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ABSTRACT

The purpose of the research described in this thesis is to explore two new applications for

carbon fibers.  The first application involves the addition of carbon fiber to asphalt.

Preliminary research indicates that carbon fiber modified asphalt may have beneficial

properties ranging from improved mechanical properties to reduced electrical resistance.

The enhanced mechanical properties should result in longer lasting, more durable

pavements.  In addition, carbon fibers are electrically conductive.  As an additive to

asphalt, they can reduce the electrical resistivity, which may have applications in asphalt

stress testing, structural vibration sensing, and heating roads to melt ice and snow.

Precautions are needed during the addition of carbon fiber to hot mix asphalt.  Airborne

carbon fibers create the potential danger of short-circuiting electrical equipment, and

carbon fibers tend to disperse poorly and are subject to degradation when in prolonged

contact with aggregate during mixing.  The proposed method of carbon fiber delivery

involves encasing the fibers in sheets with asphalt and/or low density polyethlyene

(LDPE) as the matrix material. The fibers studied were 2.54cm cut mesophase pitch-

based fibers and rolled 5.08cm-7.62cm mesophase pitch-based fibers in random mat

form.  Two different encapsulation methods were investigated:  asphalt/water

emulsion/carbon fiber and LDPE/carbon fiber.

The asphalt/water emulsion/carbon fiber and LDPE/carbon fiber sheets were tested for

final carbon fiber length, weight percent fiber, and dispersability in the hot mix asphalt

using a laboratory scale Hobart mixer.  These tests were performed by extracting fibers
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from both the sheets and the hot mix asphalt using trichloroethylene, then inspecting

visually or with an optical microscope.

Additional fiber length tests after mixing in a large scale pug mill process were conducted

by Conoco, Inc,.  Both delivery methods were shown to produce a significant increase in

dispersability and eliminated airborne fiber.  Using the carbon fiber/ asphalt and carbon

fiber/ LDPE mats, the fibers in the final product were respectively 27% and 80% longer

on average than when a control of a carbon fiber without a matrix was used as an additive

(0.81 mm final length).  While an improvement, at respective average lengths of 1.03mm

and 1.45mm, this was still shorter than the desired minimum length of 6mm.

The second application explored carbon fiber for fire retardant applications.  This

involved proof of concept for the production of carbon fiber/ petroleum pitch veils for

fire retardant insulation.  Creating a random mat out of 2.54cm chopped mesophase pitch

based fibers was the primary obstacle in this project.  Carbon fibers are by nature

hydrophobic, and creating a carbon fiber/ carbon pitch/ water slurry proved difficult.  The

proposed method of production involves mixing the carbon fibers with a stream of

pressurized air until the fiber are randomly distributed, dusting with petroleum pitch until

a pitch to carbon fiber mass ratio of 1:1.5 is obtained, spraying the mixture with water to

create a mat, evaporating the water, and melting the pitch to bond the fibers into a veil.
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Chapter 1:  Introduction

Carbon fibers are a high-value product that can be derived from a low-value petroleum

feedstock.  Their high electrical conductivity and strength make them a candidate for a

wide variety of applications in areas such as composites, electronics, and construction

materials.  This study began the investigation of two potential carbon fiber applications:

carbon fiber as a hot mix asphalt (HMA) additive and carbon fiber veils for carbon-

carbon composite pre-form applications.

A two part carbon fiber study conducted at Michigan Technological University (MTU)

was sponsored by Conoco, Incorporated.  The first application involved developing a

delivery system for carbon fiber to HMA.  Modifying HMA with carbon fiber is thought

to improve mechanical properties and extend pavement life

Hot mix asphalt (HMA) is the most commonly used paving material in the United States,

comprising 94% of paved roadway surfaces, which includes 65% of the interstate

highway system.  In 1988, five hundred million tons of HMA were produced, valued at

$10.5 billion.  That year alone, the government spent $68 billion on highways, with $20

billion of that sum being spent on maintenance.  The expenditures have shown an annual

increase of $3.5 billion, from which a value of $62 billion spent on highway maintenance

for the year 2000 can be extrapolated (Roberts, 1996).  Without question, advances in

materials that extend pavement life have the possibility of saving billions of tax dollars a

year.
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Difficulties arise in the addition of carbon fiber to HMA.  The proposed solution involves

encapsulating the carbon fibers in a matrix material to form a mat.  This serves three

purposes:  it spreads the fibers over a wider area, increasing dispersion, it eliminates

electrically conductive airborne fibers, reducing the risk of short-circuited equipment, and

it covers the fibers in a protective layer, preventing fiber degradation.

The second application involved the development of carbon fiber/ petroleum pitch veils

for carbon-carbon composite pre-form applications.  These thin veils, consisting of

2.54cm chopped carbon fibers joined by a small amount of melted petroleum pitch, could

be used as a fire retardant insulation or a pre-form for such materials as carbon fiber

brakes.  The presence of these veils in an aircraft or mobile home wall would increase

burn-through time in a fire, where escape time is usually very small.

This thesis consists of a literature review (Chapter 2), an explanation of the methods used

to develop the two products (Chapter 3), results and discussion (Chapter 4), and

conclusions and future work (Chapter 5).
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Chapter 2:  Background and Literature Review

The materials used in this project are not common in most chemical engineering

endeavors.  The following section provides background information concerning hot mix

asphalt, petroleum pitch, carbon fibers, and previous use of carbon in paving.

2.1  Hot Mix Asphalt

The American Society for Testing and Materials (ASTM) defines asphalt as “a dark

brown to black cementitious material in which the predominating constituents are

bitumens that occur in nature or are obtained in petroleum processing” (Asphalt

Institute).  Asphalt can be found in natural deposits left behind by surface accumulations

of petroleum.  Ancient people used these natural asphalts in waterproofing and as a road

building material, much as they are used today. More common than natural asphalt is

asphalt refined from petroleum, a process that led to the development of the paving

industry. Eight-five percent of refined asphalt is used in the paving industry as asphalt

cement (Asphalt Institute, 1996).

The chemical composition of asphalt is widely varied depending on source, but, in

general, it is classified as a hydrocarbon containing 90 to 95 percent carbon and

hydrogen.  The remainder of asphalt is made up of heteroatoms, such as nitrogen,

oxygen, and sulfur, the concentration of which is dependent on source.  These atoms may

replace carbon in the structure of asphalt, creating molecular interaction that accounts for

asphalt’s unique physical properties (Asphalt Institute, 1996).
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In general, three types of molecules exist in asphalt: aliphatics, cyclics, and aromatics, as

shown in Figure 2.1. The bonds between these molecules are weak and are easily broken

by heat or shear stress, contributing to the shear thinning and viscoelastic behavior of

asphalt (Asphalt Institute, 1996).  See Figure 2.2.

FIGURE 2.1:  ASPHALT CONSTITUENT MOLECULES (ASPHALT INSTITUTE, 1996)

FIGURE 2.2:  SHEAR THINNING (ASPHALT INSTITUTE, 1996)

In HMA, 5 % wt. asphalt cement is blended with 95% wt. aggregate (sand, rocks) and

compacted to form a smooth surface.  This surface retains the viscoelastic properties of

the asphalt cement.  Because of its viscoelastic nature, asphalt cement behavior varies

with temperature and rate of loading.  Its viscous properties compensate for expansion
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and contraction due to environmental conditions, and its elastic properties resist

deformation of the paved surface (Asphalt Institute, 1996).

Under a shear stress resulting from a stopping vehicle, the asphalt matrix begins to flow

causing rutting.  See Figures 2.3 and 2.4.  This rutting phenomenon is most noticeable in

areas such as intersections and stop signs.  Asphalt cement under extreme cold conditions

exhibits purely elastic properties, and internal stresses may cause low temperature

cracking  (Asphalt Institute, 1996).

FIGURE 2.3:  ASPHALT RUTTING (ASPHALT INSTITUTE, 1996)

FIGURE 2.4:  SHEAR PLANE DURING ASPHALT RUTTING (ASPHALT INSTITUTE, 1996)

Another unique property of asphalt is its ability to be recycled. An HMA surface that has

been damaged can be remixed with a percentage of fresh material and used again on the

same road (Asphalt Institute, 1996).
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There are two common manufacturing methods for HMA:  batch mix facilities and drum

mix facilities.  Batch mixing was utilized in this research.  Figure 2.5 shows a batch

facility for the production of hot mix asphalt.  All major components are numbered and

labeled on the diagram.  Differently sized aggregate is separately stored in the cold bins

(1) and transferred to the dryer (4) via the cold feed gate (2) and cold elevator (3).  A

weighing system is utilized in this area to proportion the aggregate mix.  The aggregate

then enters the dryer (4) where it is heated to ~150°C under a counter flow of exhaust

gases.  From the dryer, the aggregate is transferred to the screening unit (8) by the hot

elevator (7).  The screening unit sorts the aggregate by size again, and it is transferred to

the hot bins (9).  From the hot bins, the aggregate is reproportioned and transferred to the

weigh box (10), where it is then added to the pugmill (11) for mixing with hot asphalt

cement.  This is the location where carbon fiber or other additives are incorporated.

From here, the hot mix asphalt is transferred to a truck that will take it to the laydown site

(Roberts, 1996).

Carbon Fiber
Added Here

FIGURE 2.5:  B ATCH FACILITY FOR HOT MIX ASPHALT PRODUCTION (ROBERTS, 1996)
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In a drum mix facility (Figure 2.6), aggregate moves from the cold feed bins (1), to the

cold feed conveyor (2), and to the automatic weighing system (3).  From here, it enters

the drum mixer (4), where it both dried and mixed with asphalt cement.  The HMA is

then transferred to the mix surge silo (9), from where it will be transferred by truck to the

laydown site (Roberts, 1996).

FIGURE 2.6:  DRUM MIX FACILITY (ROBERTS, 1996)

Asphalt cement’s rutting problems are a major factor in determining whether asphalt or

concrete should be selected for a paving project.  Eliminating this factor may greatly

expand the use of asphalt in the paving industry.

2.2 Pitch

Mesophase pitch is the precursor of the carbon fiber utilized in this research.  This type of

pitch is produced from the thermal or catalytic polymerization of a petroleum feedstock,

such as, aromatic extracts from lube oil processes, asphaltic residues form vacuum

pipestills, and decant oil from fluid catalytic cracking units (Marsh, Heintz, and

Rodríguez-Reinoso, 1997).
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In the production of mesophase pitch, the feedstock is heated from room temperature to

400-500 °C and maintained at that temperature for 40 hrs.  Between 100 and 200 °C, the

pitch melts and loses viscosity, but during the holding period, the viscosity increases,

forming an optically active anisotropic fluid – a mesophase or liquid crystal.  A liquid

crystal is an intermediate state between solid and liquid, where molecules are ordered but

have large mobility (Marsh, Heintz, and Rodríguez-Reinoso, 1997).

Pitch possesses a complex molecular structure containing thousands of aromatic

hydrocarbons with three to eight fused rings and a molecular weight of 300 to 400 g/mol.

(Marsh, Heintz, and Rodríguez-Reinoso, 1997).  Figure 2.7 shows a possible molecular

structure (Peebles, 1995).

FIGURE 2.7:  M ESOPHASE PITCH STRUCTURE (PEEBLES ).

For a pitch to be acceptable for the manufacture of carbon fibers it must meet certain

criteria:
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1) It should not contain insolubles that will interfere with spinning or negatively

influence the fiber’s mechanical properties

2) It should not polymerize during spinning, which changes melt viscosity and creates

gases that leave bubbles in the spun fiber

3) The mesophase portion must undergo orientation during spinning

4) The softening point and glass transition temperature of the spun fiber should be high

enough to allow rapid stabilizations

5) The spun fiber must maintain sufficient reactivity to undergo the stabilization

reactions to prevent fusing of the filaments during further high temperature

processing (Peebles, 1995).

Mesophase products have a high average molecular weight and a small number of side

groups.  These side groups often decompose before becoming fluid enough to flow and

can cause disordering; hence, they are not desirable.  Commercial mesophase precursors

have characteristics of both mixtures and solutions-- they soften over a range of

temperatures and orient under an applied stress.  The flow behavior of mesophase pitches

at low shear rates is shear thinning, but is Newtonian at high shear rates.  Large response

time for flow rate changes indicate that it also has viscoelastic properties.  Pitch’s most

important property is its viscosity’s extreme dependence on temperature which requires

precise temperature control when spinning (Peebles, 1995).
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2.3  Carbon Fibers

It should be mentioned that carbon fibers can be produced from three different types of

precursors: pitch, polyacrylonitrile (PAN), or rayon.  Properties vary with precursor, but

only fibers derived from mesophase pitch were considered in this research.  Mesophase

pitch is favorable for many reasons.  First, there is a high availability of low cost pitch,

making it the lowest cost carbon fiber in production.  Less energy is needed in

graphitization in comparison to PAN based fiber because the pitch begins in a state closer

to graphite. Also, there is a low percentage of N2, H2, and other non-carbons to drive off

in carbonization.  These two factors contribute to the 75% yield of fiber from precursor

fiber--  the highest of the three fiber types (Buckley and Edie, 1993).

Several processes are currently available for the production of carbon fibers.  Two such

processes are blow spinning (the method used to produce the fibers used in this research)

and melt spinning.

Figure 2.8 shows a diagram of the melt-spinning for precusor fiber process. In this

process, molten mesophase pitch precursor is forced through a multiple-hole spinnerette.

The fibers are put in tension by the roll-up mechanism and cooled by quench air. After

thermosetting, the fibers are either carbonized or graphitized.  The fibers are

precarbonized at 900 to 1000 °C, to evolve H2 and CH4 gases.  After carbonization

(1300-1600 °C) or graphitization, the fibers are surface-treated to increase the

concentration of oxygenated groups on the fiber surface, which improves the adhesion

between the carbon fiber and the matrix material for composite applications.  Several
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different methods, such as exposing the fibers to high temperature gases, electrolytically

etching, or submersion in acid solutions may be employed to achieve this.  Sizing may be

applied after this step to improve the wettability of the fiber.  Sizing is most often 1% by

weight of the anticipated matrix material (Buckley and Edie, 1993).

 

FIGURE 2.8:  M ELT SPINNING PROCESS (BUCKLEY AND EDIE, 1993)

Blow spun carbon fibers were used in this research.  In this process, molten mesophase

carbon pitch is converted directly into a non-woven mat as shown in Figure 2.9.  Melt-

blowing is a one-step process where molten mesophase pitch is forced through a die with

multiple holes and then impacted by a high velocity gas stream.  This allows for rapid

attenuation of the carbon stream, resulting in a fiber with a diameter many orders smaller

than possible with melt spinning.  The upward force from the gas in blow spinning

eliminates the need for putting the fibers under tension (no take-up roll needed) (Rao and

Shambaugh, 1993).
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FIGURE 2.9:  B LOW SPINNING PROCESS (RAO AND SHAMBAUGH, 1993)

2.4  Use of Carbon in Paving

The use of carbon fibers as a reinforcement in hot mix asphalt (HMA) has not been the

subject of much research.  The majority of research has been conducted on the addition of

carbon fibers to concrete mixes.

The US Army researched the use of graphite modified asphalt for heated paving in 1968.

The tests showed that the pavement was feasible and a patent applied for.  That year,

United Airlines installed a heated pavement section, but it was not as successful as
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anticipated.  Superior Graphite, the original graphite supplier, resumed research in 1990

(Tomlinson, 1995).

The use of carbon black as an asphalt reinforcement was the subject of Federal Highway

Administration (FHWA) sponsored studies from 1968 to 1972.  The results of this

research conducted at the laboratories of Materials Research and development in

Oakland, California showed that an 11 to 16 weight percent of carbon black in asphalt

cement gave significant improvements in durability, wear resistance, low-temperature

cracking, high temperature distortion, and temperature – viscosity properties of the

asphalt. These improvements are due to the carbon black stiffening and increasing the

toughness of the asphalt. Carbon black is easily dispersed in the asphalt by first being

pelletized and then being subjected to the shearing action between aggregate particles

during mixing.  Careful selection of asphalt binder allows for the basic characteristics of

the asphalt to remain unchanged after the addition of carbon black (Tomlinson, 1995).

A 1996 study by Serfass and Samanos investigated fiber-modified asphalts using

Chrysotile, rock wool, glass wool, and cellulose fibers.  These modified asphalts were

subjected to a wide variety of tests on mastics (bitumen and fibers), mortars (bitumen,

fibers, and sand), and asphalt concrete.  Common characteristic of all tested asphalts

included resistance to thermal cracking, ageing, shearing, and aggregate dislodgment.

The importance of dispersion of fibers in the mixed was noted as a key factor (Serfass

and Samanos, 1996).
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Dr. Deborah L. Chung at the University of New York, Buffalo, has conducted extensive

research in the area of carbon fiber modified concrete.  In a study published in 1991, she

and Pu-Woei Chen investigated concrete modified with up to 0.2% volume of short

carbon fibers.  Concrete, by nature, is strong under compression and weak under tension

or flexure.  The addition of short carbon fibers (3.0-5.1 mm) was investigated as a

method to improve both compressive and flexural strength along with freeze-thaw

durability.  The problem of fiber dispersion was solved by two dispersion methods--  the

fibers either were first dispersed in the dry mix (aggregrate, dry cement) or in the

necessary water with a defoamer and dispersant.  The addition of 0.187% volume (0.5%

weight) resulted in an increase in flexural strength of 85%, toughness by 205%, and

compressive strength of 28%.  Also, freeze-thaw durability was improved, and an

decrease in electrical resistivity was observed (Chen and Chung, 1993).

Dr. Chung has published several papers on applications of carbon fiber modified concrete

including traffic monitoring and weighing and vibration reduction.  In a 1998 study, Dr.

Chung performed experiments using 0.5% to 1.0% carbon fiber in cement mortar.  The

carbon fibers bridge microcracks in the cement and experience pullout when subjected to

a load.  Under a stress the volume resistivity increases in a totally reversible process.

This was shown to be accurate for pressures up to 1 MPa and speeds up to 55 mph (Shi

and Chung, 1999).  In a vibration study, 0.5% weight carbon fiber was added to cement

paste.  This showed a 67% increase in storage modulus, the stiffness of the concrete, but

a 25% decrease in its loss tangent under flexure, the concrete’s damping capacity (Xu and

Chung, 1999).
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A comparative study between carbon fiber and two other common reinforcing fibers,

steel and polyethylene, was also conducted by Dr. Chung.  Concrete samples containing

one of each of the three fiber types were subjected to mechanical tests for compression

strength, tensile strength, and flexural strength, with and without the addition of latex to

the cement mix.  Steel fibers showed the greatest improvement in flexural strength.

Polyethylene showed the greatest flexural toughness.  The carbon fiber modified concrete

showed the highest flexural strength.  The addition of latex resulted in an increase of all

desirable properties, except for reducing the modulus of the carbon fiber modified

samples (Chen and Chung, 1996).

A two-phase study by Aren Cleven, a Master’s Student in Civil Engineering, investigated

the behavior of carbon fiber modified asphalt mixtures.  The first phase focused on

determining the feasibility of achieving improvements in mechanical behavior with the

addition of carbon fibers.  The second phase focused on investigating the factors that

contribute to the new behavior.  Carbon fibers were found to create improvements in high

temperature and low temperature behavior.  HMA samples containing 0.5% to 0.8%

weight carbon fiber in the asphalt cement binder showed a respective improvement in

resistance to repeated load deformation ranging of 38% to 182%.  Fiber length taken after

a pug mill field trial by the research sponsor revealed a reduction in average final carbon

fiber length from 2.54 cm to between 0.2mm and 0.65mm.  Potential problems identified

by this study were final fiber length, even distribution of fibers, and initial asphalt quality

(Cleven, 2000).
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Aren’s study formed the foundation for this current study due to the need to improve

carbon fiber length in the final asphalt cement by protecting it during mixing.  An

estimate was made of a final length of 6mm for improved mechanical properties, enough

to arrest microcracks and reduce creep.

2.5 Thesis Statement

The goal of this thesis is to explore two novel applications for carbon fibers, carbon fiber

modified asphalt and carbon fiber veils.  Two main objectives were studied:

• To prepare a carbon fiber delivery system for carbon fiber to HMA which

reduces the amount of airborne fiber, improves dispersability, and improves

final fiber length after mixing

• Proof-of-concept for the production of carbon fiber/ petroleum pitch veils

utilizing Conoco fiber and pitch

The results of these studies are presented in the following chapters.
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Chapter 3: Experimental

3.1 Carbon Fiber Modified Asphalt

The addition of carbon fiber to asphalt cement may have beneficial effects on hot mix

asphalt (HMA) ranging from improved mechanical properties to increased electrical

conductivity.  Problems arise when adding carbon fiber to asphalt in the field.  Airborne

fibers create the potential danger of short-circuiting electrical equipment, and fibers tend

to disperse poorly and are subject to degradation when in prolonged contact with

aggregate during mixing.  The proposed method of carbon fiber delivery involves

encasing the fibers in mats with polymer-modified asphalt and/or low density

polyethlyene (LDPE) as the matrix material.  The fibers currently being studied are

carbonized rolled 5.08cm-7.62cm mesophase pitch-based fibers in random mat form.  See

Table 3.1.  Two different encapsulation methods were investigated: asphalt/water

emulsion/carbon fiber and LDPE/carbon fiber.

Table 3.1:  Asphalt Project Carbon Fiber Properties (Meyers, J.)

Sample # :  990271-059

Elongation to Break :  1%
Volumetric Electrical 
Resistivity :  4.48 x 10-3  Ω-cm

Carbon Fibers for Asphalt Project
SCF #

Sizing
Surface Treatment
Form
Density
Tensile Strength
Dia
Tensile Modulus

:  SCF111-99

:  no sizing
:  no treatment
:  rolled
:  1.8 g/cm 3

:  250 KSI
:  11 microns
:  29 msi
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The first method investigated was a random mat composed of carbon fibers and an

asphalt/water emulsion (Tru-Dry, Terry Materials, Alma, MI, (517) 463-1323) commonly

used as a waterproofing material.   This matrix was chosen because it would deliver the

carbon fibers without any significant impact on asphalt performance from undesired

additives.  It was also easier to handle than asphalt not in emulsion form because it would

have required heating the asphalt cement to a minimum of 170 °C in order to be

workable.  The matrix was applied to the carbon fibers by first placing thesis in 20.32cm

x 20.32 cm mold on a top a 22.86 x 22.86 cm sheet of release film.  See Figure 3.1.  The

fibers were then coated with the asphalt emulsion with sponge brushes until saturated, as

shown in Figure 3.2.  A detailed procedure for the production of the asphalt/ carbon fiber

mats can be found in the Appendix A, Table A.1.

FIGURE 3.1:  MOLD AND RELEASE FILM
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 FIGURE 3.2:  APPLICATION OF ASPHALT EMULSION TO FIBERS

The mats were dried at 80 °C at atmospheric conditions to drive off the water from the

emulsion, cooled, and cut into 2.54 cm x 2.54 cm square mats, as shown in Figure3.3.  In

order to keep the asphalt matrix mats from sticking to each other, and thereby impairing

any improved dispersion, the mats were dusted with quicklime (CaO) powder.

Quicklime is an often used additive for HMA which controls acidity.  A high pH will

encourage stripping of asphalt cement from the aggregate.

FIGURE 3.3:  FINISHED ASPHALT EMULSION/ CARBON FIBER MATS
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The finished mats were enclosed in LDPE bags to be delivered to the HMA in the pug

mill mixer.  LDPE is also used as an asphalt additive, increasing desired mechanical

properties, such as, strength and toughness.

Several of these mats were mixed into HMA and made into compacted, cylindrical

samples by Aren Cleven of MTU’s Civil Engineering Department, shown in Figure 3.4.

The samples measured 7.5cm in height and 15cm in diameter.  These samples were to be

used in electric resistivity tests in order to duplicate observations made by Deborah

Chung of the University of NY, Buffalo, about electric resistivity due to the addition of

carbon fiber to cement.  These tests were not necessary to achieve the goals of this

project. They were conducted out of curiosity and to explore avenues for further research.

FIGURE 3.4:  ASPHALT TEST SAMPLE

The construction of a electric resistivity testing apparatus was necessary for this

investigation.  This test apparatus was built in accordance with ASTM D257-91 Standard

Test Method for direct current (DC) Resistance or Conductance of Insulating Materials.

Although carbon fiber is expected to decrease resistance of the sample, asphalt is by its

nature an insulator.
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The apparatus consists of a Keithley 6517A High Resistance Electrometer, a ring

electrode, a guarded electrode,  and a top electrode in the form of plate.  See Figures 3.5

and 3.6.

FIGURE 3.5: ER TEST APPARATUS BOTTOM ELECTRODE (ASTM D257-91)

FIGURE 3.6:  ER TEST APPARATUS DIAGRAM (ASTM D257-91)

The volume resistivity of each of the samples was tested.  Volume resistivity is the

electrical resistance through a cube of insulating material.  It is expressed in ohm-cm, the

electrical resistance through a 1cm cube.
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The sample was placed on the bottom electrode, the top electrode was bolted down on top

of the sample (Figure 3.7), and the box (equipped with a safety switch) was closed.   A

voltage of 500V was then applied between the top and bottom electrodes and the current

was measured by the Keithley 6517A.  The 6517A then performed the resistivity

calculation of :

R
t

K
? V

V =

Where

ρV=Volume Resistivity

KV= The effective area of the guarded electrode

τ=Thickness of the sample

R=Measured resistance in ohms.

The acceptable repeatability of this test was one-half of an order of magnitude.
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FIGURE 3.7:  ELECTRORESISTIVITY TEST APPARATUS

The second method of delivery investigated was encasing the carbon fibers in a LDPE

polymer matrix.  An LDPE emulsion (ECCOSOFT PE-90, Eastman Color and Chemical,

(803)277-9211) was sprayed on the fibers with a water sprayer until saturated (see Figure

3.6) and allowed to dry in an oven at 60°C.  The mats were also cooled and cut into

2.54cm x 2.54cm mats, as shown in Figure 3.9.  These mats did not stick to each other as

the asphalt matrix mats did and therefore were not dusted with quicklime.  A detailed

procedure for the production of the carbon fiber/ LDPE mats can be found in Appendix

A, Table A.2.
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FIGURE 3.8:  LDPE EMULSION APPLICATION TO CARBON FIBER

FIGURE 3.9:  FINISHED CARBON FIBER/ LDPE EMULSION MATS
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Samples of both delivery systems were sent to the sponsor for a large-scale field test.  A

total of 4.45 kg of carbon fiber was made into delivery mats, 2.27 kg for each delivery

method.  An Oklahoma paving contractor, Evans & Associates ((580)765-6693),

incorporated both carbon fiber delivery systems individually into hot mix asphalt.   A

control of 1.27cm cut carbon fiber was used as a control.  Although the mats were cut

into squares 2.54cm long, the decision was made to use 1.27cm cut fiber instead of

2.54cm cut fiber for the control based on prior experience with poor dispersion during

mixing.  The control fibers were also placed in plastic bags for delivery.

The contractor used a pug mill mixer capable of producing a minimum batch of 3 tons of

HMA.  The delivery systems were each incorporated in a 3 ton batch with asphalt grade

PG64-22 and a standard aggregate mix at 150 °C.  The mats were added to the pug mill

and mixed with HMA for 90s, then samples were collected for extraction.

To extract the fibers, hot mix samples weighing several grams (< 10g) were placed in

crucibles in an 800 F muffle furnace for 15 minutes.  This was sufficient to burn off all of

the asphalt cement, leaving behind the aggregate and fibers.  The fibers were then

separated and their lengths were measured.   A detailed process for determining fiber

length distribution can be found in Table A.3.

3.2 Carbon Fiber/ Petroleum Pitch Veil

Carbon fibers are stable at high temperatures due to the heat treatment (1300-1600 °C)

they receive during manufacture.  Because of this property, carbon fibers have been
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investigated as a component in passive thermal management materials (fire-proofing).

While the fibers do not quench a fire, the added stability increases the burn through time

of a material.  This would prove most useful in a mobile home or aircraft application

where thin walls provide little protection during a fire (Klett, 1997).

The objective of this project was to develop a carbon fiber/ carbon pitch veil that could be

used for a fire resistant material.  Creating a random mat out of 2.54cm chopped

mesophase pitch based fibers was the primary obstacle in this project.  See Table 3.2 for

carbon fiber properties.  Carbon fibers are by nature hydrophobic, and creating a carbon

fiber/ carbon pitch/ water slurry proved difficult.

Table 3.2:  Veil Project Carbon Fiber Properties (Meyers, J.)

Sample # :  990461-7-8

Carbon Fibers for Veil Project
SCF # :  SCF215-99

Sizing :  no sizing
Surface Treatment :  ozone- high
Form :  2.54cm cut
Density :  1.8 g/cm 3

Tensile Strength :  250 KSI

Volumetric Electrical 
Resistivity :  4.48 x 10-3  Ω-cm

Dia :  11 microns
Tensile Modulus :  29 msi
Elongation to Break :  1%

The first method explored was mixing the fiber, water, and pitch in a V-mixer with a

dispersant.  The pitch was prepared by grinding the large pieces in a Braun coffee grinder

for 1 min.  A rod mill was also used, but it was determined that the coffee grinder

supplied acceptable results with a simpler procedure.  The slurry was then transferred to

the wet mold apparatus, where the bottom screen (400 mesh) was lined with Tyvek cloth

(Figure 3.10).  The results were most favorable for using Ivory soap as a dispersant, but
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the mat was still not acceptably random.  A few large patches of fibers did not disperse in

the slurry.

FIGURE 3.10:  WET-LAY APPARATUS

A different method to randomly disperse the fibers was developed that would eliminate

the need for water.  The fibers were first placed in a bucket covered by a mesh.  Then,

using the air connection in the fume hood, the fibers were stirred until they were

completely separated and random.  Then, they were sprinkled with petroleum pitch

transferred to the wet-lay.  The wet veil was next dried under a Watlow UV heater at 100

C for 30 minutes.  See Figure 3.11.

FIGURE 3.11:  UV HEATER
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After most of the water had been removed from the veil, it was transferred to the final

set-up for carbon fiber/ petroleum pitch bonding.  This consisted of a hot plate, an iron,

Kapton film, and a nitrogen blower.  See Figure 3.12.  The veil was placed between two

sheets of Kapton film and pressed against the hot plate at 420 °C (m.p. dry mesogen pitch

420 °C) with the iron in order to melt the pitch and bond the fibers together.  See

Appendix A, Table A.4, for the detailed procedure.  Nitrogen was blown over veil during

this process to minimize oxidation of the pitch during melting.   If the pitch oxidized

during heating, it would not melt, eliminating any bond between the pitch and fibers.

Figure 3.13 shows the finished veil.

FIGURE 3.12:  CARBON FIBER/ PETROLEUM PITCH BONDING SET-UP

Figure 3.13 is an image of the veil taken with a stereo optical microscope at 20X

magnification.  The melted pitch particles can be clearly seen.
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20x
100 µm

FIGURE 3.13:  CARBON FIBER/ PETROLEUM PITCH VEIL
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Chapter 4: Results and Discussion

The following chapter contains results and discussion for both carbon fiber applications

studied in this thesis.

4.1 Encapsulation Results and Discussion

Both of the proposed methods of carbon fiber delivery, the asphalt/water emulsion/

carbon fiber and LDPE/carbon fiber systems, disperse well in HMA using a Hobart lab-

scale mixer. Encapsulating the fibers in a matrix in the form of a mat was chosen in order

to keep the fibers spread out during mixing to avoid clumping and to prevent the fibers

from becoming airborne.  The presence of a matrix would also “cushion” the fibers

during the aggressive mixing process when the are subjected to collisions with tumbling

aggregate particles.  Both these matrices would be compatible with the asphalt cement

and would melt during mixing, allowing the fibers to disperse.

The asphalt/water emulsion/ carbon fiber mat is saturated with the emulsion for a final

weight ratio of approximately 1g carbon fiber for every 3g of emulsion.  The

encapsulated fibers are in the form of 20.32cm x 20.32cm sheets, which are then cut into

~2.54cm x 2.54cm squares and dusted with a finely crushed limestone to be added to the

HMA. The LDPE/water emulsion/ carbon fiber mat is saturated with the emulsion for a

final weight ratio of approximately 1g carbon fiber for every 2g of emulsion.  The

encapsulated fibers are in the form of 20.32cm x 20.32cm sheets, which are then cut into

~2.54cm x 2.54cm squares to be added to the HMA in an LDPE bag.  An LDPE bag was

chosen as the means by which to transfer the mats to the HMA because LDPE is also a
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beneficial asphalt additive that increases toughness.  The bag also allows for easy

handling of the mats and it is thin enough that it melts quickly and dissipates during

mixing with HMA, allowing the mats to disperse.  Airborne carbon fiber is eliminated,

and the asphalt emulsion provides protection for the fibers during the aggressive mixing

with aggregate.  The addition of limestone keeps the carbon fiber squares from sticking to

each other and reducing dispersion.

Preserving carbon fiber length is a concern when mixing, so fiber length was measured

both before and after mixing with the HMA.  The mats and final carbon fiber modified

HMA were tested for carbon fiber length by extracting fibers from both the mats and the

hot mix asphalt using trichloroethylene, then inspecting visually or with a stereo optical

microscope.  A significant change in fiber length has been observed, but determining the

final length distribution after addition to HMA was problematic, due to the difficulty of

recovering fibers from the HMA.

The final fiber length dispersion after processing the mats in a large-scale pug mill

mixing process was determined by the sponsor.  A control sample was first run, using

1.27cm chopped carbon fiber without a matrix in LDPE bags.  Previous trials using a

control samples of 2.54cm chopped carbon fiber (the length of the delivery mats) showed

poor dispersion due to fiber clumping.  Because of this, shorter fibers were chosen for the

control.  Table 4.1 shows a summary of the statistical data, with the average fiber length

at 0.81mm.  A graphical representation of the distribution of fiber lengths as percent of

total fiber count and percent of total fiber length is shown in Figures 4.1 and 4.2.  Each
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whole number increment on the x-axis represents 0.5mm in length.  Data for the graphs

can be found in Appendix B in Table B.1.
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Table 4.1:  Control Data for Carbon Fiber Length Distribution

Date 4/9/00
Total Count 429
Total Lngth 345 mm
Avrge Lngth 0.81 mm
Median 0.54 mm
STDEV 0.77 mm
Max 5.92 mm
Min 0.06 mm
Max-Min 5.86 mm
Sgmnt Size 0.25 mm
MMWAL 1691 µ
% >3mm 13

Table 4.2 shows the statistical data for the asphalt/ water emulsion matrix with an

average length of 1.03mm. A graphical respresntation is found in Figures 4.3 and 4.4.

Data can be found in the Appendix B, Table B.2.

Table 4.2:  Asphalt/ Water Emulsion/ Carbon Fiber Mat Fiber Length dispersion

Date 4/10/00

Total Count 421
Total Lngth 433 mm
Avrge Lngth 1.03 mm
Median 0.71 mm
STDEV 0.91 mm
Max 8.15 mm
Min 0.12 mm
Max-Min 8.03 mm
Sgmnt Size 0.25 mm
MMWAL 1973 µ

Table 4.3 shows the statistical data for the LDPE matrix delivery system with the average

length at 1.45mm.  A graphical respresntation is found in Figures 4.5 and 4.6.  Data can

be found in the Appendix B, Table B.3.
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Table 4.3:  Carbon fiber/ LDPE Mat/ Carbon Fiber Length Dispersion

Date 4/9/00

Total Count 489
Total Lngth 710 mm
Avrge Lngth 1.45 mm
Median 1.14 mm
STDEV 1.11 mm
Max 7.38 mm
Min 0.16 mm
Max-Min 7.22 mm
Sgmnt Size 0.25 mm
MMWAL 2407 µ

T-tests conducted between the averages of the 3 data sets showed them all to be

statistically different at the 95% confidence level.  The addition of carbon fiber by means

of delivery mats to the HMA does show an increase in final fiber length.  This increase in

length was significant, but fell short of the 6mm goal.  An estimate of 6mm was made for

the optimum fiber length for improved mechanical properties, based on the idea that the

carbon fibers need to be close in length to a large fraction of the aggregate particles in

order to arrest microcracks and reduce creep.
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FIGURE 4.1:  STANDARD FIBER LENGTH AS PERCENT OF TOTAL COUNT
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  FIGURE 4.2:  STANDARD FIBER LENGTH AS PERCENT OF TOTAL LENGTH
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FIGURE 4.3:  ASPHALT/WATER EMULSION/ CARBON FIBER MAT SAMPLE FIBER LENGTH AS PERCENT OF TOTAL COUNT
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FIGURE 4.4:  ASPHALT/WATER EMULSION/ CARBON FIBER MAT SAMPLE FIBER LENGTH AS PERCENT OF TOTAL LENGTH
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FIGURE 4.5:  LDPE/WATER EMULSION/ CARBON FIBER MAT SAMPLE FIBER LENGTH AS PERCENT OF TOTAL COUNT
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FIGURE 4.6:  LDPE/WATER EMULSION/ CARBON FIBER MAT SAMPLE FIBER LENGTH AS PERCENT OF TOTAL LENGTH



4.2 Volumetric Electrical Resistivity Results and Discussion

Electroresistivity testing provided favorable results.  A decrease in electroresistivity was

observed, as was expected from the prior work of Deborah Chung done with cement.  See

Table 4.4 for the measured values and Figure 4.7 for a graphical representation of the

values.

The results spanned many orders of magnitude and statistical tests were performed on the

data to determine its reliability.  A two-sided t-test was first performed on the log of the

volume resistivity data for the unmodified HMA samples.  All were shown to be equal at

the 95% confidence level.  Next, a two-sided t-test was performed on the data for the

carbon fiber modified samples.  The majority of these samples were shown to have equal

volume resitivity, with the exceptions of sample 7/12-5, which had a much lower volume

resistivity than the other samples, and the unequal sample pairs of 7/09-1 with both 7/09-

3 and 7/16-2.

All data points from the unmodified samples and carbon fiber modified samples were

respectively grouped as shown in Table 4.5.  Averages and standard deviations were

taken that showed a decrease in volumetric electrical resistivity of more than a full order

of magnitude, from 4.67 x 1014 Ω-cm to 1.79 x 1013 Ω-cm.  A two-sided t-test was

performed on the log of these data sets.  The unmodified HMA sample data and the data

for the carbon fiber modified samples was shown to be unequal at the 95% confidence

level; hence, there is a statistical significance.  This is a greater difference in volume

resistivity than those reported by Deborah Chung for cement mortar modified with 0.5
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wt% carbon fibers which stayed within the same order of magnitude (105 Ω-cm),

although considerations must be made for the difference in matrix material (Fu).

Unfortunately, difficulties arise in predicting the volume resistivity reduction due to the

variable nature of HMA.  The random interlocking of aggregate makes guaranteeing the

orientation of carbon fibers a difficult task.  Sample 7/12-5 was singled out as the one

modified sample statistically different from all other modified samples.  Its volume

resistivity was significantly lower.  This many be due to a fiber orientation in one small

area of the sample that created a path of least resistance for the test current, which then

did not pass through other areas of less favorable orientation.



Table 4.4: Volume Electroresistivity Data

Sample Name 6/14/2002 6/14/2003 6/15/2001 6/16/2001 6/16/2002 7/9/2001 7/9/2003 7/12/2003 7/12/2004 7/12/2005 7/16/2002
Sample Number 1 2 3 4 5 6 7 8 9 10 11

Modification NO CF NO CF NO CF NO CF NO CF CF CF CF CF CF CF
Volume Resistivity Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm Ω-cm

Measurement 1 2.75994E+14 3E+13 6.56E+14 1.57E+13 7.49E+15 6.69E+13 3.91E+12 1E+13 3.8E+13 1.94E+09 1.87E+12
Measurement 2 7.15979E+13 4.41E+13 1.15E+14 1.55E+13 2.6E+13 5.63E+13 2.54E+12 2.12E+13 1.49E+13 2.14E+09 4.92E+11
Measurement 3 1.49005E+13 9.09E+14 1.84E+13 1.69E+13 1.22E+13 8.23E+13 4.24E+12 4.37E+12 7.91E+13 5.34E+09 4.92E+11
Measurement 4 2.52988E+13 7.06E+13 1.28E+14 1.26E+13 1.26E+13 6.69E+12 2.4E+13
Measurement 5 2.84971E+14 1.3E+13 2.76E+13 1.28E+12 1.77E+11
Measurement 6 4.57E+08
Measurement 7 3.6E+13
Measurement 8 9.7E+08
Measurement 9 2.97E+13
Measurement 10 3.57E+12
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Table 4.5:  Combined Volume Electroresistivity Data

Modification NO CF CF
Volume Resistivity Ω-cm Ω-cm

2.76E+14 6.69E+13
7.16E+13 5.63E+13
1.49E+13 8.23E+13
2.53E+13 1.26E+13
2.85E+14 3.91E+12
3.00E+13 2.54E+12
4.41E+13 4.24E+12
9.09E+14 6.69E+12
6.56E+14 1.28E+12
1.15E+14 1.00E+13
1.84E+13 2.12E+13
7.06E+13 4.37E+12
1.30E+13 3.80E+13
1.57E+13 1.49E+13
1.55E+13 7.91E+13
1.69E+13 1.94E+09
1.28E+14 2.14E+09
7.49E+15 5.34E+09
2.60E+13 1.87E+12
1.22E+13 4.92E+11
1.26E+13 4.92E+11
2.76E+13 2.40E+13

1.77E+11
4.57E+08
3.60E+13
9.70E+08
2.97E+13
3.57E+12

Average (Ω-cm) 4.67E+14 1.79E+13
n 22 28

Standard Deviation (Ω-cm) 1.59E+15 2.51E+13
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4.3 Carbon Fiber/Petroleum Pitch Veil Results and Discussion

Proof of concept was achieved for the production of a thin veil utilizing the sponsor’s

carbon fibers and mesophase pitch.   Due to the hydrophobic nature of the carbon fibers,

the use of compressed air as a mixing method was found to be preferable to creating a

water slurry.  The carbon fibers tended to mat together when they were wet, creating

difficulties in creating a random mat.  Also integral to this procedure was the use of a

nitrogen stream to minimize oxidation which would hinder the melting of the pitch.
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Chapter 5:  Conclusions and Future Work

In this thesis, two novel carbon fiber applications were investigated.  The first application

involved developing a delivery system for carbon fibers to hot mix asphalt.  This study

focused on improving fiber length after mixing, dispersability, and minimizing airborne

fibers that may cause short-circuiting hazards.

5.1:  Encapsulation Conclusions and Future Work

Two matrices for encapsulating the carbon fibers were studied:  asphalt/water emulsion

and LDPE/ water emulsion.  Both methods produced mats that eliminated airborne fiber

and greatly improved dispersability.  The asphalt matrix mats required dusting with

quicklime (CaO) to prevent them from sticking to each other and, thereby, reducing

dispersion.  The LDPE mats required no further modifications after drying and cutting.

The ideal location for incorporating this technology into an asphalt plant would be

directly at the mixing unit, where the hot asphalt cement and aggregate are combined.

See Figure 2.5.  Contact time with the aggregate should be minimized in order to

preserve carbon fiber length.

A field study was conducted by the sponsor on the delivery system to test dispersability

and final fiber length after mixing.  A control of 1.27 cm cut carbon fibers in an LDPE

bag was run against the two delivery methods (2.54cm x 2.54cm square mats).  In a

previous experiment conducted by the sponsor, 2.54cm carbon fibers not encapsulated in

mats tangled during mixing resulting in poor dispersion; therefore, shorter fibers were
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chosen as the control for this experiment.  Although the control began as a shorter fiber

than the length of the mats, prior data indicated that this difference in fiber length would

have negligible effect on final length of the control after contact with the aggregate.  An

added benefit of using the delivery mats was that longer carbon fibers could be initially

added to the HMA.  Both delivery methods provided a statistically significant

improvement on length with the greatest improvement being from the LDPE matrix.

The use of an LDPE matrix was considered preferable to the previous method for several

reasons:

• better fiber length preservation (80% improvement over control)

• the presence of any toxic chemicals was eliminated

• lower oven temperatures could be used (60 °C as compared to 80 °C)

• shorter drying times were needed (1 hr as compared to 2.5 hrs)

• fewer steps were necessary in preparing the mats

• LDPE emulsion was easier to handle than the asphalt emulsion

• the amount of other additives (quicklime, etc.) could be adjusted more easily

• both the bag for delivery and the matrix were the same polymer

Further research is necessary to improve upon the results of this project.  First, the

preservation of fiber length must be investigated.  The benefits of fiber addition rely

heavily on final fiber length, but the necessary length for improved properties has not

been determined.  To find this optimum length, additional experiments must be

conducted.  Kevlar fibers, while being too expensive to be a practical HMA additive, may
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be strong enough to survive the aggressive mixing process with little fiber degradation.

This would allow for a series of experiments to determine the optimum fiber length.

Other possibilities for improving final fiber length may be explored.  Increasing the

thickness of the matrix material may provide cushioning for the fibers during mixing.

Decreasing the amount of time that the fibers are in contact with the HMA during mixing

may also help improve final length.  This would involve waiting to add the fiber delivery

systems until the last possible moment.  Other mixing processes may also be explored.  A

drum mixer (Figure 2.6) or a vibratory process may be cause less aggregate tumbling and

be gentler on the carbon fibers than a pug mill mixer.

5.2  Electroresistivity Conclusions and Future Work

Inspired by the work of Deborah Chung of New York University, Buffalo, the volume

resistivity of the carbon fiber modified samples was measured.  The addition of 0.5%

weight carbon fiber to the asphalt cement of an HMA mix was statistically shown to have

a significant effect on electroresistivity. A decrease in volume electrical resistivity of

more than a full order of magnitude was observed, from 4.67 x 1014 Ω-cm to

1.79 x 1013 Ω-cm.  This was an improvement over figures reported by Deborah Chung

for change in volume electrical resistivity of a cement mortar modified with 0.5% weight

carbon fiber that only ranged in the same order of magnitude.

Further research may be conducted in the area of reduced volumetric electrical resistivity

of the carbon fiber modified samples.  Studies may be conducted on improving the
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reproducibility of sample production— determining if the samples with the same

volumetric electrical resistivity can be prepared.  The carbon fiber loading in the asphalt

cement as related to the decrease in volumetric electrical resistivity warrants further

investigation.  A study comparing HMA samples with 0.5% weight carbon fiber asphalt

cement binder with samples containing binder with 0.3% and 1.0% weight carbon fiber

may show the dependence of resistivity on the amount of carbon fiber present.  If a

dependence is shown, further studies may be proposed to investigate the maximum and

minimum carbon fiber loadings for reduced resistivity.

The feasibility of carbon fiber modified asphalt for applications involved conductive

pavement should be explored.  This would involve testing the increase in temperature

resulting from running a current through a sample, for applications using carbon fiber

modified HMA to melt ice and snow.  Tests may also be done on the sensing of weights

on a pavement surface by determining the decrease of resitivity when a sample is

subjected to a load.   Tests on damage sensing may also be conducted, measuring the

change in resistivity after a sample has been damaged.  (Damage may be generated by

mechanical testing.)

5.3 Carbon Fiber Veils Conclusions and Future Work

The second carbon fiber application involved preparing a thin carbon fiber/ petroleum

pitch veil for possible fire retardant applications.  This was the first demonstration of

preparing such a veil using the sponsor’s mesophase pitch and pitch-based carbon fiber.

The main focus of the project was generating a random dispersion of fibers and
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determining a feasible process.  The proof-of-concept for this carbon fiber application

was achieved, with a procedure that shows promise for scale-up to a large manufacturing

process.

Future study for the veil project should include an investigation of the optimum ratio of

fibers to carbon pitch.  The addition of other types of fibers, such as glass fibers, may also

be explored.  Finally, scale-up issues for creating a large-scale process for production of

the veils may be investigated.
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Appendix A:  Procedures
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Table A.1:  Procedure for Asphalt/Water Emulsion/ Carbon Fiber Mats

1. Set the Blue M ovens to 80 °C.

2. From the blue release film, cut one ~9"x9" sheet for every mat to be made.

3. Coat the mold and the top side of the release film with Frekote to minimize

sticking.

4.  Let release film and mold sit for one minute to allow them to dry completely in

the fume hood.

5.       Place mold on top of the release film (coated side up).  See Figure 3.1.

6.       Weigh out 10 g of 2-3” carbon fibers in random rolled mat form to be used in the

 mat.

sponge brushes.  Press flat.  See Figure 3.2.

7. Pick up the wetted 5 g mat and turn over in the mold so that the wet side is down.  Place

the remaining 5 grams in the mold and repeat step 7.

8. Remove mold and put finished mat and release film in oven at 80 °C for 2.5 hrs at

atmospheric conditions.

9. After 2.5 hrs, remove mats from oven, and let them come to room temperature.

Cut the cooled mats into 2.54cm x 2.54cm squares and dust with quicklime powder to

prevent the mats from sticking to each other.  See Figure 3.3.
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Table A.2:  Procedure for LDPE/Carbon Fiber Mats

1. Set the Blue M ovens to 65 °C.

2. From the blue release film, cut one ~9"x9" sheet for every mat you plan to

make.

3. Coat the mold and the top side of the release film with Frekote to minimize

sticking.

4. Let release film and mold sit for one minute to allow them to dry completely in

the fume hood.

5. Place mold on top of the release film (coated side up).

6. Weigh out 10 of carbon fibers to be used in the mat.

7. Spread out 10 of carbon fibers in random rolled mat form in the mold and coat

with LDPE emulsion using spray bottle.  Press flat.

8. Pick up the wetted mat and turn over in the mold so that the wet side is down.

Repeat step .

9. Remove mold and put finished mat and release film in oven at 65 °C for 1 hr.

10. After 1 hr., remove mats from oven, and let them come to room temperature.

11. Cut the cooled mats into 2.54cm x 2.54cm squares.  See Figure 3.9.
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Table A.3:  Procedure for Carbon Fiber/ Petroleum Pitch Veil

1. Carbon pitch is ground using a Braun kitchen coffee grinder and 2.25 g are

weighed out.

2. Approximately 3 g of 1” cut carbon fiber is placed in a bucket, and the top

of the bucket is covered by a wire screen.

3. The fibers are then separated by spraying them with compressed air.  The

screen keeps them from escaping the bucket.

4. These fibers are then transferred to a wet-lay set-up, where they are

sprinkled with 2.25g of ground petroleum pitch and pressed flat with a wire

screen.

5. The fibers are then sprayed with water to form a mat.

6. The mat is dried with a Waltow UV heater at 100 °C for 30 min. to remove

most of the water.  It is then transferred to a hot plate where it is heated to

350 °C for 30 seconds in the presence of a nitrogen stream while being

pressed with a iron to ensure that the melting pitch bonds to the fibers.
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Table A.4:  Carbon Fiber Length Distribution Analysis

1. Obtain a representative sample from the parent source.

2. Obtain a small sample of this to disperse onto a glass slide or evaporation dish.

3. Use one of several methods to disperse the fiber for viewing.

4. Select and area of the slide or dish which you consider to be representative of the whole

sample.  Some areas may have a higher concentration of either longer or shorter fibers.  Try to

avoid these.

When you have chosen a field of view measure all of the fibers which are completely

displayed in this field.  Fibers which extend out of the field of view should not be measured.

Their complete length is unknown.  I measure about 400 fibers using three or four fields of

view.   This is done with a digital still camera and an image analysis computer program.

As each field is completed the data is transferred to an Excel spread sheet.  When the

measuring is completed this long column of numbers is then transferred to an Excel data

template.  An example of the template will accompany this document.

The template divides the measurements into twenty different segments of equal size but each

covering a different length grouping.  One of these segment sets is used to group by count an

another is used to group by length.  The data template also shows statistical data including the

average length and “Median Mass-Weighted-Average Length”.
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Appendix B:  Fiber Length Data
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Table B.1:  Standard Data for Fiber Length Dispersion

Segment Segment Fiber Count % of Total % Greater

Number Size Per Segment Count Than

1 0-.5 201 46.9 100.0
2 1.00 115 26.8 53.1
3 1.50 60 14.0 26.3
4 2.00 28 6.5 12.4
5 2.50 7 1.6 5.8
6 3.00 7 1.6 4.2
7 3.50 3 0.7 2.6
8 4.00 5 1.2 1.9
9 4.50 0 0.0 0.7

10 5.00 1 0.2 0.7
11 5.50 0 0.0 0.5
12 6.00 2 0.5 0.5
13 6.50 0 0.0 0.0
14 7.00 0 0.0 0.0
15 7.50 0 0.0 0.0
16 8.00 0 0.0 0.0
17 8.50 0 0.0 0.0
18 9.00 0 0.0 0.0
19 9.50 0 0.0 0.0
20 10.00 0 0.0 0.0

Segment Segment Length % 0f Total % Greater

Number Size Per Segment Length Than

1 0-.5 64 18.6 100.1
2 1.00 80.4 23.3 81.5
3 1.50 73.8 21.4 58.2
4 2.00 47.9 13.9 36.8
5 2.50 15.5 4.5 23.0
6 3.00 18.8 5.4 18.5
7 3.50 9.7 2.8 13.0
8 4.00 18.7 5.4 10.2
9 4.50 0 0.0 4.8

10 5.00 4.7 1.4 4.8
11 5.50 0 0.0 3.4
12 6.00 11.8 3.4 3.4
13 6.50 0 0.0 0.0
14 7.00 0 0.0 0.0
15 7.50 0 0.0 0.0
16 8.00 0 0.0 0.0
17 8.50 0 0.0 0.0
18 9.00 0 0.0 0.0
19 9.50 0 0.0 0.0
20 10.00 0 0.0 0.0
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Table B.2:  Asphalt/ Water Emulsion/ Carbon Fiber  Data for Fiber Length
Dispersion

Segment Segment Fiber Count % of Total % Greater
Number Size Per Segment Count Than

1 0-.5 145 100.0 100.0
2 1.00 124 85.5 65.6
3 1.50 66 45.5 36.1
4 2.00 33 22.8 20.4
5 2.50 19 13.1 12.6
6 3.00 18 12.4 8.1
7 3.50 5 3.4 3.8
8 4.00 5 3.4 2.6
9 4.50 4 2.8 1.4
10 5.00 1 0.7 0.5
11 5.50 0 0.0 0.2
12 6.00 0 0.0 0.2
13 6.50 0 0.0 0.2
14 7.00 0 0.0 0.2
15 7.50 0 0.0 0.2
16 8.00 0 0.0 0.2
17 8.50 1 0.7 0.2
18 9.00 0 0.0 0.0
19 9.50 0 0.0 0.0
20 10.00 0 0.0 0.0

Segment Segment Length % 0f Total % Greater
Number Size Per Segment Length Than

1 0-.5 48.8 39.4 887.1
2 1.00 88.9 71.7 798.9
3 1.50 83.5 67.3 637.3
4 2.00 55.6 44.8 485.0
5 2.50 43.4 35.0 382.5
6 3.00 48.9 39.4 301.6
7 3.50 15.6 12.6 210.3
8 4.00 18.3 14.8 178.6
9 4.50 17.4 14.0 141.6
10 5.00 4.7 3.8 105.6
11 5.50 0 0.0 92.1
12 6.00 0 0.0 86.6
13 6.50 0 0.0 80.6
14 7.00 0 0.0 74.1
15 7.50 0 0.0 67.1
16 8.00 0 0.0 59.6
17 8.50 8.1 6.5 51.6
18 9.00 0 0.0 28.5
19 9.50 0 0.0 19.5
20 10.00 0 0.0 10.0
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Table B.3:  LDPE/ Water Emulsion/ Carbon Fiber  Data for Fiber Length
Dispersion

Segment Segment Length % 0f Total % Greater
Number Size Per Segment Length Than

1 0-.5 25.9 18.9 1333.6
2 1.00 98.8 72.1 1288.8
3 1.50 125.5 91.6 1116.9
4 2.00 129.3 94.4 898.3
5 2.50 75.2 54.9 672.6
6 3.00 63 46.0 540.0
7 3.50 61.4 44.8 428.0
8 4.00 32.8 23.9 318.3
9 4.50 38 27.7 257.6
10 5.00 18.5 13.5 187.3
11 5.50 15.9 11.6 150.3
12 6.00 5.7 4.2 117.3
13 6.50 6 4.4 101.5
14 7.00 0 0.0 84.6
15 7.50 14.5 10.6 77.6
16 8.00 0 0.0 45.0
17 8.50 0 0.0 37.0
18 9.00 0 0.0 28.5
19 9.50 0 0.0 19.5
20 10.00 0 0.0 10.0

Segment Segment Fiber Count % of Total % Greater
Number Size Per Segment Count Than

1 0-.5 71 100.0 100.0
2 1.00 137 193.0 85.5
3 1.50 102 143.7 57.5
4 2.00 75 105.6 36.6
5 2.50 33 46.5 21.3
6 3.00 23 32.4 14.5
7 3.50 19 26.8 9.8
8 4.00 9 12.7 5.9
9 4.50 9 12.7 4.1
10 5.00 4 5.6 2.2
11 5.50 3 4.2 1.4
12 6.00 1 1.4 0.8
13 6.50 1 1.4 0.6
14 7.00 0 0.0 0.4
15 7.50 2 2.8 0.4
16 8.00 0 0.0 0.0
17 8.50 0 0.0 0.0
18 9.00 0 0.0 0.0
19 9.50 0 0.0 0.0
20 10.00 0 0.0 0.0


