-received fibers and with the 

fibers blended for 1 minute, all experimental values are higher than the models. This 

is shown in figure 5.1. 

Table 5.2 lists some pertinent data about the size and volume distribution of 

the fibers used in this research. The data was taken from figure 4.3 and figures 4.5 

to 4.11. 
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Figure 5.1 - Comparison of experimental fiber volume fractions with the ones 
predicted by the models. 

Table 5.2 - Fiber distribution. 

Fibers avg L/D Vf (%) (1) (2) (3) s.d.W 

as-rec 34.7 12.0 14.0 33.0 8.6 4.3 
1 min 23.7 28.0 8.6 13.0 7.0 3.0 
2 min 20.4 35.0 16.4 23.0 6.6 2.1 
5 min 15.5 40.0 38.3 20.5 4.9 1.7 
10 min 13.5 46.0 39.2 18.0 4.6 1.5 
30 min 11.9 49.0 57.5 25.0 4.2 1.2 
50 min 10.7 52.0 74.0 25.5 4.0 1.0 

(1) cumulative volume % at L/D < 10 
(2) cumulative volume % at 1/2 avg L/D 
(3) new average L/D for fibers up to the cumulative volume % of column 5. 
(4) standard deviation of values of column 6. 
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Milewski has shoW®'^ that the packing of a mixture of fibers depends 

strongly on the fraction of longer fibers in the mixture. This is shown in figure 5.2. 

For a mixture of fibers with similar aspect ratios (upper curves), the volume fraction 

does not change much with an increasing fraction of the longer fibers. For mixtures 

of fibers with significant differences in their aspect ratios (lower curves), large 

volume fraction reductions are obtained with an increasing fraction of longer fibers. 

Sia. 

m 
M • 

Figure 5.2 - The packing of fiber-fiber mixtures. The numbers at both ends of each 
curve are the aspect ratios of the fibers that form the fiber-fiber mixture (from ref. 
86). 

The fiber volume fractions of the samples used in this research are, on 

average (excluding the as-received fiber), 11.0 ± 2.0 vol% higher than predicted by 
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Milewski's empirical model. One explanation for this deviation is based on figure 5.2 

and the values listed under columns 5 and 6 of table 5.2. 

Column 5 shows the cumulative volume % of fibers with aspect ratios up to 

half the average aspect ratio listed in column 2. Column 6 shows the new average 

aspect ratio calculated for the fibers that makes the cumulative volume % of column 

5. Taking the fibers blended for 50 minutes as an example, column 5 shows that 25,5 

volume % of these fibers have aspect ratios equal or less than 5.35 (10.7/2). The 

average aspect ratio of these fibers is 4.0 ± 1.0, shown in colurrm 6. Using figure 5.2 

as a reference, one can see that a short fiber-long fiber mixture, composed of 25.5 

vol% of short fibers (L/D = 4.0) and 74.5 vol% of long fibers (L/D = 10.7), gives 

closer packing than longer fibers (L/D = 10,7) alone. 

In case of Evans model (Vf=5.3 D/L), the results obtained are on average 

(excluding the as-received fibers) 5.8 ± 2.2 vol% higher. And, in the case of Evans 

simulation model (Vmax), the results are, on average, 8.5 ± 4.0 vol% higher 

(excluding both as-received and 1 min fibers). None of these models account for 

variations on fiber aspect ratios, but they do take into consideration local ordering 

of fibers (clustering) and 2 dimensional (in-plane) random distribution of fibers. In 

fact, to achieve the high volume fractions of the concentrated regime (regime iii) of 

Doi's model, some fiber clustering must occur^^^^^^°\ This is shown to be the case in 

the samples prepared in this research, as follows. 

Figure 5.3 is a photomicrograph of a longitudinal section of a sample prepared 

with fibers blended for 5 minutes. As can be seen from this photo, the fibers have 
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an overall random orientation, viith just a small number of clusters. However, when 

looking at samples with higher fiber fi-actions, the number of clusters increases, 

although the overall fiber orientation remains random. This can be seen in figure 5.4, 

which is a photomicrograpgh of the transverse section of a sample prepared with 

fibers blended for 50 minutes. As the photo shows, the fibers are randomly oriented. 

However, local fiber clustering did occur in some regions, although these clusters 

have also random orientation. According to Chick et al.^^''\ this localized clustering 

is to be expected since, for high concentration of fibers, space filling constraints favor 

the formation of clusters. 

As mentioned on section 2,1, above a certain critical concentration, fibers tend 

to form an aligned (clustered) phase. This was shown in the phase diagram of figure 

2.7 on a 2 dimensional basis. For example, fibers with L/D of 10 are predicted to 

first form an aligned phase at a critical area fraction of around 33%. Obviously, the 

2 dimensional phase diagram of figure 2.7 cannot be used to predict phase changes 

on 3 dimensional systems, which is the case of the composite samples prepared in 

this research. For this, Flory and Ronca's^^'^ phase diagram (figure 5.5) for 3 

dimensional systems can be used, although with certain limitations^^'^^^®^ 
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100 nm 

Figure 5.3 - Longitudinal section of a sample prepared with fibers blended for 5 
minutes (Vf = 40.0 vol%) showing an overall random fiber orientation. The circles 
are warped fibers (see figure 4.3) (lOOx). 



Figure 5.4 - Transverse section of a sample prepared with fibers blended for 50 
minutes (Vf = 52.0 vol%) showing some randomly oriented fiber clusters (lOOx). 
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Figure 5.5 - Phase diagram predicted by Flory's lattice model for athermal rods in 
3-D. 

To compare the experimental data obtained on fiber orientation and volume 

fraction with the predictions of the theoretical phase diagram of figure 5.5, the 

sample prepared with fibers blended for 50 minutes is taken as an example. The fiber 

volume fraction for this sample is 52.0 vol% and the fibers have an average L/D of 

10.7. From figure 5.5 it can be seen that these fibers will form a 3 dimensional 

random (isotropic) phase. If one accounts for the fact that Flory's 3 dimensional 

model overestimates the range of the isotropic phase^^®^ (due to the approximations 

inherent in the discrete lattice representation in modeling continuous systems), it is 
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possible that, at 52.0 vol%, these fibers are situated close to the boundary between 

the two-phase region of the diagram, and should form clusters of fibers with random 

orientation. Furthermore, as the fibers blended for 50 minutes have a wide 

distribution of L/D's (figure 4.11), there is the possibility that the short fibers tend 

to congregate within the random (isotropic) phase while the long fibers reside in the 

aligned (clustered) phase, but also with random orientation. 

As already shown in table 5.2, a reasonable volume % of the fibers have an 

aspect ratio smaller than half their average aspect ratio. Also, the fibers appears to 

be forming randomly oriented clusters, in agreement with theoretical models. It is 

believed that these two factors, mainly the first one, are responsible for the higher-

than-expected volume fractions. 

In the case of the sample prepared with the as-received fibers, even though 

14.0 vol% of the fibers have a L/D value equal or less than 10 (see table 5.1), they 

can have lengths up to 1900 ixm. As they are not rigid, the long fibers can easily take 

coiled shapes, making them hard to align. This is shown in figure 5.6, where the 

fibers are randomly distributed, and no clusters are present. The expected increase 

in fiber volume fraction because of the "short fibers" (L/D < 10) is counterbalanced 

by the decrease due to fiber coiling. This is the reason why samples prepared with 

the the as-received fibers have volume fractions smaller than predicted by the 

models. It is worth mentioning that the models are based on the packing of rigid 

rods. 
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100 jLim 

Figure 5.6 - Longitudinal section of a sample prepared with the as-received fibers (Vj 
= 14.0 vol%), showing fiber "coiling" and no fiber clustering (lOOx). 
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5.4. Factors Affecting the Quality of Samples 

From the results presented in section 4.3, it is clear that the appearance of 

pores in the composite samples are not a result of MMA vaporization since 

maximum temperatures were below its boiling point (100 "C). 

The presence of air bubbles was confirmed in all samples. The air content 

should be considered the same for all samples with the same fiber volume fi-action, 

i.e., gravity-settled samples should have the same amount of air trapped in the 

sediment. The same is true for the shaker-settled samples. 

Although this explains the presence of pores due to trapped air, it caimot 

explain the increase in porosity in samples prepared using higher peroxide contents. 

The possibility of the increase in porosity be due to CO2 produced by reaction 

3.7 is remote. According to Odian^^^\ the initiator efficiency/for most initiators lies 

in the range 0.3 - 0.8. If one considers the worst case where 1.0 wt% benzoyl 

peroxide was used, and assuming/= 0.3, i.e., poor initiator efficiency, by simple 

stoichiometric calculations one finds that the volume of CO2 produced is in the range 

of 1.0 x 10"^ ml. This is a very small volume to account for the increase in porosity 

of the gravity-settled samples. This volume will be even smaller when using 0.1 and 

0.05 wt% peroxide, and assuming a higher value for/. 

The increased number of pores on the gravity-settled samples, and the 

increased number of cracks on the shaker-settled samples, with increased peroxide 

contents is explained as follows. With higher peroxide contents, the rate of 
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polymerization is increased, and, therefore, the entrapped air is unable to escape the 

sediment before the completion of the polymerization reaction. Also, any dissolved 

gas present in MMA, which is not soluble in PMMA, will not be able to escape and 

certainly will appear as pores in the bulk polymer, although in a small amount 

compared with the air pores. The rate of polymerization did not affect the porosity 

of the shaker-settled samples because they had fewer pores to begin with, due to the 

dense packing achieved. 

Furthermore, during polymerization, there is a decrease in volume due to the 

20% density difference that exists between MMA and PMMA. With high 

polymerization rates, the 20% volume shrinkage can be abrupt. If the fibers are 

densely packed, as is the case of the shaker-settled samples, this fast volume change 

can result in internal stresses since there is little space for the densely packed fibers 

to move around and adjust to the smaller volume. These internal stresses result in 

the formation of cracks. With lower peroxide contents, (0.05 wt%), the change in 

volume is not so fast (since the polymerization rate is smaller) and can be absorbed 

by the fibers. No cracks are present on the gravity-settled samples because the loose 

packing is not so affected by the volume shrinkage, even with high peroxide contents. 
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5.5. Electrical Resistivity and Critical Volume Fraction 

5.5.1. Effect of Fiber Volume Fraction and Aspect Ratio 

The dependence of electrical resistivity on the fiber volume fraction was 

shown in figure 4.22 for the samples prepared with fibers blended for 10 minutes. It 

is evident from the figure that there is a sharp decrease in electrical resistivity at a 

critical fiber volume fraction 0^ of about 21.0%. At this critical concentration a 

continuous network of conducting fibers is first formed. Beyond (p^, any further 

increase in fiber content results in a slow and gradual decrease in electrical 

resistivity. From the view point of percolation theory (section 2.2.1.1), the volume 

fraction of fibers above 0<. will not contribute to current conductance because they 

are situated on dead ends and alternate paths. 

The shape of the electrical resistivity-volume fraction curve of figure 4.22 is 

expected to hold for all composites prepared in this research. However, will 

decrease with increasing fiber aspect ratios since, for the same diameter, longer fibers 

can form a percolative network easier than shorter ones, as already shown in figure 

2.17. This dependence of <Pc on aspect ratio was verified experimentally by a number 

of authors^®®^^®'\ and theoretically by Balberg et al^'"^ Furthermore, Bridge 

et al.^'^^ concluded that the shapes into which the fibers settle in the composite 

have a strong influence on the probability of fiber-fiber contact. Also, according to 

Bridge et al.^''\ for coiled shaped fibers, there is an increase in the probability of 
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contacts, shifting <p^ to lower values. This is probably the case for the as-received 

fibers in this study, as shown in figure 5.6. 

Recently, several authors had studied the electrical properties of polymer 

composites having MMA and/or carbon fibers as the components . The results are 

presented in table 5.3. 

Table 5.3 - Recent data on PMMA and/or carbon fiber composites. 

Reference System Filler size 

Jana et neoprene/C fiber L/D = 100 6.0 vol% 

Nobile et al.^'^^ PMMA/Al powder L/D = 1 30.0 vol% 

Ahmad et polypropylene/Ni-coated 
C fiber 

L/D = 100 15.0 wt% 

Zhong et al.^'^^ polypropylene/C fiber N.A. 15.0^^) 

(1) author does not specify if it is vol% or wt%. 

Although 0^ strongly depends, among other factors, on how well the fillers are 

dispersed in the matrix and on the electrical resistivity measurement procedures, <pc 

obtained for fibers with L/D equal to 100 are, as expected, smaller than the value 

of 21.0 vol% (31.0 wt%) obtained with the fibers blended for 10 minutes (L/D = 

13.5). 

The value of 21.0 vol% seems to be to high considering that smaller than 

20.0 vol% have been obtained for systems containing carbon black (L/D = 1) as the 

conductor fillers^^^^'^^^l As was mentioned earlier, 39.2 vol% of the fibers 
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blended for 10 minutes have aspect ratios smaller than 10, decreasing the probability 

of fiber-fiber contact and, thus, increasing 0^. Furthermore, carbon black is known 

to form long aggregates resembling fibers with high aspect ratios^''^ 

Another possible contribution towards the higher-than-expected value can 

be the procedure used to prepare the composite samples having fiber volume 

fractions up to 25.0%. As mentioned earlier, these samples were prepared by 

dispersing the fibers in a higher viscosity MMA. This produced dispersions with many 

fiber aggregates, as can be seen in figure 5.7, reducing the ease of network formation 

and shifting <p^ to the high value of 21.0 vol% obtained. However, a recent 

study^^°°^ on the electrical conductivity of short fiber composites predicted a <t>c 

value of 21.0 vol% for composites prepared using slightly aligned fibers with L/D of 

10 (a value close to the value of 13.5 for the fibers blended for 10 minutes). 

The electrical resistivities of the composites prepared with fibers with different 

aspect ratios did not show any significant variation. This was shown in tables 4.7 and 

4.8. As could be seen, only a slight decrease in electrical resistivity was obtained 

when using the fibers blended for 50 minutes (L/D = 10.7) over the as-received 

fibers (L/D = 34.7), even though a large difference in fiber volume fractions exists 

between these two samples (51.3 and 11.7 vol% respectively). This clearly indicates 

that, at least for randomly oriented short fiber composites, the aspect ratio plays a 

far more important role than the fiber volume fraction in achieving low electrical 

resistivities. 
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Figure 5.7 - Very low fiber volume fi-action samples, prepared with high viscosity 
MMA, showing many fiber aggregates. From right to left: 0.06, 0.26 and 0.46 fiber 
vol%. 
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Figure 5.8 schematically shows the electrical resistivity behavior when using 

fibers with different aspect ratios. Fibers with higher L/D's lead to smaller 0/s and 

higher electrical resisivities than fibers with smaller L/D's. Looking back at figure 

5.8, electrical resitivity as low as Rb can be achieved by using Vb amount of fiber B. 

If one was to use fiber D to get Rb, the fiber volume fraction would have to be Vd, 

which is far greater than Vb, resulting on a non-efficient composite. However, high 

L/D's result in lower fiber volume fi-actions, limiting the minimum value of electrical 

resistivity that can be achieved. This is shown in the figure, where by using fiber A 

the maximum volume fraction obtained is Va, making it impossible to achieve Rb. 

Furthermore, the longer the fibers, the harder they are to work with^®^^^. 

Another point to be made is that to achieve electrical resistivities slightly 

smaller than Rb, use of smaller L/D fibers with significantly higher volume 

concentrations are required, as shown in the figure. It is worth mentioning that the 

choice of which fiber to use will also depend on the overall cost and, obviously, on 

other composite properties which also strongly depends on fiber shape, concentration 

and the way they are dispersed in the matrix. 

5.52. Conduction Process 

Tunneling conductivity was reviewed in section 2.2.1.4, where it was shown 

that the tunneling current is an exponential function of the gap width between closely 

neighboring conductive fillers. Furthermore, thermal fluctuations generated inside the 
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Figure 5.8 - Scheme showing the composite electrical resistivity as a function of fiber 
volume fraction and L/D. Each curve ends at the maximum V{ for each fiber. 

material can lower the tunnel barrier and, hence, increase the tunneling probability. 

In fact, temperature fluctuations do occur in composite materials when subjected to 

electric fields. This was shown by Bridge et al.^^°^\ using an infra-red imaging 

system, where the temperature fluctuations, at room temperature, were directly 

linked with variations in the eletric fields due to local variations in filler distribution 

and orientation. Therefore, even at room temperature, tunneling currents can 

participate on the overall conduction process. 
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Tunneling conduction has been found to be the dominant conduction 

mechanism when the filler particles are small'^'*^^ as is the case for carbon black filled 

polymers where typical particle size ranges between 0.01 and 0.1 nm. In this case 

there is a great number of contacts per particle (and between particles), and the 

overall resistance offered by these contacts is very big compared with the particle 

resistance. Hence, turmeling of electrons between the gaps separating the contacts 

becomes very important in the overall conduction process. 

On the other hand, when the filler particles are large (carbon blacks with 

diameter larger than 0.1 ^m, short carbon fibers), the number of contacts is much 

smaller and, consequently, the overall resistance offered by these contacts is small 

compared to the particle resistance. Thus, tunneling becomes less important and the 

conduction mechanism is dominated by the conduction mechanism of the particles. 

This latter situation is the case for the composites prepared in this research. 

Carmona et al., in a recent study(^°^\ came to the same conclusion; the conduction 

mechanism in short carbon fiber composites is dominated by conduction through the 

fibers. This is also confirmed by the the V x I behavior, at room temperature, of the 

samples prepared with the as-received and blended fibers, plotted in figure 5.9. As 

can be seen, ohmic behavior is observed in all cases, even for the samples prepared 

with fibers blended for 1, 5 and 30 minutes (not shown). This same behavior was 

observed in polypropylene/steel fiber composites and on ABS/steel fiber 

composites.^^^ 
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as-rec 2 min • 10 min + 50 min 

Figure 5.9 - V vs I behavior of composite samples. 

Finally, as already shown in figure 4.24, the electrical resistivities predicted by 

the GEM equation are in good agreement with the experimental values. The critical 

parameter t is in the range predicted by percolation theory (1.65 < t < 2.0) for 3 

dimensional lattices In' fact, if one assumes a value of 0.01 n.cm for the carbon 

fiber resistivity, which is the value for most carbon fibers, the GEM equation predicts 

a t value of 1.8, well inside the universal range, and the curve fits the experimental 

data even closer, as seen in figure 5.10. 
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Figure 5.10 - Plot of the GEM equation and the experimental results, using t = 1.8, 
which is inside the range the universal range. 

5.5.3. Comparison with other Composite Systems 

Table 5.4 shows electrical resistivities for polymer composites taken from the 

literature. The composites listed resemble the carbon/PMMA system used in this 

research. The amount of filler used in each case is also listed. Also included in the 

table is the electrical resisitivity obtained with samples prepared with the as-received 

fibers and with fibers blended for 50 minutes. All electrical resistivities lie in the 

range 10"^ - 10^ n.cm. 
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Table 5.4 - Electrical resistivities of similar composite systems taken from the 
literature. 

Reference System P 
(n.cm) 

(%) 

Mukhopadhyay et 
al.(^°3> 

PMMA/Cu powder (50 nm) 6.0 40.0 vol% 

BiggCio^) polypropylene/Al fibers 
(L/D = 12.5) 

4.0 42.0 vol% 

Narkis et al.^^°^^ polyethylene/C fibers 
(L/D = 600) 

100.0 20.0 wt% 

Sumita et al.^^°^^ PMMA/carbon black 1.0 15.0 vol% 

Nobile et al.^®^^ PMMA/Al powder 
(10 to 50 /xm) 

4.0 30.0 vol% 

Moffat et al.^"*^^ PMMA/V2O3 powder (5 Mm) 100.0 55.0 vol% 

Li et al.^^°^ polyimidesiloxane/graphite 
flakes (25 /xm) 

0.6 12.2 vol% 

Jana et al.^®'^ polychloroprene/C fibers 
(L/D = 100) 

0.8 22.0 vol% 

this work PMMA/C fibers (L/D = 35) 0.31 11.7 vol% 

this work PMMA/C fibers (L/D = 11) 0.17 52.0 vol% 

As shown in the table, the electrical resistivities of the composites prepared 

in this work are the lowest listed, significantly lower than some others. Thus, the 

higher fiber volume fractions obtained did result in very low electrical resistivities 

(high conductivities). 

The short carbon fiber/PMMA composites can easily be used for electrostatic 

dissipation and EMI shielding purposes and probably as PTC resistors, although no 

dependence of electrical conductivity on temperature was made in this research. 
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However, none of the composite samples achieved the low value of 10^ n.cm needed 

for the electrically conductive adhesive applications. 

5.6. Thennal Conductivity 

Tables 4.9 and 4.10 listed composite thermal conductivities obtained with 

increasing fiber volume fraction. The kc/k^ values for the composites prepared using 

the fibers blended for 10 minutes were shown to increase with increasing fiber 

volume fraction. Also, as mentioned before, no sharp insulator-conductor transition 

is present since thermal conductivities between materials do not differ as dramatically 

as their electric conductivities. 

It was also mentioned in section 2.2.2 that, in polymeric composites, thermal 

conduction should increase with filler content even in the absence of a conductive 

network (i.e., phonon conduction). This is in agreement with the results of table 4.9 

and figure 4.25. Composite thermal conductivity increases up to 16 times the 

matrix value k„ up to a fiber concentration of 19.6 vol%. Between 19.6 and 23.0 

vol%, the figure shows that there is a small threshold occurring where k^/k^ jumps 

from 16 to 22 with a 3.4 vol% increase in fiber concentration. This narrow fiber 

concentration region coincides with the percolation threshold region shown in figure 

5.10, where, at a 0^. of 21.0 vol%, a conductive network forms and the composite 

shows an electrical insulator-electrical conductor transition. Thus, as in electrical 

conduction, thermal conduction in short fiber polymeric composites is also dependent 
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in network formation. Further increase in fiber concentration increases up to 50 

times the matrix value at the maximum fiber concentration of 46.5 vol% achieved 

using the fibers blended for 10 minutes. This limitation in k,. at higher fiber 

concentrations is due, as the electrical conductivity, to dead ends and competing 

pathways. An interesting fact is that k^/k^ increased from 22 to 50 with an increase 

in fiber concentration fi-om 23.0 to 46.5 vol%, i.e., kj./k^ doubled with a two-fold 

increase in fiber concentration. This is not a trend since, as seen from the figure, 

kp/k„ is reaching a plateau, with further increase in fiber concentration having 

minimum effect on the composite thermal conductivity. 
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Figure 5.11 - Variation of composite thermal conductivity with increasing fiber 
volume fraction as predicted by Nielsen and Hatta's models. Also shown are the 
experimental values. 
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Figure 5.11 shows the experimental kj/k^ values (table 4.9), for the 

composites prepared with fibers blended for 10 minutes, together with the predictions 

of two models: Nielsen's empirical model, which was described in section 2.2.2, and 

Hatta's theoretical "equivalent inclusion" model^^\ Hatta's "equivalent inclusion" 

model is analogous to the Eshelby's equivalent inclusion method in elasticity, and it 

accounts for the interaction between the fibers in the matrix using a distribution 

function of fiber orientation angle with respect to a reference axis^^^\ For a 2 

dimensional randomly oriented short fiber composite, k^/k^ is given by 

nx 

H = 2(Kf-KJ\l-VpS,,533 ̂ KJK^-KJ(2-VpiS,,̂ S,,y 2KI 

, (5.1) 

= yR—- [L/D(L/D2-1)2 -cosh"  ̂L/D 

2{LlD^-iy 

^  = 1 - 7  ^^33 ^ Hll 

where L/D is the fiber aspect ratio and k^, k„, k^ are the fiber, matrix and composite 

thermal conductivities, respectively. 

For a 3 dimensional randomly oriented short fiber composite, 

TtX 

7=3(l-Fp(A:,-iC„)S,,533./^J3(5,,^533)-F/25,,+S33)]^. 

(5.2) 
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where Sjj and are the same as for the 2 dimensional case. 

Kf was assumed to be 1.24 cal/cm.s., the same as for the P-100 carbon fiber 

(according to DuPont; see table 3.1). was taken from literature^^°®^ and is 

equal to 0.00046 cal/cm.s. The values used for the maximum packing fraction and 

for the shape factor parameter A on Nielsen's equation (equation 2.22) were 

obtained from table 1 and figure 2 of reference 47; for 3 dimensional random 

packing, 0^ = 0.52 andy4 = 6.8; for 2 dimensional (uniaxial) random, ~ 0-^2 and 

A = 27. 

As can be seen from the figure, both models predict lower k^ values. One 

reason could be that the value of 1.24 cal/cm.s estimated for kj might be too low. 

However, when kf is more than 100 times greater than k„, which is already the case 

here (kf/k^=2696), Nielsen's model does not predict any significant effect of this 

ratio on the composite thermal conductivity k^ (see figure 10 on reference 47). In 

Hatta's model this is also true, although at a kj/k^ greater than ~ 1000. 

The thermal conductivity values for composites prepared using fibers with 

different L/Ds (table 4.10) are plotted in figure 5.12. The figure also shows the 

maximum fiber volume fraction achieved for each fiber. These data suggest that, in 

the range 10.7 < L/D < 23.7, K^. increases with shorter fibers. In the range 23.7 < 

L/D < 34.7, there seems to be an inflexion point (a minimum) where Ke starts 

increasing with longer fibers. Thus, there is a compromise between L/D and the 

formation of a conductive network throughout the sample. Shorter L/Ds means high 

fiber volume fractions, allowing the formation of various conductive paths long 
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Figure 5.12 - Variation of composite thermal conductivity with fiber aspect ratio. The 
maximum fiber volume fraction is also plotted in each case. 

enough so that heat can be transferred along the sample. Higher L/Ds will form 

fewer conductive paths at small fiber volume fractions which, too, are sufficient to 

increase K^. Intermediate L/Ds are too short to form enough conductive paths that 

the higher L/Ds form, and can't pack densely enough so that a great number of 

conductive paths can be formed as small L/Ds can. Thus, although not verified 

experimentally, by using fibers with L/D greater than 35 would eventually lead to a 

composite with Kj/K^ in the same range of the higher (46.5, 49.0 and 52.0 vol%) 

volume fraction samples. 
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The thermal conductivity of composites having the same fiber volume fi-action, 

but prepared with fibers of different aspect ratios, is strongly dependent on L/D. This 

is shown by comparing K^/K^ values listed under tables 4.9 and 4.10. For example, 

table 4.9 shows that composites prepared with 14.0 vol% of the fibers blended for 10 

minutes (L/D = 13.5) have a K^/Kn, value of 12. Table 4.10 shows that composites 

prepared with 12.0 vol% of the as-received fibers (L/D = 34.7) have a K^/K^ value 

of 33. Similar comparisons can be made, and they are shown in figure 5.13. As can 

be seen, at a fiber volume fraction of 14.0%, higher L/D fibers can form conductive 

paths (for the fibers blended for 10 minutes (L/D = 13.5), a percolation path only 

formed at 21.0 vol%), resulting in higher values. At a fiber volume fraction of 

28.0%, the short fibers also formed conductive paths, and the K,. values between the 

short and long fibers are similar. At very high fiber volume fractions, values are 

nearly constant with L/D, since such high fractions were only obtained using fibers 

with very small and similar L/Ds (15.5,13.5, 11.9 and 10.7). This was also shown in 

figure 5.12. 

5.6.1. Applications and Comparison with other Composite Systems 

The thermal conductivities of the short carbon fiber/PMMA composites 

reported in tables 4.9 and 4.10 are easily suitable for the heat transfer demands of 

heat sinks in electronic devices, where typical values are around 0.0016 

cal/cm.s.°C.^^°^ 
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Figure 5.13 - Comparison between the K^/K^ values for composites having the same 
fiber volume fraction, but prepared with fibers having different L/Ds. The fibers 
L/Ds are labeled above each bar. 

Materials for electronic packaging must have high thermal conductivity, low 

coefficient of thermal expansion (CTE), low density and provide EMI shielding^^\ 

The short carbon fiber/PMMA composites prepared can be tailored to meet all these 

requirements. 

If high carbon fiber volume fractions can be achieved in epoxies, and in 

recently developed methacrylate adhesives^^^\ these materials can easily be used as 

high electrically and thermally conductive adhesives. If electrical insulation is needed, 
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fiber volume fraction can be limited to less than 20.0 vol% (i.e., less than the 

threshold concentration for electric conduction), and thermal conductivities as high 

as 0.0074 cal/cm.s. ° C can be reached. Obviously, there are other parameters such 

as tensile strength and modulus, variation of thermal conductivity with temperature, 

humidity and time, chemical resistance, etc., that should be considered when choosing 

a material for heat conductance. These topics will need to be investigated in a future 

research. 

The specific thermal conductivity (K^/density) of the high fiber fi-action 

composites (Vf > 46.0 vol%) is 0.0143 cal/cm.s.°C, which is greater than that of 

stainless steel, which is 0.005 cal/cm.s. ° C. Structural applications where weight is of 

concern, such as in the aerospace industiy, can benefit from this high specific thermal 

conductivity. 

Table 5.5 shows some thermal conductivity values for polymer composites 

taken from the recent literature. The composites listed all have carbon fibers as the 

filler material. The high and low values of the thermal conductivity obtained with the 

composites prepared in this research are also shown. Also included in the table is the 

K^/K^ ratio for each case. 

Obviously, continuous and aligned fiber composites will show the highest 

values. This is confirmed by the extremely high K^/K^ values for Nysten et al. 

composites. For short carbon fiber polymeric composites, a comparison between the 

composites prepared in this research with the ones by Agari et al. and Choy et al. 
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shows that the PMMA/carbon fiber composites have substantial higher values, 

specially at the high fiber volume fractions. 

Table 5.5 - Thermal conductivity values of similar composite systems taken from the 
literature. 

Reference System vol% Kc 
(cal/cm.s.°C) 

Kc/K„ 

Nysten et 
al.(^) 

polystyrene/P-100 C fibers 
(continuous and aligned) 

30.0 0.14 117.0 

Polyester/C fibers (continuous 
and aligned) 

45.0 0.34 285.0 

Agari et Polyethylene/C fibers 
L/D = 6 
L/D = 21.6 
L/D = 45.3 

30.0 
30.0 
15.0 

0.0016 
0.0025 
0.0013 

2.3 
3.7 
1.9 

Choy et 
al.("°> 

poly(phenylene sulfide)/C 
fibers (L/D = 16) 

30.0 
40.0 

0.0036 
0.0041 

7.4 
8.6 

this work PMMA/C fibers 
L/D = 35 
L/D = 11 

14.0 
52.0 

0.0055 
0.0230 

12.0 
51.0 
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6. CONCLUSIONS 

The short carbon fiber/PMMA composites prepared in this research show 

remarkable electrical and thermal conductivities. There are a number of factors that, 

acting alone or synergeticaly, are responsible for such high conductivities. 

First of all, the very good dispersion characteristics (wetting and stability) of 

the carbon fiber/MMA system provided a good start in achieving well packed 

sediments. Chopping the fibers into smaller aspect ratios further increased the 

sediment packing density, as was expected. 

The different sedimentation conditions used also had a significant influence 

on the sediment packing density, particularly on the way in which the fibers pack in 

3 dimensions. Fibers settled under the influence of the lateral agitation provided by 

the "shaker" could align and form clusters more easily than with the random agitation 

provided by ultrasonic vibration. The formation of fiber clusters, although each with 

random orientation, contributed to the very high fiber volume fractions obtained. It 

was also observed that fibers with small aspect ratios form a greater number of 

clusters (each of which has more number of fibers) than do fibers with larger aspect 

ratios, in accordance to fiber packing models. 

The high fiber volume fractions obtained after all these processing steps 

leaded to the high electrical and thermal conductivity values obtained. The electrical 

conductivity behavior exhibited a sharp insulator-conductor transition and was well 

described by a general effective media equation, which combines both percolation 
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and effective media theories. Above the percolation threshold the electrical 

conductivity continued to increase with fiber volume fraction, and, eventually, would 

have had reached a plateau at some higher fiber content. Furthermore, at high fiber 

volume fractions, small changes in fiber content resulted only in a slight increase in 

electrical conductivity, a direct consequence of the dead ends and competing 

pathways that exists on the fiber network. Thus, at these high fiber concentrations, 

a big increase in fiber content was necessary for further improvement in electrical 

conductivity. The value of obtained appears to be too high considering the fact 

that fibers can form percolative networks at much lower values. However, as was 

shown, the preparation procedure used for the lower fiber fraction composites 

resulted in poor fiber dispersion and, hence, less ease of network formation. 

The composite thermal conductivity was also found to be dependent on 

network formation. The same value for 0^ was obtained, although the insulator-

conductor transition was not as dramatic as it was in the electrical conductivity case 

(due to the smaller differences between carbon fiber and PMMA thermal 

conductivities). Also, a plateau was reached, with further increase in fiber 

concentration having minimal efifect on the composite thermal conductivity. By using 

fibers with different aspect ratios, it was possible to observe a minimum in the 

composite thermal conductivity value. This minimum occurred at some intermediate 

fiber aspect ratio, where the fibers are too short to form the few conductive paths 

that the higher aspect ratio fibers form, and they can't pack densely enough (as do 

small aspect ratio fibers) so that a great number of conductive paths can be formed. 
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Both Nielsen's empirical model and Hatta's theoretical model failed to predict the 

small insulator-conductor transition observed and both models predicted lower 

thermal conductivity values. 

Obviously, the inherent electrical and thermal conductivity of the carbon fiber 

itself played a major role in the final composite conductivity since, above the 

percolation threshold, the conduction mechanism was dominated by conduction 

through the fibers. 
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