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Abstract 

Thermally conductive polymer composites can replace metals in many applications.  This 
technology is a substantial improvement since polymers are commonly used due to their 
thermal isolating properties.  The advantages of thermally conductive polymers over 
metals are reduced density; increased corrosion, oxidation, and chemical resistance; 
increased processibility; and properties are adjustable to fit the application.  However, 
polymers have many disadvantages; for example, creep, thermal instability, and a limited 
number of processing techniques.  The main application for thermally conductive 
polymers is heat sinks.  Other possible benefits are faster injection molding cycle times 
and improved thermal stability. 

The main objectives of this project were to develop a model to predict thermal 
conductivity of the carbon filled polymer composites and to determine if a synergism 
between fillers exists.  Carbon black, synthetic graphite, and carbon fiber were added to 
nylon 6,6 or polycarbonate matrixes.  For this work, the transverse and longitudinal 
thermal conductivities were measured.  In addition, optical microscopy and image 
analysis were also performed to characterize the structure of the composites.  From these 
studies, it was found that all three fillers positively effect the transverse thermal 
conductivity.  Synergisms in transverse thermal conductivity were found between 
synthetic graphite and carbon fiber, between synthetic graphite and carbon black in both 
polymer matrixes and between carbon black and carbon fiber in polycarbonate only. 

 The results were used to improve the predictions of a transverse thermal conductivity 
model.  The improved model was based on the Nielsen Model.  This model includes the 
aspect ratio, thermal conductivity, and packing of the filler(s), and the thermal 
conductivity of the polymer.  The model was revised by updating a parameter, which was 
originally determined for each filler and now the value is the same for each filler used in 
this project.  The updates to the model significantly improved the predictive nature of the 
model for the systems studied. 
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Chapter 1: Introduction 

1.1 Introduction 

Thermally conductive polymer composites can replace metals in many 

applications.  This technology is a substantial improvement since polymers are 

commonly used due to their thermal isolating properties.  The advantages of thermally 

conductive polymers over metals are reduced density; increased corrosion, oxidation, and 

chemical resistance; increased processibility; and properties are adjustable to fit the 

application.  However, polymers have many disadvantages; for example, creep, thermal 

instability, and a limited number of processing techniques.  The main application for 

thermally conductive polymers is heat sinks.  Other possible benefits are faster injection 

molding cycle times and improved thermal stability. 

The increasing demand for smaller, lighter, and faster machines and electronics 

has created a need for new materials.  In addition, industry has a growing need to tailor 

the properties of materials, including thermal conductivity, to desired applications.  

Composites are often used to fill these needs.  Composites are a mixture of two or more 

types of materials (polymer, metal, ceramic, etc.) that form a new material with 

properties that are a combination of the constituents.  Many composites are used in 

everyday life, such as concrete for roads and fiberglass in cars’ body panels.  Carbon 

filled thermoplastic polymer composites are investigated in this study, and their thermal 

conductivity will be the central focus. 

Conductive composites are often formed by the addition of thermally conductive 

fillers to a polymer matrix.  Many studies have investigated the addition of single fillers 

to increase the thermal conductivity of polymer-based composites [1-7].  For instance, 
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various carbon fillers are often used to increase a composite’s thermal and electrical 

conductivity.  The addition of the carbon fillers increases the composite’s thermal 

conductivity beyond that of the neat resin alone, but not to the level of the carbon fillers.  

The addition of multiple fillers might allow for the possibility of interactions between the 

fillers.  These interactions might give a synergism between the fillers allowing greater 

thermal conductivity properties to be achieved than possible with only one filler at the 

same loading.   

1.2 Thermal Conductivity 

Thermal conductivity has been and is critical to human existence [8].  Significant 

portions of the world’s population inhabit the temperate and colder portions of the earth 

where keeping warm is necessary for existence.  The use of materials with low thermal 

conductivities, such as wool and animal skins, has kept people warm for millennia.  The 

use of heat shields with extremely low thermal conductivities in returning space vehicles 

is critical during re-entry into the atmosphere.  One can see that the thermal conductivity 

of materials has been important for humans from the Stone Age through the space age 

and beyond. 
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The thermal conductivity of some common materials are (all the values are in 

W/mK) [9]: 

Materials Thermal Conductivity 
(W/mK) 

Polymers 0.19 to 0.30 
PAN-based Carbon Fiber 8 to 70 
Pitch-based Carbon Fiber 20 to 1000 
Stainless Steel 11 to 24 
Aluminum 218 to 243 
Copper 385 
Silver 418 
Diamond 990 

 

 Thermally conductive polymer composite’s potential uses are in heat sink 

applications such as computers, laptop cases, and transformer housings.  Polymer 

composites with thermal conductivities between 1 and 30 W/mK can be used in heat sink 

applications.  This technology could also be used in applications such as heat exchangers 

and radiators.  In all of these applications, the thermal conductivity of a material is an 

important property to understand and reliably predict.  With the ability to predict the 

thermal conductivity of the composites, large scale testing would not be needed to tailor 

it to an application.   

1.3 Motivation 

The demand for conductive polymer composites continues to grow in the United 

States.  In 1995, the demand for conductive polymer composites was 221 million lbs.  It 

is projected to grow 6.1 percent annually to 565 million pounds (including both resins 

and additives) by 2004.  Its value will reach $1.5 billion by 2004, consisting of the cost of 

resins and additives, as well as labor and other overhead costs incurred during the 

production of the conductive compound [10].  Due to the increasing demand, continual 
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development, and research into conductive polymers is required.  This research and 

development will not only allow materials to be produced, but also reduce the cost of 

producing the materials.  Currently, the main applications for conductive polymer 

composites are for electromagnetic and radio frequency interference (EMI/RFI) shielding 

and electrostatic dissipation (ESD).  With greater understanding of other properties, such 

as thermal conductivity, the same composites used for EMI/RFI shielding and ESD could 

take advantage of other properties and become multifunctional.  A possible example of 

this is EMI/RFI shielding that is both chemically and oxidative resistant and thermally 

conductive.  Such a material could be used as a combined EMI/RFI shield and heat sink 

in a harsh environment. 

1.4 Research Objectives 

The objectives of this project were to:  

1. Create thermally conductive composites  

2. Characterize and analyze carbon filled polymer composites 

3. Determine the effects of conductive filler combinations on the thermal 

conductivity of the resulting composite 

4. Develop a model to predict thermal conductivity of carbon-filled polymer 

composites  

These objectives have been reached through two different studies where data were 

collected and analyzed. 

The first study centered on the production, testing, and analysis of single-filler 

conductive resins.  This study examined polymer composites filled with carbon black, 

synthetic graphite, or carbon fiber.  This study also examined two different polymers, 
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polycarbonate and nylon 6,6.  Their thermal conductivity was determined for both the 

longitudinal and transverse directions.  The knowledge gained from this study forms the 

foundation for the modeling work.  This foundation allowed the modeling to focus on the 

important factors.   

The second study centered on the determination of the effects of combinations of 

conductive filler on the longitudinal and transverse thermal conductivities of filled 

polymer composites.  This study examined the same three fillers as in the first study but 

used a 23 factorial design approach.  Two designs were actually used in this work, one for 

each of the polymers.  From the analysis of the two designs, the presence of interactions 

between fillers were determined. 

The transverse thermal conductivity results gathered from the two studies were 

then used to improve a current transverse thermal-conductivity model.  The resulting 

model more accurately predicts the composite transverse thermal conductivity.  The 

model that was used is a function of the filler’s volume fraction, maximum packing 

fraction, and thermal conductivities, as well as the polymers’ volume fraction and thermal 

conductivity.
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Chapter 2: Background 

2.1 Polymer and Composite Background 

Polymers are extremely long chained molecules that have repeating units [11-13].  

In many polymers, very few interactions exist between the chains except van der Waals 

forces.  If van der Waals forces were the only forces holding the chains together, little 

cohesion would exist between chains.  The resulting material would likely be a liquid or a 

gel, which is not the case.  Polymers are generally solids and this is due to entanglements 

of the long molecules.  To have stable entanglements that restrict the flow of the polymer 

chains polymers must have a critical molecular weight that is dependent on the flexibility 

of the backbone and the steric hindrance within the molecule. 

The importance of the entanglements on the cohesion can be seen in an 

illustration.  If an assortment of different length strings are mixed into a ball the short 

pieces of string could be easily removed.  The intermediate length pieces of string could 

be removed only with some effort but it would take a substantial amount of effort to 

remove the longest strings.  These entanglements influence the viscoelastic, melt 

viscosity, and mechanical properties of the polymer [11]. 

Polymers are significantly less crystalline than other crystalline materials, such as 

metals or low-molecular-weight compounds, and many are amorphous [11].  Figure 2.1 is 

a representation of how polymer chains arrange in an amorphous (non-crystalline) 

polymer matrix.  A good way to think of the amorphous polymer matrix is as a plate of 

cooked spaghetti.  Some characteristics of amorphous polymers are that they have good 

mechanical properties and good dimensional stability.  Amorphous polymer also shrink 

consistently during cooling, as well as being inherently transparent [12]. 
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Figure 2.1: Representation of Polymer Chains in an Amorphous Polymer [11, 12] 

 
Semi-crystalline polymers generally orient themselves in a lamellae structure 

[11].  An example of lamellar structures is the gills of a fish or mushroom.  For a polymer 

to crystallize, the conditions during the cooling of a polymer melt have to allow the 

polymer chains to arrange themselves.  The crystal sheets may be as thin as 100 to 200Å; 

between these crystalline sheets, there are amorphous regions [11].  It was found that as 

the lamellar structure’s thickness increased, the thermal conductivity of polyethylene did 

as well [2].  Figure 2.2 is an illustration of how polymer chains orient in a lamellae 

structure.  This figure illustrates three possible ways the chains could orient in two 

dimensions, which can be expanded into three dimensions.  Semi-crystalline polymers 

have anisotropic shrinkage, very good electrical properties, and are chemically resistance 

to some harsh environments [12]. 
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Regular adjacent reentry

Irregular reentry

Irregular reentry
 

Figure 2.2: 2D Representation of Polymer Chains in a Semi-Crystalline Polymer 
[11, 13] 

 
Thermal conductivity has been experimentally shown to increase with increasing 

crystallinity or orientation of polymer chains [2, 14, 15].  This can be extrapolated to 

show that amorphous polymer will be less conductive then semi-crystalline polymers.  It 

was also experimentally shown that filled amorphous polymers are less thermally 

conductive then filled semi-crystalline polymers [16]. 

2.2 Thermal Conductivity Background 

Heat transfer is an important property of a material, so it should be incorporated 

into the design of new or existing applications.  Heat transfer occurs through three 

mechanisms: radiation, convection, and conduction.  Heat conduction is the main 

mechanism of heat transfer within solids and is the focus of this work.  Heat conduction 

is calculated using Equation 2.1 [8, 17, 18]. 
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From this equation, one can see that heat transfer (hi) depends on the thermal 

conductivity (kij) and a temperature gradient.  The thermal conductivity in Equation 2.1 is 

assumed to be constant; in reality, the thermal conductivity of a material varies with 

temperature.  Thermal conductivity as defined by Equation 2.1 is a macroscopic view 

with different methods of transporting the heat summed together to produce the material 

thermal conductivity. 

In solids two main methods of heat transport exist: electron transport and phonon 

transport.  In pure metals, electron transport is the dominant transport mechanism.  Both 

electron and phonon transport of the heat energy can be significant in metal alloys.  In 

dielectric materials, like polymers, the dominant method of heat conduction is by 

phonons [8, 17]. 

Phonons are the quanta frequency of atomic vibrations.  Phonons transfer heat 

energy through interactions with themselves and subatomic particles [1].  A perfect 

crystal can be thought of as an array of atoms connected by springs.  A graphical 

representation can be seen in Figure 2.3 [19].  The transfer of heat energy by phonons can 

be simplistically envisioned by exciting one or more atoms by twisting, pulling, or 

pushing.  This energy would propagate through the array in a manner similar to phonons.  
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Figure 2.3: Two-Dimensional Array of Atom Connected by Springs 

 
The effectiveness of heat transfer by phonons depends on the scattering of 

phonons as they propagate through the material [1].  Again, looking at Figure 2.3 one can 

imagine how a different atom or a missing atom could alter the propagation of the 

vibration energy through the array.  These are two very simple illustrations of causes of 

phonon scattering, though many more exist.  The longer distance between scattering 

incidents results in greater thermal conductivity of the material.  This concept is 

illustrated by the Debye model for heat conduction in dielectric solids [2].  

λ⋅⋅⋅= uck 3
1         (2.2) 

In this model, ‘k’ is the thermal conductivity, ‘c’ is the volumetric heat capacity, ‘u’ is 

the velocity of sound in the material, and ‘λ’ is the mean free path of the phonons in the 

material.  Typically, the speed of sound is approximately 5x105 cm/s and is material 

dependent, although it is relatively independent of temperature [20].  The mean free path 

decreases with an increase in temperature.  The mean free path is about 10 nm at room 

temperature and 104 nm near 20K.  The heat capacity of a material can be calculated 
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using the Debye model as found in Equation 2.3.  In this equation, ‘c’ is the volumetric 

heat capacity, ‘kB’ is the Boltzmann’s constant, ‘No’ is Avogadro’s Number, ‘T’ is the 

absolute temperature in Kelvin, ‘θD’ is the Debye temperature in Kelvin, ‘ћ’ is Planck’s 

Constant,  ‘ω' is the frequency of vibration, and ‘ωD’ is the Debye frequency of vibration. 
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Heat conduction by phonons is the main conduction method in polymers, carbons, and 

their composites.  Polymers are dielectric materials so they generally follow the Debye 

model.  Many carbon fillers (including all the carbon fillers used in this project) are 

electrically conductive, but their thermal conductivity is essentially due to phonon 

transport. 

Thermal conductivity in carbon/polymer composites is a bulk property, unlike 

electrical conductivity, which is path dependent.  Previous experimental research has 

shown thermal conductivity increases continuously over the whole concentration range, 

whereas electrical conductivity increases by as many as 10 orders of magnitude over a 

small range of concentration commonly known as the “percolation threshold” [3, 4].  At 

the percolation threshold, the fillers get close enough to conduct current with little 

resistance.  Thermal conductivity does not show large sudden jump over the same range, 

demonstrating that closeness and touching are not significant in thermal conduction.  This 

shows that thermal conductivity is a bulk property.   

Another way of looking at this phenomenon is through the scattering of phonons 

involved with touching fillers.  One possible configuration is a line of fibers surrounded 
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by a vacuum touching each other along one side (see Figure 2.4a); another involves the 

same arrangement but with matrix surrounding around the fibers (see Figure 2.4b).  For 

this exercise, it is assumed that no heat transfer by radiation occurs; therefore, all heat 

transfer is through conduction.  Looking at the first case (Figure 2.4a), phonons are 

scattered at each interface, and energy is not passed except at the point location where the 

fibers touch.  In the second case, the same phonon scattering occurs at each interface; 

however, at each interface of carbon fiber with another fiber or the polymer matrix heat is 

also transferred.  Due to the presence of the polymer matrix, the second configuration 

(Figure 2.4b) allows appreciably more heat to be transferred.  If heat conduction is a path 

property, the first and second cases would conduct the same amount of heat.  These two 

instances show that thermal conductivity is a bulk property and not a path property like 

electrical conductivity. 

End View of Carbon Fibers

Direction of Conduction

End View of Carbon Fibers
Polymer

b)

a)

Vacuum

 
Figure 2.4: Fiber Configurations [(a) carbon fiber in a vacuum, (b) carbon fiber in 
polymer matrix] 
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2.3 Predictive Thermal Conductivity Models 

For conductive resins, heat is transferred by two mechanisms, lattice vibrations 

(major contributor) and electron movement.  Several important factors affect the thermal 

conductivity of a material.  These include the thermal conductivity of its constituents 

(filler and matrix) and the crystallinity of the polymer (increasing crystallinity improves 

polymer thermal conductivity).  The filler size, shape, concentration, dispersion (degree 

of mixing), orientation, and bonding between the filler and the matrix greatly affect the 

thermal conductivity.  The orientation of the fillers is important since carbon-based fillers 

are often anisotropic.  For example, the thermal conductivity across the basal planes of 

graphite is approximately 60 W/mK compared to 600 W/mK along the basal planes. 

Thermal conductivity is a bulk property and is analogous to viscosity, tensile 

modulus, and shear modulus.  Equation 2.4 demonstrates the numerical relationship 

between the composite and the pure polymer [1].  This equation uses the subscripts ‘c’ 

for the composite property and ‘p’ for the pure polymer property.  This equation uses ‘k’ 

for thermal conductivity, ‘η’ for the viscosity, ‘E’ for the elastic modulus, and ‘G’ for the 

shear modulus. 

p

c

p

c

p

c

p

c

G
G

E
E

k
k

===
η
η

        (2.4) 

2.3.1 Basic Thermal Conductivity Models 

The most basic thermal-conductivity models start with the standard mixture rule 

(Equation 2.5) and inverse mixture rule (Equation 2.6) [22].  These equations use ‘K’ for 

the thermal conductivity of the composite, ‘n’ for the number of constituents in the 
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composite, ‘i’ for the index variable for the composite constituents, ‘φ’ for the volume 

fraction of constituents, and ‘ki’ for the thermal conductivity of the ith constituent. 

∑
=

⋅=
n

i
ii kK

1
φ          (2.5) 

∑
=

=
n

i i

i

k
K

1

φ
         (2.6) 

The composite thermal conductivity in the filler direction is estimated by the rule of 

mixtures.  The rule of mixtures is the weighted average of filler and matrix thermal 

conductivities.  This model is typically used to predict the thermal conductivity of a 

unidirectional composite with continuous fibers.  In the direction perpendicular to the 

fillers (through plane direction), the series model (inverse mixing rule) is used to estimate 

composite thermal conductivity of a unidirectional continuous fiber composite. 

In this project, milled carbon fibers (≈200 µm long), carbon black powder (30-

100nm), and graphite particles (75-100µm) were used as the conductive filler.  Hence, 

this project studies conductive resins of discontinuous short fiber/particle composites.  

Another model similar to the two standard-mixing rule models is the geometric 

model shown in Equation 2.7 [23].  In Equation 2.7 ‘K’ refers to the thermal conductivity 

of the composite, ‘n’ to the number of constituents in the composite, ‘i’ to the index 

variable for the composite constituents, ‘φ’ to the volume fraction of constituents, and ‘k’ 

to the thermal conductivity of the constituents. 
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ikK
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2.3.2 Advanced Models 

Many models have been proposed for filler matrix systems.  The Maxwell 

Theoretical Model is the basis of many of these models.  This model uses potential theory 

to obtain an exact solution for the conductivity of a system with spherical, non-interacting 

particles in a continuous matrix [6].  This model is not applicable to many systems since 

it was designed for non-interacting spheres.  Maxwell’s model can be found in Equation 

2.8.  This equation uses ‘K’ for the thermal conductivity of the composite, ‘φ’ for the 

volume fraction of constituents, and ‘k’ for the thermal conductivity of the constituents.  

The subscript ‘1’ indicates the properties of the pure polymer, and ‘2’ indicates the filler 

properties. 
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Beginning from this starting point, Bruggeman created another exact theoretical 

model for conductivity with spherical, non-interacting particles in a continuous matrix.  

However, Bruggeman made different assumptions for permeability and field strength.  

The resulting model can be found in Equation 2.9 [6].  This equation uses the subscript 

‘1’ to indicate the properties of the pure polymer, and ‘2’ to indicate the fillers properties.   

‘K’ is used for the thermal conductivity of the composite, ‘φ’ is used for the volume 

fraction of constituents, and ‘k’ is used for the thermal conductivity of the constituents. 
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The Hamilton and Crosser Semi-Theoretical Model can be used for either two or 

more phase systems or for non-spherical particles.  The work is based on Maxwell’s and 

Fricke’s theoretical work [6].  The model is as seen in Equation 2.10a-b [6].  These two 
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equations use the subscript ‘1’ to indicate the properties of the pure polymer, ‘2’ to 

indicate the particles properties, ‘K’ to indicate the thermal conductivity of the 

composite, ‘φ’ to indicate the volume fraction of constituents, ‘k’ to indicate the thermal 

conductivity of the constituents, and ‘ψ’ to indicate the sphericity of the particles.  The 

sphericity of the particle is the surface area of a sphere with the same volume as the 

particle divided by the surface area of the particles.  The value of ψ is between 0.58 and 

1.0 for the data sets that they investigated [6]. 
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In Maxwell’s model, it was shown that n equals 3.  Hamilton and Crosser correlated large 

sets of data to derive Equation 2.10b.  Hamilton and Crosser examined mixtures of 

Silastic rubber and either aluminum and balsa of various shapes [24].  

McCullough proposed a general method for combining mixture rules for 

predicting transport properties, such as thermal conductivity, for composite systems [22].  

This method uses a generalized equation in combination with traditional mixing rules and 

a reference state.  This generalized method is for a class of composites that show 

orthotropic symmetry, and only the diffuse transport models will be discussed here.  The 

generalized equations are found in Equation 2.11a-d.  This general model is based on the 

standard rule of mixtures.  The ‘ *K ’ term is the reference state that can be changed to fit 

the system.  ‘Kj’ is the thermal conductivity in the ‘j’ direction, where ‘j’ equal to 1 is the 

longitudinal direction and 2 or 3 is the transverse direction.  ‘yi’ is shape factor that is 

calculated form the direction and shape of the particle.  ‘Ki’ is the thermal conductivity of 
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the ‘i’ constituent, where ‘1’ stands for the matrix and ‘2’ stands for the filler.  ‘φi’ is the 

volume fraction of the ith constituent.  
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*KKK ii −=∆  (i = 1, 2)      (2.11b) 

1122 KKK ⋅+⋅= φφ         (2.11c) 

1221 KK ⋅+⋅= φφϕ         (2.11d) 

This general model can be used to determine the Halpin-Tsai equation [22].  The 

Halpin-Tsai equation is just a re-arrangement of the general model with *K  = K1 and is 

the base model for Nielsen Model.  The Halpin-Tsai equation can be found in Equation 

2.12a-c. 
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Progelhof, et al. [5] have reviewed many composite thermal-conductivity models.  

They found that the Nielsen model fit the data the best over the given data range (0 to 30 

volume percent) for a two-phase system.  This review studied 62-88 micron glass spheres 

and 62-125 micron magnesium oxide powder in polyethylene. 

The Nielsen model [7, 25] originates from Albert Einstein’s model for the 

viscosity of a fluid with dispersed spheres.  This model was first applied to viscosity, but 

is now used to predict the elastic modulus of a two-phase composite.  Lewis and Nielsen 
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developed an improved model for the elastic modulus from the Halpin-Tsai equation 

[25].  Nielsen changed ‘χ’ to ‘B’ and ‘ξ’ to ‘A’.  Nielsen added the ‘Ψ’ term to the 

denominator of the Halpin-Tsai equation.  The ‘Ψ’ was added to take into account the 

orientation and the packing of the filler in the matrix.  Nielsen also changed how the 

‘ξ/A’ term was determined.  The ‘ξ’ term only took into account the shape of the filler, 

but Nielsen incorporated both the orientation and shape into the ‘A’ term.  Nielsen model 

was then translated for use with thermal conductivity from elastic modulus. 

Equations 2.13a-c comprise the Nielsen model for thermal conductivity of a two-

phase system (polymer plus one filler). 
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In Equation 2.13a-c, ‘K’ is the thermal conductivity of the composite and ‘ki' is 

the thermal conductivity of an individual component.  In the model, the subscript 1 

represents the polymer matrix, and the subscript 2 represents the filler.  In the Nielsen 

model, the ‘A’ parameter takes into account the geometry of the filler, mainly the aspect 

ratio.  The ‘A’ parameter can be theoretically calculated by A = 1 – ke, where ‘ke’ is the 

Einstein coefficient.  The ‘A’ parameter has been determined for some filler types and 

orientation, which are shown in Table 2.1 [1].  The ‘φm’ term is the maximum volumetric 

packing fraction of the filler.  Sample values for ‘φm’ are located in Table 2.2 [1]. 
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Table 2.1: Shape Factor ‘A’ for Common Filler Types [1] 
Filler Type Aspect Ratio A 

Cubes 1 2 
Spheres 1 1.5 
Random Fibers 2 1.58 
Random Fibers 4 2.08 
Random Fibers 6 2.80 
Random Fibers 10 4.93 
Random Fibers 15 8.38 
Uniaxially Oriented Fibers -- 2L/D (a) 
Uniaxially Oriented Fibers -- 0.5 (b) 

a Heat flow in direction of fibers 
b Heat flow in transverse to fiber direction 

 

 

Table 2.2: Maximum Packing Fraction of Selected Fillers [1] 
Particle Shape Packing order φφφφm 

Spheres Hexagonal Close 0.7405 
Spheres Face Centered Cubic 0.7405 
Spheres Body Centered Cubic 0.60 
Spheres Simple Cubic 0.524 
Spheres Random Loose 0.601 
Spheres Random Close 0.637 
Irregular Random Close ~0.637 
Fibers Three Dimensional Random 0.52 
Fibers Uniaxial Hexagonal Close 0.907 
Fibers Uniaxial Simple Cubic 0.785 
Fibers Uniaxial Random 0.82 

 

 

McGee and McCullough proposed an improvement to the ‘ψ’ term [25].  McGee 

and McCullough determined this improved ‘ψ’ equation from the following systems: 

natural silica in epoxy resin, and for glass spheres in epoxy and polyester resin [26].  This 

correlation was originally determined for modulus but not for thermal conductivity.  The 

improved ‘ψ’ equation, shown in Equation 2.14, is significantly more complicated than 

the original equation, seen in Equation 2.13c.  The equation again uses the subscript ‘1’ 
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for the pure polymer and ‘2’ for the filler, ‘φ’ for the volume fraction, and ‘φm’ for the 

maximum volumetric packing fraction. 
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      (2.14) 
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Chapter 3: Materials and Experimental Procedures 

3.1 Materials 

In this section, all materials used for the fabrication of the composite formulations 

will be discussed.  

3.1.1 Matrixes 

Two widely accepted leaders in polymer-based composites were chosen as our 

two matrixes, nylon 6,6 and polycarbonate.  One of the constraints on the selection of the 

polymers was that one was semi-crystalline and the other was amorphous.  The difference 

in crystallinity could account for how this difference affects the thermal conductivity. 

3.1.1.1 Nylon 6,6 

Nylon 6,6 was used in this project since it is a commonly used engineering 

thermoplastic that has a high melt temperature.  Nylon 6,6 and nylon 6 are the most often 

used engineering thermoplastics [11].  Nylon 6,6 is a widely used in conductive polymer 

composites especially for automotive “under-the-hood” applications. 

Nylon 6,6 is a polyamide.  Two main groups of polyamides exist and they are 

based upon their backbone structure.  The two groups are aliphatic and aromatic [11].  

All nylons (including nylon 6,6 and nylon 6) are from the aliphatic-chain backbone 

group.  Fibers like Nomex™ and Kevlar™ are from the aromatic-chain backbone group.  

Since nylon has a tendency to form hydrogen bonds with moisture in the air, nylon is 

sensitive to water.  Moisture in the nylon matrix acts as a plasticizer, which increases the 

elongation at break and decreases the tensile strength and modulus [11].  Thus, when 
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processing nylon-based materials, nylon is dried before each processing step and often is 

tested dry as molded.  Figure 3.1 shows the chemical structure of nylon 6,6.   
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Figure 3.1: Nylon 6,6 Chemical Structure [11] 

 

For this project, DuPont’s Zytel 101 NC010 was used.  Zytel 101 NC010 is an 

unmodified nylon 6,6, which is semi crystalline in nature.  This nylon 6,6 has been 

studied previously by our research group and other researchers [27-31].  Table 3.1 

displays the properties of Zytel 101 NC 010 [32].   

Table 3.1: Properties of Zytel 101 NC 010 [32]  
Melting Point 262°C 
Tg (Glass Transition Temp, DAM*) 
50% Relative Humidity 

60°C-70°C (approx.) 
23°C (approx.) 

Melt Flow Rate 12.35 g /10 min 
Tensile Strength at 23oC (DAM*) 82.7 MPa 
Flexural Modulus at 23°C (DAM*)  2,827 MPa 
Elongation at Break at 23oC (DAM*)  60% 
Density at 23°C 1.14 g/cc 
Bulk Density  630 g/l 
Electrical Resistivity at 23°C  1015ohm-cm 
Thermal Conductivity at 23°C  0.25 W/mK 
Shape  Cylindrical pellets 
Size (approximate) 2.3mm (d) by 2.5 mm (l) 

*DAM= dry as molded 
 

3.1.1.2 Polycarbonate 

Polycarbonate is another industrially important thermoplastic.  It is the second 

most used thermoplastic behind nylon [11].  It is an amorphous polymer, non-crystalline, 

with high impact strength and moderate dimensional stability.  It also has low 
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combustibility and moisture sensitivity.  It easily transmits light and is not exceedingly 

chemical or scratch resistant [11].  Polycarbonate was chosen because of its high impact 

strength and tensile properties as well as its wide use in conductive resins.  

Polycarbonate-based conductive composites are widely used and have been studied 

previously [1, 31, 33] 

For this project, Lexan HF 1110-111N, available from GE Plastics, was used.  

Lexan HF 1110-111N is a polycarbonate, which is an amorphous engineering 

thermoplastic.  Figure 3.2 shows the chemical structure of polycarbonate.  Table 3.2 

displays the properties of Lexan HF 1110-111N [34]. 
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Figure 3.2: Chemical Structure for Polycarbonate [11] 

 

Table 3.2: Properties of Lexan HF 1110-111N [34]   
Melt Index 25 g/10 min 

Average Molecular Weight Approx. 16,000 g/gmole  
(Based on a PS std.) 

Tensile Strength at 23oC  65.5 MPa 
Flexural Modulus at 23°C  2,310 MPa 
Tensile Elongation at Break at 23oC  120 % 
Density at 23°C 1.20 g/cc 
Notched Izod Impact, 73°F 640 J/m 
Volumetric Electrical Resistivity at 23°C  1017ohm-cm 
Thermal Conductivity at 23°C  (ASTM C177) 0.19 W/mK 
Poisson’s Ratio 0.38  
Shape  Cylindrical pellets 
Size (approximate) 2.3mm (d) by 2.5 mm (l) 
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3.1.2 Fillers 

The fillers will be discussed in depth in this section.  The properties will be given 

as well as the reasoning behind choosing each filler, and the methods in which they are 

produced.  The three fillers used in this project are a pitch-based carbon fiber, carbon 

black, and synthetic graphite. 

3.1.2.1 Pitch-Based Carbon Fiber 

Pitch-based carbon fibers are used because they have properties that are not easily 

attainable for polyacrylonitrile (PAN) based fibers.  For example, PAN-based fibers have 

a maximum modulus of about 650 GPa where pitch-based fibers can reach 1000 GPa.  

Pitch-fibers are also significantly more thermally and electrically conductive.  The basic 

process by which pitch-based carbon fiber can be produced is found in Figure 3.3, and 

the description of each step follows [35]. 

Raw
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Pre-
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Thermal, Solvent,
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Figure 3.3: Pitch-Based Carbon Fiber Production Method [35] 



25 

Pitch-based carbon fibers are produced from pitch, a shiny black solid at room 

temperature.  The pitch softens and it possesses thermoplastic properties when heated to 

about 120°C.  Pitch requires purification to be suitable for carbon fiber manufacture.  

This is accomplished by vacuum distillation or the wiped film evaporation method for 

petroleum pitch, and solvent extraction and the thermal filtration method for coal tar pitch 

[35]. 

Two different processed pitches can be produced from the modified pitch: 

isotropic and anisotropic (mesophase).  Pitch contains mainly hydrocarbons with three to 

eight fused rings.  Many thousands of different aromatic compounds with and without 

aliphatic groups attached to the rings can be contained in pitch.  The typical molecular 

weight is between 300 and 400 g/mol.  Anisotropic pitch-based carbon fibers were used 

in the study.  Anisotropic pitch is produced by heat soaking.  In this process, the pitch 

melts and loses viscosity between 100 and 200°C, but while holding temperatures 

between 400 and 500°C, the viscosity increases and forms the mesophase pitch – an 

optically active anisotropic fluid.  The mesophase is the crystalline portion of the pitch 

where the isotropic is the remainder.  An illustration of the complexity of this mixture can 

be seen in Figure 3.4.  The fluid formed is a liquid crystal where molecules have order 

but are still mobile.  This fluid must meet the following criteria for the production of 

carbon fiber [35]: 

1. It must contain a low amount of impurities so it does not affect the spinnibility or 

mechanical properties. 

2. It cannot be polymerized during spinning. 

3. The mesophase fraction must orient during spinning. 
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4. The softening point and the glass transition temperature of the spun fiber should 

be high enough to allow rapid stabilization. 

5. It must be able to be stabilized after spinning.  

 
Figure 3.4: Structure Model of Soluble Mesophase Pitch [35] 

 

Once the mesophase pitch is formed, it is spun into fibers by melt spinning.  Melt 

spinning occurs by feeding the pitch into an extruder, seen in Figure 3.5.  When well 

mixed, the melted pitch is fed to the filter layer, distribution board, and the spinneret.  

The melted pitch is forced out the spinneret by pressure [35].   

 
Figure 3.5: Commercial Melt Spinning Equipment for Obtaining the Multi-

Filament Mesophase Yarn [35] 
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The next processing step, stabilization, is needed to make the fibers thermally 

stable.  If stabilization is not completed the fibers will melt together during the 

carbonization step.  Typically, stabilization is done in air.  The fibers are kept in an 

oxidative atmosphere heated to between 300 and 310°C [35]. 

In the next stage, carbonization, the fibers are heated to a temperature between 

1000 and 1600°C.  The purpose of this stage is to remove the non-carbon atoms from the 

structure.  This stage is a two-step process.  The first step is a lower temperature 

carbonization, which heats the fibers up to 700°C in a nitrogen environment.  At 

temperatures less then 800°C in a nitrogen atmosphere, hydrogen, nitrogen, and oxygen 

groups are eliminated from the structure, while the aromatic structure grows.  The second 

step is a high temperature carbonization, which heats the fibers up to between 1000-

1600°C in a nitrogen environment.  At temperatures between 1000 and 1600°C, non-

carbon atoms are given off and the aromatic structure is enhanced.  Turbostatic graphite-

like structures are formed in this temperature range.  Different final temperatures and 

temperature profiles are used to give the fiber different properties [35]. 

The next two steps, graphitization {1} and surface treatment and sizing {2} vary 

based upon the fiber application to be used.  These two steps can also be eliminated.  The 

graphitization is done at very high temperatures and is designed to create larger graphitic 

sections and order in the fiber.  Surface treatment is done to improve the surface of the 

fiber so it adheres better to the desired matrix [35]. 

The milled pitch-based carbon fiber used for this project was BP/Amoco’s 

ThermalGraph DKD X.  This filler was chosen because it is graphitized at a very high 

temperature, which increases the thermal and electrical conductivity and modulus of the 
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fibers.  Thus, ThermalGraph DKD X increases the thermal and electrical conductivities 

as well as the mechanical stiffness and strength of the resulting composite.  The 

properties for ThermalGraph DKD X can be found in Table 3.3. 

Table 3.3: Properties of BP/Amoco ThermalGraph DKD X [36] 
Tensile Strength >1.39 GPa 
Tensile Modulus 687-927 GPa  
Electrical Resistivity 0.0003 ohm-cm 
Thermal Conductivity 400-700 W/mK 
Fiber Density 2.15 to 2.25 g/cm3 

Bulk Density 0.25 to 0.55 g/cm3 

Fiber Diameter 10 microns 
Filament Shape Round 
Filament Length Distribution <20 % less than 100 microns 

<20 % greater than 300 microns 
Average 200 µm 

Carbon Assay 99+ wt% 
Surface Area 0.4 m2/g 

 
 

3.1.2.2 Carbon Black 

Carbon black is an industrial product that goes back to the ancient Chinese and 

Egyptians; who used it as a pigment.  Today, the main two applications are for 

reinforcement of rubber and pigment.  About 90 % of all carbon black is used for rubber 

reinforcement, leaving 10% for pigment (fillers for plastics are included in pigment).  

Generally, carbon black is produced through the incomplete combustion of hydrocarbons; 

the other process that is used is thermal decomposition of hydrocarbons.  Table 3.4 shows 

the main categories of carbon black, the method by which the carbon black is produced, 

and their uses.  The furnace black process accounts for most of the production of carbon 

black in the world [37].  Two processes that produced high-quality carbon black are the 

acetylene and thermal decomposition processes.   
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The two high-quality processes are basically the same; they are both thermal 

decomposition of a feedstock, but they differ in the feed stock they use.  In both 

processes, the feedstock is combusted in a reactor, which heats the reactor to a preset 

temperature.  When the temperature is reached the air is turned off, but the feedstock 

continues to be added to the reactor.  The feedstock thermally decomposes into carbon 

black and hydrogen gas until the feed is stopped.  This process allows the carbon black 

particles to aggregate and form highly branched structures.  One advantage of the 

acetylene process is that it has only one feedstock, allowing for a highly pure product 

with a high crystallinity when compared to other carbon blacks.  Another advantage of 

the acetylene process is that the overall process is an exothermal reaction so it will 

sustain itself, although it requires cooling.  The thermal black process differs from the 

acetylene process because the overall process is endothermic and requires heat to be 

added.  In addition, the thermal black process uses a mixed feed of light hydrocarbons, 

which does not allow for as pure of a product. 
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Table 3.4: Classification of Manufacturing Processes, Feedstocks, and Uses of 
Carbon Black [37] 

Chemical Process Production Process Feedstock Uses 
Thermal-oxidative decomposition 

Closed System 
(Turbulent flow) 

Furnace black process Aromatic oils based 
on coal tar or crude 
oil, natural gas 

Tires, non-tire 
rubber applications, 
and pigments 

 Lampblack process Aromatic oils based 
on coal tar or crude 
oil 

Mechanical rubber 
goods, electrodes, 
and carbon brushes 

Open System 
(Diffusion flames) 

Dequssa gas black 
process 

Coal tar distillates Mechanical rubber 
goods, electrodes, 
and carbon brushes 

 

 (Channel black 
process) a 

Natural Gas Pigments 

Thermal decomposition 
Discontinuous Thermal black process Natural Gas (Oils) Specialty 

applications 
 

Continuous Acetylene black 
process 

Acetylene Electric cells and 
conductive and 
antistatic rubber and 
plastic applications 

a historical process 
 

 
The carbon black that was used in this work is a specialty black designed for 

making polymer composites electrically conductive.  Ketjenblack EC600 JD produced by 

Akzo Nobel was chosen in part because it substantially decreases the electrical resistivity 

of a composite at a low loading.  Another advantage of the filler is that it is highly 

branched and is able to contact large amounts of polymer; an illustration of the structure 

of carbon black can be seen in Figure 3.6.  Yet another reason why Ketjenblack EC600 

JD was chosen because Narkis [10] tested different carbon black filled composites and 

found this black decreased the electrical resistivity the most.  Ketjenblack EC600 JD 

properties can be seen in Table 3.5.  This black is produced by a proprietary method.   
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Figure 3.6: Carbon Black Illustration [38] 

 

Table 3.5: Properties of Akzo Nobel Ketjenblack EC600 JD Carbon Black [38] 
Electrical Resistivity  0.01-0.1 ohm-cm 
Aggregate Size 20-100 nm 
Specific Gravity 1.8 g/cm3 
Apparent bulk density 100-120 kg/m3 

Ash content, max % 0.1 
Moisture, max % 0.5 
BET Surface Area 1250 m2/g 
Pore Volume 480-510 cm3/100g 
pH 8-10 

 

3.1.2.3 Synthetic Graphite 

Synthetic graphite can be formed from any material that leaves carbon residue 

when heated [39].  The most common base material for synthetic graphite is petroleum 

coke [39, 40].  Many different grades of synthetic graphite exist, which depend on 

orientation of the crystallites, amount of voids, size of voids, degree of graphitization, 

size and size distribution of particles, as well as many other factors.  This graphite is 

typically graphitized to a temperature between 2500 and 3000°C in an inert atmosphere 

[40].  Different feedstocks significantly change the graphites’ final properties even when 

the same processing conditions are used.  The final form of the graphite depends on the 

end use of the graphite.  In the case of polymer processing, particles are typically used.  
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Natural graphite is formed from pressure and heat deep within the earth and then is 

mined.  Synthetic graphite is better in a few ways than natural graphite.  Synthetic 

graphite is typically mechanically stronger and has lower ash content than most natural 

graphites.  Another advantage of synthetic graphite is that the properties are more 

uniform [40]. 

The synthetic graphite that was used in this project is Conoco’s ThermocarbTM 

Specialty Graphite [41, 42].  Table 3.6 shows the properties of this material.  This 

material was used in this project due to its high thermal conductivity and record of 

accomplishment in previous projects [30, 41, 42]. 

Table 3.6: Properties of Conoco's ThermocarbTM CF-300  [41, 42] 
Ash 0.06 wt% 
Sulfur 0.02 wt% 
Vibrated Bulk Density 0.66 g/cc 
Density 2.24 g/cc 
  
Particle Sizing, vol% (by Sieve Method) 
 +48 Tyler Mesh* 4 
 -48/+80 Tyler Mesh 22 
 -80/+200 Tyler Mesh 48 
 -200/+325 Tyler Mesh 16 
 -325 Tyler Mesh 10 
  
Thermal Conductivity at 23°C 600 W/mK on a 1/4” particle 
Electrical Resistivity 10 –5 ohm-cm (approx.) 
Particle Aspect Ratio 1.7 
Particle Shape  Irregular 

*48 Tyler Mesh = 297 Microns 
  80 Tyler Mesh = 177 Microns 
  200 Tyler Mesh = 74 Microns 
  325 Tyler Mesh = 44 Microns 
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3.2 Experimental Design 

The experimental regimen used for this project was one of the most critical 

decisions made.  It was decided that a concentration curve needed to be completed for 

each filler and polymer combination.  Carbon black loading levels for the concentration 

curve were 0, 2.5, 4, 5, 6, 7.5, and 10 weight percent (wt%).  The synthetic graphite 

loading levels were 10, 15, 20, 30, and 40 wt%.  The carbon fiber loading levels were 5, 

10, 15, 20, 30, and 40 wt%.  Single filler composites are the vast majority of what has 

been studied previously and what is currently commercially available.  Table 3.7 shows a 

listing of all the single filler composites formulations compositions. 

The naming convention used for this work is shown below.  The “tuvwx” portion 

of the naming convention is the composite formulation’s name. 

 tuvwx-y-z 
 
Where: 
  t =  the project description (N = nsf) 

u = Filler Type (A = carbon black, B = synthetic graphite particles, C= milled 
pitch-based carbon fiber) 

 v = Matrix type (P for polycarbonate or N for nylon) 
 w = Replicate or original (none for original, R for replicate) 
 x = Weight percent of filler added (05, 10, 15, …) 
 y = Specimen type (T for tensile, TC for thermal conductivity disks, ER for 2.5” 

diameter electrical resistivity disks) 
 z = Specimen number 
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Table 3.7: A Listing of Single Filler Composite Formulations 
Formulation Nylon 

 
(wt%) 

Carbon 
Black 
(wt%) 

Synthetic 
Graphite 

(wt%) 

Carbon 
Fiber 
(wt%) 

Formulation Polycarbonate
 

(wt%) 

Carbon 
Black 
(wt%) 

Synthetic 
Graphite

(wt%) 

Carbon 
Fiber 
(wt%) 

NN 100.0 0.0 0.0 0.0 NP 100.0 0.0 0.0 0.0 
NNR 100.0 0.0 0.0 0.0 NPR 100.0 0.0 0.0 0.0 

NAN02.5 97.5 2.5 0.0 0.0 NAP02.5 97.5 2.5 0.0 0.0 
NAN04 96.0 4.0 0.0 0.0 NAP04 96.0 4.0 0.0 0.0 

NANRR05 95.0 5.0 0.0 0.0 NAP05 95.0 5.0 0.0 0.0 
NANR05 95.0 5.0 0.0 0.0 NAPR05 95.0 5.0 0.0 0.0 
NAN06 94.0 6.0 0.0 0.0 NAP06 94.0 6.0 0.0 0.0 

NAN07.5 92.5 7.5 0.0 0.0 NAP07.5 92.5 7.5 0.0 0.0 
NAN10 90.0 10.0 0.0 0.0 NAP10 90.0 10.0 0.0 0.0 
NBN10 90.0 0.0 10.0 0.0 NBP10 90.0 0.0 10.0 0.0 
NBN15 85.0 0.0 15.0 0.0 NBP15 85.0 0.0 15.0 0.0 
NBN20 80.0 0.0 20.0 0.0 NBP20 80.0 0.0 20.0 0.0 
NBN30 70.0 0.0 30.0 0.0 NBP30 70.0 0.0 30.0 0.0 

NBNR30 70.0 0.0 30.0 0.0 NBPR30 70.0 0.0 30.0 0.0 
NBN40 60.0 0.0 40.0 0.0 NBP40 60.0 0.0 40.0 0.0 
NCN05 95.0 0.0 0.0 5.0 NCP05 95.0 0.0 0.0 5.0 
NCN10 90.0 0.0 0.0 10.0 NCP10 90.0 0.0 0.0 10.0 
NCN15 85.0 0.0 0.0 15.0 NCP15 85.0 0.0 0.0 15.0 
NCN20 80.0 0.0 0.0 20.0 NCP20 80.0 0.0 0.0 20.0 

NCNR20 80.0 0.0 0.0 20.0 NCPR20 80.0 0.0 0.0 20.0 
NCN30 70.0 0.0 0.0 30.0 NCP30 70.0 0.0 0.0 30.0 
NCN40 60.0 0.0 0.0 40.0 NCP40 60.0 0.0 0.0 40.0 

 

The use of a mixture of fillers has not been studied in extensive depth and this 

allows a great opportunity for research and development of new technologies.  The 

greatest possible development is that of synergism between fillers to produce a composite 

with greater thermal conductivity than that obtained by using a single filler.  Of course, it 

is possible that a synergism between fillers does not exist. 

Two factorial designs were decided upon, one for each polymer matrix.  A 

separate design was set up for each matrix; each design was a full 23 factorial, where the 

two represent the loading levels and the three are the number of factors being 

investigated.  The loading levels for the factorial designs were 0 and 5 wt% for carbon 

black, 0 and 30 wt% for synthetic graphite, and 0 and 20 wt% for carbon fiber.  The 

composite formulations for the factorial design are in Table 3.8. 
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Table 3.8: A Listing of Factorial Design Composite Formulations 
Formulation Nylon 

 
(wt%) 

Carbon 
Black 
(wt%) 

Synthetic 
Graphite 

(wt%) 

Carbon 
Fiber 
(wt%) 

Formulation Polycarbonate
 

(wt%) 

Carbon 
Black 
(wt%) 

Synthetic 
Graphite 

(wt%) 

Carbon
Fiber 
(wt%) 

NN 100.0 0.0 0.0 0.0 NP 100.0 0.0 0.0 0.0 
NNR 100.0 0.0 0.0 0.0 NPR 100.0 0.0 0.0 0.0 

NANRR05 95.0 5.0 0.0 0.0 NAP05 95.0 5.0 0.0 0.0 
NANR05 95.0 5.0 0.0 0.0 NAPR05 95.0 5.0 0.0 0.0 
NBN30 70.0 0.0 30.0 0.0 NBP30 70.0 0.0 30.0 0.0 

NBNR30 70.0 0.0 30.0 0.0 NBPR30 70.0 0.0 30.0 0.0 
NCN20 80.0 0.0 0.0 20.0 NCP20 80.0 0.0 0.0 20.0 

NCNR20 80.0 0.0 0.0 20.0 NCPR20 80.0 0.0 0.0 20.0 
NABN 65.0 5.0 30.0 0.0 NAPN 65.0 5.0 30.0 0.0 

NABNR 65.0 5.0 30.0 0.0 NAPNR 65.0 5.0 30.0 0.0 
NACN 75.0 5.0 0.0 20.0 NACP 75.0 5.0 0.0 20.0 

NACNR 75.0 5.0 0.0 20.0 NACPR 75.0 5.0 0.0 20.0 
NBCN 50.0 0.0 30.0 20.0 NBCP 50.0 0.0 30.0 20.0 

NBCNR 50.0 0.0 30.0 20.0 NBCPR 50.0 0.0 30.0 20.0 
NABCN 45.0 5.0 30.0 20.0 NABCP 45.0 5.0 30.0 20.0 

NABCNR 45.0 5.0 30.0 20.0 NABCPR 45.0 5.0 30.0 20.0 
 

Factorial designs have a few advantages over one-factor-at-a-time designs [43].  

Factorials designs allow fewer runs to be made to gain the same information.  The results 

of factorial designs can be used to determine if interactions between factors are present.  

The determination of the interaction between factors would avoid misleading conclusions 

to be made due to interactions.  Another advantage of factorial designs is that the effect 

of a single factor can be estimated at several levels of the other factors being investigated.    

The high carbon black loading level of 5 wt% was chosen because it is a 

commonly used loading level and it slightly exceeds the percolation threshold for 

electrical resistivity.  The high loading level for the synthetic graphite was chosen 

because in previous work, the thermal conductivity had significantly increased, and the 

electrical resistivity had substantially decreased when the 30 wt% of synthetic graphite 

had been added [26-30].  The high loading level of the carbon fiber of 20 wt% was 

chosen because previous research had shown that the thermal conductivity, electrical 
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resistivity, and the mechanical strength of the composite had significantly increased by 

this loading level.  This work was not completed on this specific carbon fiber but the 

results were expected to be similar.  Another issue that factored into the decision for the 

high loading level was that an upper loading level exists for filled polymer composites.  

This level is different for each filler or combination of fillers and each resin.  It was 

postulated that at about 60 wt% filler the composites may be too viscous to extrude or 

injection mold into test specimens.  It was later found that when the 5 wt% carbon black, 

30 wt% synthetic graphite, and 20 wt% carbon fiber are all added to polycarbonate that it 

could not be injection molded into tensile or flex bars, so this constraint was justified.   

The two 23 factorial designs can be combined into a 24 design with the polymer 

being the fourth factor.  To increase the number of degrees of freedom and allow for 

more information to be gained from the factorial design, a complete replicate was done 

for both 23 designs.  The total experiment includes sixty different composite formulations 

that were fabricated and tested. 

3.3 Methods 

The method section is divided into two parts: fabrication, and testing.  The 

fabrication methods that were used for the project are widely used.  In this project, a 

standard test method was used for each property measured when available.  A summary 

of the results can be found in Appendix A. 
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3.3.1 Fabrication Methods 

3.3.1.1 Drying 

For this entire project, the fillers were used as received (not dried).  Zytel 101 

NC010 and Lexan HF 1110-111N were dried in a Bry Air System indirect heated 

dehumidifying dryer (dew point of recirculating air = -40°) at ambient temperature.  

Approximately 80 lbs. of Lexan was dried at 250°F for 4 hrs.  Approximately 80 lbs. of 

Zytel was dried for 175°F for 4 hrs.  Figure 3.7 illustrates the Bry Air dryer used.  After 

drying, the polymer was stored in moisture barrier bags [44]. 

 
Figure 3.7: Bry Air Dryer 

 

3.3.1.2 Extrusion 

For this project, an American Leistritz Extruder Corp. Model ZSE27 27mm co-

rotating intermeshing twin-screw extruder was used.  The extruder has a length over 
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diameter ratio of 40 with 10 heating zones and a water-cooled feed port.  Figure 3.8 is an 

image of the extruder used for this project.  The screw design can be found in Appendix 

B.  The screw design used was chosen to minimize filler degradation.  The minimization 

of degradation was achieved by always feeding the fiber in zone 7 therefore the fiber only 

passed through two kneading blocks.  Zone 1 contains the main feed port where the 

polymer is always added; this zone is water cooled so the polymer does not melt and plug 

the feed port.  The polymer is fed by an AccuRate low range Flexwall gravimetric feeder 

and as shown in Figure 3.9.  Zones 2 and 3 are closed.  The fourth zone was back vented 

to the atmosphere allowing for gases that may have been evolved from melting the 

polymer, or vapors or gases from the filler feed in zone 5, to escape.  The first side stuffer 

was located in zone 5.  This side stuffer was used to put the carbon black and synthetic 

graphite into the melt.  Zone 6 was closed, and zone 7 contains the second side stuffer.  

This side stuffer is where the carbon fiber and synthetic graphite were added.  Zone 8 was 

another closed zone.  Zone 9 was vented to the atmosphere but it can be setup to pull a 

vacuum.  Zone 10 was another closed zone.  The nozzle used for this project had three 

3mm holes for the composite to be forced out.  The nozzle also had a pressure and 

temperature sensor to measure properties of the exiting stream.  
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Figure 3.8: 27mm Twin Screw American Leistritz Extruder 

 
Figure 3.9: AccuRate Flexwall Feeder 
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The side stuffers located at zones 5 and 7 were fed by AccuRate Conisteel loss in 

weight feeders.  An image of the Accurate Conisteel feeder can be seen in Figure 3.10.  

The carbon fiber was always added to the side stuffer in zone 7 to minimize breakage.  

Carbon black was always added to zone 5 side-stuffer to insure proper mixing.  The 

synthetic graphite was added into the side stuffer in zone 5 when possible.  However, 

when carbon black and synthetic graphite were added at the same time, the synthetic 

graphite was added to the zone 7 side-stuffer.  The extruder was typically operated at 30 

lb/hr, because it was still in its first 100 hours of operation. 

 
Figure 3.10: AccuRate Conisteel Feeder 

 
 

The design of the screw is critical to the production of the composites.  The 

design can affect the mixing and degradation of the fillers, which then affect all the other 

properties.  The first screw element was designed to convey the unmelted polymer to the 

next zone.  The second and third elements were added to convey and pressurize the 



41 

softening pellets.  The next four elements were kneading blocks; their purpose was to 

increasingly blend the polymer pellets into a well mixed continuous melt.  The angle 

between the blades of the kneading blocks were increased to produce a more violent 

mixing as the polymer progressed through the four elements.  The next two elements 

were kneading disks.  These two elements continued the blending of the pure polymer 

together as the previous four kneading blocks.  The next two screw-elements elongated 

the polymer melt allowing an air gap to form along the barrel.  The air gap allowed filler 

to be added by the side stuffer in zone 5 and vapor to exit through the back vent in zone 

4.  The twelfth element increased the pressure that kept the polymer and filler going 

through the next set of kneading blocks.  The following three elements were kneading 

blocks that again increased in the harshness of mixing.  Following these elements was 

another screw-element that elongates the melt, which allowed another filler to be added 

by the side stuffer in zone 7.  The next element pressurized the melt again to push it into 

the next two kneading blocks.  This last mixing section, two kneading blocks long, was 

the least severe so the fibers were degraded as little as possible.  The next element again 

elongated the melt so some vapor could escape in the zone 9 vent.  The last two elements 

pressurized the melt and forced it out the nozzle. 

The three molten strands were forced into the water bath upon leaving the 

extruder.  The composite strands were removed from the water bath while still hot, 

allowing most of the water to evaporate off.  For most composite formulations, no more 

than two or three feet of the water bath were used.  Most of the remaining water is 

removed with an air knife.  The air stream from the air knife blew directly on the 

extruder; therefore, a plastic shield was used.  The shield minimized the movement of the 
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fillers and the cooling of the extruder.  The water bath was 10 ft long with an air knife 

located at the end opposite the extruder.  After the composite strand was cooled in the 

water bath, the stand was pelletized by a ConAir Model 20402HP-14A strand pelletizer.  

An image of the pelletizer and water bath can be seen in Figure 3.11. 

 
Figure 3.11: Water Bath and Pelletizer 

 
For each composite formulation, between ten and fifteen pounds of material were 

produced.  The temperature was about 270°C for the nylon formulations and 288°C for 

the polycarbonate formulations.  The exact temperature and conditions for each 

formulation can be found in Appendix C.  The wet pellets were dried prior to injection 

molding in vacuum ovens at 80°C for 20 to 24 hours at 26 in Hg vacuum and 

subsequently stored in moisture barrier bags. 

3.3.1.3 Injection Molding 

For this project, a 4.55 oz  (shot size based on polystyrene) Niigata injection-

molding machine, model NE85UA4, was used [45].  An image of the injection molder can 

be seen in Figure 3.12.  This machine has a 40 mm diameter single screw with a 
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length/diameter ratio of 18.  The lengths of the feed, compression, and metering sections 

of the single screw are 396 mm, 180 mm, and 144 mm, respectively.  This machine has a 

maximum injection pressure of 22,610 psig, a maximum screw speed of 320 rpm, and a 

maximum clamp force of 82.5 US tons.  The injection-molding process was completed in 

full automatic mode.  Deltatherm was used to control the temperature of the mold at 

190°F [46].  A four-cavity mold was used to injection mold 2.5” diameter by 1/8” thick 

disk, and 6.5” long by 1/8” thick ASTM tensile bars (end gated only) and 5” long by 1/8” 

thick by 0.5” wide flex bars [47].  An image of the four-cavity mold can be seen in Figure 

3.13.  A feed hopper dryer was not used although every effort was made to ensure that 

the dried polymer pellets were exposed to atmospheric conditions for less than one hour.  

Appendix D lists the injection molding conditions for each composite formulation.  Zone 

4 is the heated zone nearest the feed hopper and zone 1 is the die nozzle heater.   

 
Figure 3.12: Niigata Injection Molding Machine 
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Figure 3.13: Four-Cavity Mold  

 
The following procedure was used for the injection molding of the composites 

[32].  

1. The machine was brought up to correct operation temperature for the material to be 

run.  Then nylon 6,6 or polycarbonate was run to purge out all of the material that 

might have been in the injection-molding machine previously.  The polymer chosen 

to purge out the machine was based on what polymer was to be run that day. 

2. Approximately 2 lbs. of each dried formulation were injection molded into 20 to 30 

tensile bars and 2.5” disks.  Conditions were kept as constant as possible, and would 

only be changed if operational problems were encountered.  The only parameter that 

was changed for every composite formulation was the shot size.  This was changed in 

small increments until a very small amount of flash was present showing that the 

mold was completely full.  Then the nylon-based formulations were stored in sealed 

moisture barrier bags.  The polycarbonate-based formulations were stored in low-

density polyethylene (LDPE) bags.   
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3. Once all samples for one formulation were injection molded, the injection-molding 

machine was operated until it could not fill another shot.  The next formulation was 

then added to the hopper and the next five shots were thrown out as being transition 

material.  During this time, the shot size was optimized for the new material.  

Between extremely different materials (i.e., carbon fiber and synthetic graphite filled 

composites), the system was completely purged out.  Then the new material was 

added and the first five samples were discarded as being transition material.  Once 

this process was completed, the new composite formulation samples were collected as 

described in step 2. 

4. At the end of each day, the pure polymer was run through the machine until the 

melted polymer had no more carbon in it.  Then HDPE was used to purge out the high 

temperature polymer.  HDPE was also run until the carbon was removed from the 

injection-molding machine. 

3.3.2 Test Methods 

In this project, standard test methods were used for each property measured when 

possible. 

3.3.2.1 Transverse Thermal Conductivity (ASTM F433) 

Transverse thermal conductivity of an 1/8” thick by 2” diameter disc-shaped test 

specimen was measured at 55°C using a Holometrix Model TCA-300 Thermal 

Conductivity Analyzer, which uses the guarded heat flow meter method (ASTM F433-

98) [48, 49].  Figure 3.14 illustrates this test method, and an image of the equipment can 

be seen in Figure 3.15.  The estimated accuracy of this test method is ± 3% [49]. 
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Figure 3.14: Diagram of Thermal Conductivity Test Method [49] 

 
 

 
Figure 3.15: Image of TCA 300 
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To prepare these samples, the 2.5” diameter injection molded disks were cut to a 

2” diameter disk using a water jet cutter.  The nylon-based formulations were dried in a 

vacuum oven at 26 in Hg and 60°C for 2 hrs.  After drying, these samples were placed in 

sealed moisture-barrier bags [50], and subsequently tested dry as molded.  The 

polycarbonate-based samples were conditioned at 50% RH for 24 hrs at 23°C prior to 

testing.  Typically, four samples were tested per formulation.  The complete results for 

each test specimen can be found in Appendix E. 

3.3.2.2 Density (ASTM D792) 

The density of specimens from all formulations was determined using ASTM 

D792-98, density of plastics by water displacement [51].  The injection-molded parts 

were first weighed while dry.  The samples were then weighed while submerged in water.  

The temperature of the water was noted as well.  From these three pieces of data, the 

density of the sample was calculated using Equation 3.1.  The density was measured on 

the thermal conductivity disks after they were tested.  The theoretical density was also 

calculated for each composite formulation using Equation 3.2.  The results for each 

sample can be found in Appendix F.  In these equations, ‘wi’ is used for the weight 

fraction of constituents, ‘ρi’ is the density of the constituents, and ‘ρTheo’ is the calculated 

theoretical density. 
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3.3.2.3 Longitudinal Thermal Conductivity 

The thermal conductivity ‘k’ in the direction of injection is determined by a 

method based on Fourier’s law of heat conduction (Equation 3.3 and 2.1).  This test was 

developed and the apparatus was built as part of Axel Demain’s dissertation [52].  An 

image of this apparatus can be found in Figure 3.16.  The variables that needed to be 

measured for the thermal conductivity (k) are: the heat transferred (Q), cross sectional 

area (A), distance between thermal couples (d), and the temperature differences between 

thermocouples (∆T). 

d
Tk

A
Q ∆⋅=          (3.3) 

i
iji x
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∂
∂⋅−=          (2.1) 

 
Figure 3.16: Image of Longitudinal Thermal Conductivity Apparatus 
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3.3.2.3.1 Sample Fabrication 

The samples were cut out of the middle of the gage section of a tensile bar.  Some 

of the samples were cut by water jet due to restraints.  The remainder were cut using a 

band saw.  The samples were 1.2” long by 3/16” wide by 1/8” tall.  At one end of the 

specimen a hole was drilled through the sample, so the sample could be screwed to the 

heat sink during the test.  A 350Ω strain gauge with two red thermocouple wires (nickel-

chromium) soldered to one lead and two yellow thermocouple wires (nickel-aluminum) 

to the other were glued onto the other end of the specimen.  A type K thermocouple was 

attached to the end of the strain gauge using model glue.  Two small holes were drilled 

half way through the sample thickness and 0.3125” apart into the center of the sample.  In 

each of the holes, a type K thermocouple was glued.  The yellow wire from each of the 

thermocouples was attached to one another.  An illustration of the sample can be seen in 

Figure 3.17.  Figure 3.17 uses A and B designations to refer to wiring information to 

connect the sample to the test apparatus. 

B1

B2

B7
B4B3

B8 A3 A1
A2A4

GUARD
HEATER

HEAT SINK

SAMPLE

 
Figure 3.17: Longitudinal Thermal Conductivity Sample 
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3.3.2.3.2 Testing Procedure 

Figure 3.18 shows a schematic of this test method, and the numbers in 

parentheses in this section refer to numbers in this figure.  The goal was to conduct heat 

only by conduction through the solid sample.  In order to minimize heat loss due to 

convection, the entire system was evacuated to less than 10-3 torr.  To minimize radiation 

heat losses, a heated guard surrounds the sample (#5).  The apparatus was operated such 

that no temperature difference (∆TGuard) was present between the sample heater (#3) and 

the guard heater (#4).  When the sample heater (#3) was energized, the generated heat 

flowed through the sample from the sample heater to the heat sink (#1).  The heat sink 

created a temperature gradient allowing the heat to flow down the sample, since the heat 

sink was at a lower temperature than the sample.  In this project, the heat sink is kept at 

45°C.  The sample is attached to the heat sink by a screw (#2) and heat sink compound 

(Dow Corning 340 Fluid).  Heat was generated in the sample from the electrical 

resistance heating of the sample heater (#3).  Thus, heat created was equal to the power 

dissipated by the resistor (V x I).  The only remaining variable that needed to be obtained 

was the temperature difference between the two thermocouples (T1 and T2).  This was 

accomplished simply by measuring the voltage difference between the thermocouples. 

Once the system is at steady state, the following values are measured: 

1. Voltage across the sample heater (V) 

2. Current through the sample heater (I) 

3. Voltage across the two sample thermocouples (v) 

4. Current through the guard heater 

5. System pressure  
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The values measured are used to calculate the longitudinal thermal conductivity 

along with the same samples’ width (w) and height (h) as well as the distance between 

the sample thermocouples (d) is calculated by Equation 3.4 [52].  The derivation of this 

equation can be found in Appendix G, and the test results can be found in Appendix H. 
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Figure 3.18: Diagram of In-Plane Thermal Conductivity Apparatus 
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3.3.2.4 Solvent Digestion (ASTM D5226) and Filler Length and Aspect Ratio 

Solvent digestion was used to liberate the fillers from injection-molded parts.  

ASTM D5226-98 [53] method was followed to digest the polymers.  The liberated fillers 

were used to determine the length and aspect ratio of the fillers after being processed. 

3.3.2.4.1 Solvent Digestion Method 

A 0.2g sample was obtained from the scraps of each transverse thermal-

conductivity sample after they were tested and subsequently cut for use in determination 
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of orientation discussed in Section 3.3.3.  This resulted in four solvent digestion samples 

being run for each composite formulation, one from each transverse thermal-conductivity 

disks tested per formulation.  When more than four transverse thermal-conductivity 

samples per formulation were available, only four were used.  In a small number of cases, 

a sample was run more than once.  This showed the reproducibility of this test method. 

The solvent digestion procedure is described in the following paragraphs.  The 0.2 

gm. composite sample was place in a 2 oz. glass vial with a polytetrafluoroethylene lid.  

The sample identification was recorded on the side of the vial.  The vials were filled 

approximately half full with the appropriate solvent.  The exact amount of solvent is not 

critical since the solvent was pulled through the filler and disposed of in a manner 

consistent with regulations.  The only constraint on the amount of solvent used is that 

enough was used to completely dissolve the 0.2g samples.  The nylon-based samples 

were dissolved with Fisher Scientific formic acid that contains 89.6% by assay formic 

acid with the balance comprised of water and trace contaminates.  Formic acid was 

selected since it readily dissolves nylon at room temperature; therefore, no heating was 

necessary.  Methylene chloride was chosen as the other solvent because it dissolves the 

polycarbonate-based composites quickly at room temperature.  The methylene chloride 

used, was from Fisher Scientific and it was ACS certified.  The methylene chloride was 

99.9% pure with the balance being trace contaminates.  The samples were allowed to 

soak in the solvent until the entire polymer matrix, nylon or polycarbonate, was 

completely dissolved.  Nylon samples usually took over night to dissolve, although the 

polycarbonate samples were typically done in two hours. 
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While the samples were dissolving, the filter papers and petri dishes were 

weighed separately using a four-place Denver Instruments A-250 scale and the weights 

subsequently recorded.  The petri dishes were labeled to ensure the correct filters were 

used for each sample.  The filters used were 0.45 µm pore size modified polyvinylidene 

fluoride filters produced by Millipore and named Durapore® membrane filters.  All 

samples used only one filter, except for nylon samples with filler loadings of 40 wt% or 

greater where two or three were needed in order to collect all the fillers on the filter 

paper. 

For all steps in this process where a solvent was being used, the proper personal 

protection equipment was used (safety glasses, polyurethane gloves, lab coat, long pants, 

and closed toed shoes).  In addition, all steps that used a solvent were carried out in a 

fume hood to minimize exposure to vapors from the solvents. 

Once the matrix was completely dissolved, the polymer/filler/solvent solution was 

filtered.  This was carried out using the apparatus seen in Figure 3.19.  The apparatus 

contained a Fisher Brand 47mm microanalysis filter assembly, vacuum flask, and 

vacuum pump.  The pre-weighed filter paper was placed in the filtration assembly, and 

the shaken solution was poured on the filter.  The vacuum pulled the solvent and 

dissolved matrix through the filter leaving the filler on the filter paper.  The vial and 

funnel were rinsed with virgin solvent, to make sure that all of the filler was on the filter 

paper.  The vacuum was kept on until the filter and filler were completely dry for 

polycarbonate samples and until all standing liquid was removed from the nylon samples.  

The filter paper and filler were placed in the pre-weighted and labeled petri dishes.  The 

petri dishes were left open and placed in a hood overnight to allow the remaining solvent 
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to evaporate.  It was quickly found in this process that carbon black would immediately 

plug the filter; therefore, only composites filled with milled pitch-based carbon fiber and 

synthetic graphite particles could be run.  Once the samples were completely dried, the 

petri dish containing the filter paper and filler were weighed. 

 
Figure 3.19: Solvent Digestion Filtration Apparatus 

 
The weight percent filler was calculated using Equation 3.5.  The results for each sample 

for this test can be found in Appendix I. 
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3.3.2.4.2 Filler Length and Aspect Ratio 

The filler liberated from the composites was used to determine the filler length 

and aspect ratio that was in the injection molded samples.  Solvent digestion produced 

four samples of liberated fibers per formulation, but for this test, only two were used.  

The as-received fillers were also measured to see how the material changed due to 
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extrusion and injection molding.  The two samples that were used were chosen at random 

from the four that were digested. 

A diagram of the apparatus used to dispense the fillers can be found in Figure 

3.20.  The filler from each sample was removed from the filter paper using a micro-

spatula.  Using the micro-spatula, a small amount (typically about 0.01 g) of the filler was 

placed in the crucible while the one-hole stopper was removed.  The amount was small 

enough so that a large number of particles were not overlapping in the images.  The 

apparatus was prepared to disperse the filler by replacing the one-hole stopper and 

placing the flask over the glass slide on the cleaned surface.  The fiber was dispersed onto 

the glass slide using a short burst from a duster can that contained 1,1,1,2-

tetrafluoroethane.  The nozzle of the duster was placed through the stopper but not into 

the crucible.  Care was taken to clean the apparatus and surface on which the slide was 

placed between each run. 

Compressed Gas

Filler in 
Crucible

Plastic Vacuum
Flask with 
Bottom Removed

Glass Slide

One Hole
Stopper

 
Figure 3.20: Fiber Dispersion Apparatus 

 
The glass slide with the dispersed filler was placed on a Prior automatic stage for 

the microscope setup.  An image of this setup can be seen in Figure 3.21.  The 

microscope used for the imaging was an Olympus SZH10 optical microscope with an 
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Optronics Engineering LX-750 video camera for digital imaging.  The images were 

collected using an automated series of steps (macro) in Scion Image version 1.62.  The 

macro that was used was originally written by Dr. Larry Sutter and it was modified for 

this project.  All images were collected at 6x magnification. 

 
Figure 3.21: Image of Microscope Setup used for Filler Length and Aspect Ratio 

 
The resulting images were processed and measured using the academic version of 

Adobe Photoshop1 5.0 and a package of filters called The Image Processing Tool Kit2 

(version 3.0).  An action was created so the batch operation could be used for the 

processing of the images, since between 20 and 85 images were collected for each sample 

examined.  The action contained the following steps: 

1. Convert image from RGB to grayscale 

2. Fit and remove the background to remove the uneven lighting of the image 

3. Automatic leveling of the image, which standardizes the contrast of the image 

4. Threshold, this converts the image to a binary image in which all the fillers are in 

black 

                                                           
1 Current versions of Photoshop® are produced by Adobe Systems Inc. 
2 Current versions of The Image Processing Tool Kit are produced by Reindeer Games, Inc. 
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5. Feature cutoff and threshold, this removed all the features that came in contact 

with the edge of image 

6. Calibrate, this loaded a predetermined calibration based on the magnification and 

resolution of the image 

7. Measure all, this measured 26 different items of each feature in the image and 

stored them in a text file that was appended to for each new image 

This process was used for all single filler samples.  Between 1000 and 6000 

particles were measured for each sample.  For the sample with two fillers, a slightly 

modified procedure was used so that the particle could be separated based upon their 

type.  The process was followed through step 7.  The image was then duplicated and the 

carbon fibers were erased.  The image with the carbon fibers erased was used as a 

Boolean mask; this resulted in an image containing only carbon fiber and another image 

with just synthetic graphite.  This process of selecting each filler allows for a significant 

amount of bias into the samples especially in the very small particles.  Each image is then 

processed with steps 6 and 7 and the results stored in separate files.  This process is done 

until at least 300 features of both types of filler were measured. 

The length and aspect ratio were measured using an algorithm that measured the 

maximum and minimum caliper distance of each feature.  The caliper length and height 

of the feature was measured every 11.25°, from this the maximum (length) and minimum 

(breath) caliper distance were calculated.  The aspect ratio is calculated by dividing the 

length by the breath.  This method worked well for all particles except for ones that are 

long and thin; then it measured only the length accurately [10].  The inaccuracy in the 

breath measurement comes from the fact that the measurement is made only every 11.25° 
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and the chances of getting the exact smallest dimension of the particle is highly 

improbable.  This issue is compounded by the particle being long so a small deviation 

will make the particle breath appear even larger.  This difficulty led to dividing the length 

of the fibers by literature diameter to produce the aspect ratio.  A histogram and 

descriptive statistics were subsequently created.  Summaries of the results are found in 

Appendix J. 

3.3.3 Determination Orientation 

The four thermal conductivity samples per formulation were used to determine 

the orientation of fillers in the injection-molded parts. 

3.3.3.1 Sample Preparation 

Two 0.5” by 0.5” squares were cut out of the center of each of the thermal 

conductivity samples.  An illustration of this can be seen in Figure 3.22.  One of the 

squares was placed in the same orientation as in the thermal conductivity sample; the 

other was rotated 90° exposing the face between the two squares (through the sample 

thickness direction).  The specimen that showed that the sample thickness was stood 

vertically with a plastic sample clip acquired from Mager Scientific.  The two squares 

were placed in a 1.25” diameter sample cup in the orientation as describe above.  The 

sample cup can be seen in Figure 3.23.  The epoxy mixture was carefully poured over the 

samples, and they were carefully pushed down.  After the epoxy was added, slips of 

paper with the sample name were added into the epoxy so the samples were not 

interchanged.  The epoxy used, Epoxide Cold Mounting Resin and Hardener, was a two-

part epoxy purchased from Mager Scientific.  The epoxy was mixed by weight in a five 
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parts resin to one part hardener ratio.  The epoxy plugs were allowed to cure overnight at 

room temperature and were subsequently removed from the sample holders. 
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Figure 3.22: Diagram of Location of Image Analysis Specimens 
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Figure 3.23: Orientation of Image Analysis Specimens 

 

3.3.3.2 Polishing 

After curing, the epoxy plugs were polished using a 4-step process.  The polishing 

was done using a Buehler Ecomet 4 Grinder/Polisher with an Automet 2 Power Head.  A 

ten-sample holder was used to hold the samples.  An image of this apparatus can be seen 

in Figure 3.24.  The samples were washed in an ultrasonic bath after each polishing step 

to remove the polishing media.  The procedure that was used for polishing is shown in 

Table 3.9.  This process was developed by Buehler’s technical service department [54]. 
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Figure 3.24: Polishing Apparatus 

 
Table 3.9: Polishing Procedure 

 Polishing Media Time RPM Polishing 
Cloth Direction Force Per 

Sample Lubricant 

1 320 Grit SiC 30 sec 250 None Contra 4 lbs. Water 
2 9 µm Mono 

Crystalline Diamond 4 min 150 Ultra-Pol™* Contra 5 lbs. None 

3 3 µm Mono 
Crystalline Diamond 4 min 120 Texmet® 1000* Co-

Current 6 lbs. None 

4 0.05µm 
Deagglomerated 
Alumna Suspension 

3 min 120 Mastertex®* Contra 3 lbs. None 

* Buehler products 

 

3.3.3.3 Optical Imaging Methods 

The polished samples were imaged using an Olympus BX60 microscope at 20x 

magnification.  An image of the microscope can be seen in Figure 3.25.  The images were 

collected using Scion Image Version 1.62.  The images were taken across the thickness of 
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the sample, which was the direction of conduction that was measured in the transverse 

thermal-conductivity test.  This is illustrated by the white strip on the right sample in 

Figure 3.26.  The ½” by ½” sample on the left in Figure 3.26 was not studied by image 

analysis.  These images in the white strip on the sample on the right reveal a cut plane of 

the sample, showing cross-section of the fillers.  This view gives a representation of 

fillers orientation but to get a full view a three-dimensional image would need to be 

acquired.  The acquisition of a three-dimensional image is a lengthy and difficult pursuit.  

Eight images were needed to view the entire sample 1/8” thickness of the sample and two 

rows were completed for a total of sixteen images.  This resulted in an image that covered 

of about 560 by 3200µm.  These images were pieced together to get a large composite 

image for analysis.  Three samples were imaged from the four thermal conductivity 

samples tested per composite formulation. 

 
Figure 3.25: Olympus BX60 Microscope 
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Figure 3.26: Location of Images on Image Analysis Specimens 

 

3.3.3.4 Image Processing 

The image processing was carried out using the Image Processing Tool Kit and 

Adobe Photoshop®.  The first step in the image processing was to take each of the 

sixteen images and remove the color and then fit and remove the background variation.  

This step turned each image into an 8 bit gray scale image and leveled the uneven 

lighting.  The next step was to paste each of the sixteen images into one composite image 

making sure all the image edges matched.  The image was then thresholded to produce a 

binary image with the fillers being black.  Next, an Euclidean distance map (EDM) open 

operation was done to remove small artifacts in the image and better separate the fillers 

from the matrix.  The EDM open operation shrunk each feature by a set number of pixels 

then dilated them the same number of pixels.  The EDM version of “open” command 

kept the shape of the particle better then the standard morphological open.  A “cutoff” 

operation was then completed to remove all features touching the edge and remove 

features smaller than 50 pixels.   
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3.3.3.5 Image Analysis and Measurement 

The moment angle was measured for each filler particle as a measure of the 

orientation.  This measurement gives some insight into the orientation of the fillers in the 

composites.  The angle was measured from the direction of heat conduction.  The angle 

of the particle was measured using a method similar to fitting a line to a set of data [55].  

It was calculated using the following equations (Equations 3.6a-i)[55].  The summations 

of the location of each pixel in each particle are calculated in Equations 3.5a-e.  The 

moment around the x and y-axes are calculated in Equations 3.5f-g.  The angle of 

minimum momentum or moment angle is calculated in Equation 3.5i.  This method uses 

each pixel in a particle as a separate data point.  This method is a robust method because 

it does not fit an ellipse to the outside of the particle and uses the main axes calculate the 

angle.  In the ellipse method, a single pixel can cause the angle to be substantially 

different from the actual angle.  The moment angle method is a much more robust 

method because if a single pixel or two stick out on the edge of the feature the angle does 

not change significantly.  The moment angles from each feature were measured using 

PhotoShop® and the Image Processing Tool Kit®.  The results from this analysis can be 

found in Appendix K. 
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Chapter 4: Results and Discussion 

4.1 Experimental Results 

This section will go over the important experimental results.  A complete listing 

of the transverse thermal conductivity, longitudinal thermal conductivity, density, solvent 

digestion, and fiber lengths test results for each sample can be found in Appendixes E, H, 

F, I, and J, respectfully.  A summary of the data found in the appendixes can be found in 

Appendix A.  This appendix presents the average, standard deviation, and a count of all 

the samples measured for each composite formulation.  In the composite formulations 

with two fillers, the filler lengths and aspect ratios are broken into two separate values.  

The values outside the parentheses are the results of the synthetic graphite and the results 

on the inside are for carbon fiber. 

4.1.1 Density 

The density results are summarized in Appendix A.  The density was measured 

using ASTM D792.  The theoretical densities were calculated for all formulations using 

Equation 3.2.  Figure 4.1 shows the residuals, which are the measured values minus the 

theoretical values, for all of the nylon-based formulations.  This graph shows that the 

amount of deviation from zero is not significant, demonstrating that the measured density 

is close to the theoretical density.  The graph for the density residuals for the 

polycarbonate-based composites is in Figure 4.2.  Figure 4.2 shows that the large 

majority of the density residuals are negative.  The negative residuals could be caused by 

the literature value of polycarbonate being too high or the amount of filler is slightly less 

than expected.  The small difference between the theoretical and the measured values 
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indicates that the targeted amount of each filler in the composite was achieved.  An 

sample of the results found in Appendix F can be seen in Table 4.1. 
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Figure 4.1: Density Residuals for Nylon Composites 
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Figure 4.2: Density Residuals for Polycarbonate Composites  
 
Table 4.1: Density Results for NN 

Date Sample Number Theoretical 
Density 
(g/cc) 

Measured 
Density 
(g/cc) 

4/26/2001 NN-TC-9 1.140 1.1401 
4/26/2001 NN-TC-15 1.140 1.1382 
4/26/2001 NN-TC-20 1.140 1.1385 
4/26/2001 NN-TC-33 1.140 1.1393 

Average  1.1390 
Standard Deviation  0.0008 
Number of Samples  4 

 

4.1.2 Solvent Digestion 

A summary of the results for the solvent digestion test can be found in Appendix 

A.  Table 4.2 shows a sample of the results found in Appendix I.  Solvent digestion was 

used to measure the weight percent of carbon fiber and synthetic graphite fillers that were 

added to the polymer matrix during compounding and injection molding.  Another 
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purpose of the solvent digestion is to separate the fillers from the matrix, so that the 

aspect ratio and length of the filler particles can be measured.  As stated before, a method 

could not be determined for carbon black filled composites because the carbon black 

plugged the filter paper almost immediately.  Figure 4.3 shows the measured wt% minus 

the targeted wt% for nylon-based composites.  This graph shows how the weight percent 

deviated from the targeted value.  The graph shows that a decent agreement between the 

measured and expected values exists.  The graph also shows that all values are ± 5 wt% 

of the expected value and most values are ±1 wt% of the expected value.  Figure 4.4 

shows the results for the polycarbonate-based composites.  It appears that polycarbonate 

data has more scatter than the nylon.  This figure shows that all values are within 5 wt% 

of the expected value but most are within 2 wt% of the expected value.  Some of the 

additional scatter could be due to the solvent digestion process.  In the digestion of the 

polycarbonate, the fillers are much looser than in the nylon and some filler may have 

been knocked off the filter.  Positive deviation in the weight percent could be caused by 

polymer precipitating out, on or in the filter or the polymer not being completely 

dissolved from the fillers.  The negative deviation could be caused from the filler sticking 

to the edge of the funnel holding the filter paper.  The cause of the deviation would only 

add or subtract a small amount filler or polymer but with the small amounts of 

composites being used, this would account for the deviations.  Overall, solvent digestion 

data suggests that for the polycarbonate and nylon-based composites the targeted values 

for filler loading levels were achieved. 
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Table 4.2: Weight Fraction from Solvent Digestion for NN 
Date Sample 

Number 
Expected 
Weight 
Fraction 

Measured 
Weight 
Fraction 

Percent 
Deviation 

8/7/2001 NN-TC-9 0.000 -0.0093 - 
6/19/2001 NN-TC-15 0.000 0.0051 - 
6/20/2001 NN-TC-15 0.000 0.0263 - 
6/19/2001 NN-TC-20 0.000 0.0086 - 
6/20/2001 NN-TC-20 0.000 0.0114 - 
7/7/2001 NN-TC-33 0.000 0.0092 - 

Average  0.0085  
Standard Deviation  0.0114  
Number of Samples  6  
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Figure 4.3: Weight Percents Measured by Solvent Digestion for Nylon-Based 

Composites 
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Figure 4.4: Weight Percents Measured by Solvent Digestion for Polycarbonate-

Based Composites 

 

4.1.3 Particle Lengths and Aspect Ratios 

A summary of the results for filler length and aspect ratio can be found in 

Appendix A.  When the particle lengths and aspect ratios were measured, distribution of 

lengths and aspect ratios was produced.  These resulting distributions are characterized 

by their mean, median, standard deviation, and number of particles measured.  The 

results for each sample measured can be found in Appendix J, and Table 4.3 show a 

example of the results.  The medians and means for the fillers of the nylon-based 

composites are summarized in Figure 4.5 and Figure 4.6, respectively.  A typical images 

for synthetic graphite samples can be seen in Figure 4.7.  A typical image for carbon fiber 

based samples can be seen in Figure 4.8.  In all cases, the mean lengths are greater than 

the median lengths.  This is also the case for the aspect ratios.  This occurred because a 
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few extremely large lengths or aspect ratios moved the means higher.  The median treats 

each feature as equal and finds the middle value by counting.  Since a large number of the 

particles are small, the median tends to represent these distributions better.  For the 

composite samples containing synthetic graphite and carbon fiber, the synthetic graphite 

particles and carbon fiber were selected visually and then the measurements were 

conducted. 

Table 4.3: Filler Aspect Ratio and Length of NBN10 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBN10 – 06  mean 1.67 0.0564
nylon 6,6 90 median 1.55 0.0438
graphite 10 std. Dev. 0.46 0.0438

  n 1717 1717 
NBN10 – 11  mean 1.69 0.0797

nylon 6,6 90 median 1.58 0.0577
graphite 10 std. Dev. 0.47 0.0674

  n 845 845 
average mean 1.68 0.0681

average median 1.57 0.0508
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Figure 4.5: Median Particle Length for Nylon-Based Composites 
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Figure 4.6: Mean Particle Length for Nylon-Based Composites 
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Figure 4.7: Typical Image of Synthetic Graphite at 7x 
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Figure 4.8: Typical Image of Carbon Fiber at 7x 

 
The median value for the fiber makes a step decrease from the original fiber to the 

processed fiber, even at the 5 wt% loading level.  The median fiber length for the original 

as-received fibers was 113µm and decreased to 77µm for the 5 wt% carbon fiber in 

nylon-based composites.  The median fiber lengths were scattered between 66 and 92µm, 

and a strong dependence on the filler level was not observed in nylon.  The average of the 

median fiber lengths for the mixtures was 73µm.   

The synthetic graphite particle started with a median length of 68.3µm for the as-

received material.  The particle length for the synthetic graphite stayed approximately 

constant over all concentrations.  The overall average of medians is 50µm for the single 

filler concentrations of synthetic graphite in nylon.  The mixtures were kept separate from 

the rest of the results and were reported at the total loading level (50 wt%).  The average 
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of medians for the mixture is 38µm; the smaller average for the mixture could be due to 

greater milling with increased loading levels or due to the bias created when particles 

were determined to be either fiber or graphite. 

For the rest of the section only the median will be discussed or shown in the 

graphs.  The median was chosen because there appears to be less scatter in the data and it 

accounts for the smaller particle/fibers better.  The means are included in Appendix L. 

The filler’s aspect ratio was also measured for the nylon-based composites.  For 

the carbon fiber, the fiber length was divided by the fiber diameter (10µm).  The fibers 

are between 3 and 5 pixels thick so a single pixel’s dimension makes a significant error in 

the aspect ratio.  The aspect ratios for synthetic graphite were measured by the Image 

Processing Tool Kit.  The same trends that were seen in the length are seen in the aspect 

ratio, especially for the carbon fiber considering it is just a multiple of the length.  The 

aspect ratio for the carbon fiber started with a value of 16.75 and decreased to 8.85 at 5 

wt% loading and 9.47 at 40 wt% loading.  Figure 4.9 shows that the loading level does 

not have a significant effect on the aspect ratio of the carbon fiber in nylon.  The aspect 

ratio for the synthetic graphite is even more constant than the length.  The original 

median aspect ratio of the synthetic graphite was 1.68 and the medians ranged between 

1.53 and 1.57 for all the composite formulations.  A graphical depiction of this data can 

be found in Figure 4.9. 
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Figure 4.9: Median Particle Aspect Ratio for Nylon-Based Composites 

 
The particle length and aspect ratio for the polycarbonate-based composites 

follow the same basic pattern as the nylon-based composites.  The fiber length decreases 

significantly from the unprocessed to the processed fibers as shown in Figure 4.10.  The 

fibers start with a median length of 113µm, and at a loading level of 5 wt% the length 

decreases to 84µm.  The carbon fiber length decreases linearly with the increased 

loading.  The as-received synthetic graphite particle had a median length of 68.3µm.  The 

length of the synthetic graphite is approximately constant at a value of 35µm.  This value 

is slightly less than that of the nylon-based composites.  The mixture values are also 65 

and 26µm for the fiber and graphite particles, respectively.  In this case, the lengths do 

not continue with the general trend of the single filler composite.  This result could be 

attributed to the bias in the separating technique or the milling effect is not as great in the 

two filler composites. 
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Figure 4.10: Median Particle Length for Polycarbonate-Based Composites 

 
The aspect ratio for the polycarbonate-based composites follows the same trends 

as the lengths for the nylon-based composites.  Figure 4.11 contains the median aspect 

ratio of carbon fiber and synthetic graphite particles.  The average of aspect ratio medians 

is 1.55 for all synthetic graphite composites.  The median aspect ratios for carbon fiber-

filled composites decrease as filler loading increases.  The aspect ratios of the mixtures 

follow the same trends as the single filler results.  The aspect ratio of the carbon fiber was 

measured/calculated by the same method used for the nylon-based composites. 
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Figure 4.11: Median Particle Aspect Ratio for Polycarbonate-Based Composites 

 
The results discussed in the previous paragraphs come from distributions of 

lengths or aspect ratios.  These distributions also change from formulation to formulation.  

A significant difference can be seen between the unprocessed (as-received) filler and 

processed (extruded and injection molded) fillers.  Figure 4.12 is a histogram of the fiber 

lengths for carbon fiber filled nylon-based composites.  This histogram shows that the as-

received sample has more fibers for lengths larger than 200µm, than the fibers from the 

processed samples.  In the extruded and injection molded samples, all carbon fibers have 

a length less than 425µm. These observations demonstrate the degradation of the longer 

fibers through the processing of the composites.  It is also observed that a significant 

difference does not exist between carbon fiber loading levels and the distribution of fiber 

lengths.  The same trends can be seen for the carbon fiber filled polycarbonate-based 

composites in Figure 4.13. 
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Figure 4.12: Histogram of Lengths for Carbon Fiber filled Nylon-Based Composites 
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Figure 4.13: Histogram of Lengths for Carbon Fiber filled Polycarbonate-Based 

Composites 
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The aspect ratio histogram for the carbon fiber from nylon and polycarbonate-

based composites can be found in Figures 4.14 and 4.15, respectively.  These histograms 

show the same trends as the length histograms for the carbon fiber.  At an aspect ratio of 

about 20, many more long fibers remain in the as-received samples than in any of the 

processed samples.  Almost no fiber is left with an aspect ratio greater than 40 in the 

processed samples.  The observations here, as well as with fiber length, show the 

degradation of the fiber size due to the extrusion and injection molding processing steps. 
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Figure 4.14: Histogram of Aspect Ratios for Carbon Fiber filled Nylon-Based 

Composites 
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Figure 4.15: Histogram of Aspect Ratios for Carbon Fiber filled Polycarbonate-

Based Composites 

 
The synthetic graphite did not show any substantial degradation of the particle 

length or aspect ratio.  The aspect ratio histogram for synthetic graphite filled nylon-

based composites can be seen in Figure 4.16.  Figure 4.17 shows the results for the 

polycarbonate-based composites.  In these figures, it is seen that the as-received particles 

lengths (highlighted by the heavy line) lie within the length of the processed particle for 

the nylon-based composites.  The length of the synthetic graphite from the 

polycarbonate-based composites appears to be slightly longer than the processed 

particles.  This shows that no significant degradation of the particles occurs in processing.  

Figures 4.18 and 4.19 show the aspect ratio for the synthetic graphite filled composites in 

both nylon and polycarbonate, respectively.  The aspect ratio histogram allows the same 
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conclusion to be drawn.  Significant degradation of the synthetic graphite particles is not 

occurring from the processing of the composites. 
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Figure 4.16: Histogram of Lengths for Synthetic Graphite filled Nylon-Based 

Composites 
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Figure 4.17: Histogram of Lengths for Synthetic Graphite filled Polycarbonate-

Based Composites 
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Figure 4.18: Histogram of Aspect Ratios for Synthetic Graphite filled Nylon-Based 

Composites 
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Figure 4.19: Histogram of Aspect Ratios for Synthetic Graphite filled 

Polycarbonate-Based Composites 

 

4.1.4 Thermal Conductivity 

In this section, the results from the complete experimental regime will be 

discussed for both the transverse and longitudinal thermal conductivities.  The transverse 

results will be presented first, followed by the longitudinal, and each is broken into single 

filler concentration followed by the factorial designs.  Appendix A summarizes all the 

thermal conductivity results for each composite formulation. 

4.1.4.1 Transverse Single Filler Thermal Conductivity 

The transverse thermal conductivity results are found in Appendix E.  This 

appendix show the thermal conductivity of each sample that was tested.  Table 4.4 gives 

a sample of the information found in Appendix E. 



85 

Table 4.4: Transverse Thermal Conductivity Results for NN 
Date Sample 

Number 
Transverse 

Thermal 
Conductivity 

(W/mK) 

Temperature 
(°°°°C) 

4/26/2001 NN-TC-9 0.296 54.59 
4/26/2001 NN-TC-15 0.305 54.74 
4/26/2001 NN-TC-20 0.299 54.64 
4/26/2001 NN-TC-33 0.289 64.51 

Average 0.297  
Standard Deviation 0.007  
Number of Sample 4  

 

The results show that the transverse thermal conductivity of the nylon-based 

composites are higher than that of the polycarbonate-based composites.  The nylon resin 

has a greater thermal conductivity than that of polycarbonate because nylon is semi-

crystalline where polycarbonate is completely amorphous (no crystallinity present).  The 

fact that both materials are dielectric; therefore, the thermal conduction is not by electron 

transport but by phonons.  The semi-crystalline polymer allows for the better conduction 

of phonons with less scattering incidents than that of an amorphous material. 

The pure nylon and polycarbonate samples that were tested went through the 

same thermal cycling and processing that the rest of the composites had (i.e., they were 

extruded, pelletized, dried, and injection molded).  The measured thermal conductivity of 

the pure polymers was slightly greater than the vendor’s product literature values; for 

nylon 0.297 and 0.309 W/mK (one mean value for each replicate, 2 replicates were 

produced) were measured verses a vendor’s product literature value of 0.25 W/mK and 

for polycarbonate values of 0.226 and 0.226 W/mK (one mean value for each replicate) 

were attained versus a literature value of 0.19 W/mK [32, 34].  The increase in the 

thermal conductivity of the pure components could be due to: the degradation of polymer 
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chains due to processing; or possible trace impurities introduced during processing in the 

extruder and injection molding machine. 

The composite’s transverse thermal conductivity is increased by the addition of 

each filler.  In Figure 4.20 the mean thermal conductivity of the carbon black filled 

composites are shown for both nylon and polycarbonate.  A value of 0.449 and 0.330 

W/mK were achieved at loading level of 10 wt% for nylon and polycarbonate, 

respectively.  The increase in thermal conductivity appears linear because of the low 

loading levels.  If higher loaded formulations were produced, the thermal conductivity is 

expected to increase more rapidly.   
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Figure 4.20: Graph of Transverse Thermal Conductivity of Carbon Black Filled 

Composites 

 
The addition of the synthetic graphite to the polymer matrix substantially 

increases the thermal conductivity of the composite over that of the neat polymer.  Figure 
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4.21 illustrates the effect of synthetic graphite on the composite’s thermal conductivity.  

The thermal conductivity is increased to a mean value of 1.077 W/mK for nylon and 

1.011 W/mK for polycarbonate at 40 wt% synthetic graphite.  Again, the thermal 

conductivity of the nylon-based composites are greater than that of the polycarbonate-

based composites.  This difference is most likely due to the crystallinity difference 

between the two polymers since the polycarbonate is amorphous (non-crystalline) and 

nylon is semi-crystalline.   
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Figure 4.21: Graph of Transverse Thermal Conductivity of Synthetic Graphite 

Filled Composites 

 
The addition of milled pitch-based carbon fiber increases the transverse thermal 

conductivity of the resulting composite.  The addition of 40 wt% carbon fiber increases 

the thermal conductivity to 0.950 and 0.742 W/mK for nylon and polycarbonate-based 

composites, respectively.  The addition of 40 wt% carbon fiber results in a three-fold 
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increase in the thermal conductivity with both polymers.  Figure 4.22 shows a graphical 

representation of the thermal conductivity of the carbon fiber filled composites. 
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Figure 4.22: Graph of Transverse Thermal Conductivity of Carbon Fiber Filled 

Composites 

 
Figure 4.23 shows the effect of the three fillers on the transverse thermal 

conductivity of the nylon-based composites.  At 10 wt% loading for all three fillers the 

figure shows that the carbon black (0.449 W/mK) has the greatest effect at this loading 

level, followed by the synthetic graphite (0.387 W/mK), and finally the carbon fiber 

(0.349 W/mK).  Examining the thermal conductivities of the three fillers, this result is not 

what would be predicted.  It would be expected that the synthetic graphite would have the 

greatest effect, followed by the carbon fiber and then the carbon black.  This result could 

be caused by the branching nature of the carbon black contacting the resin.  It could also 

be from the fact that the carbon black at this loading has a larger volume fraction, 0.066 



89 

versus 0.054 and 0.056 for the synthetic graphite and carbon fiber, respectively.  Figure 

4.23 also shows that at higher loading levels (15 to 40 wt%) the synthetic graphite affects 

the transverse thermal conductivity more than carbon fiber.  Figure 4.24 shows that the 

polycarbonate-based composites follow the same trends as nylon-based composites in 

Figure 4.23.  The only exception is carbon black (0.330 W/mK) and synthetic graphite 

(0.325 W/mK), which at a 10 wt% loading have approximately the same transverse 

thermal conductivities.  
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Figure 4.23: Graph of Transverse Thermal Conductivity of Nylon Based 

Composites 
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Figure 4.24: Graph of Transverse Thermal Conductivity of Polycarbonate Based 

Composites 

 

4.1.4.2 Factorial Designs for Transverse Thermal Conductivity 

In this section, the factorial design will be analyzed using standard analysis of 

variance (ANOVA).  The significance level (alpha value) decided upon for this project 

was 0.05, if the probability is less than this value, then the factor is significant.  The 

tables in this section will use these abbreviations:  

• DF for degrees of freedom 
• SS for sum of squares 
• MS for mean sum of squares 
• F for the value for the F distribution 
• to for the value for the student t distribution 
• coef is for coefficient 
• coeff stdev is the standard deviation for the coefficient 
• p for the probability from either the F or student t distributions 
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The materials are abbreviated in the tables as:  

• CB for carbon black 
• SG for synthetic graphite 
• CF for carbon fiber 
• P for polymer 

 
4.1.4.2.1 23 Design with Nylon Matrix 

The factorial design results can be found in Appendix A.  The values for each 

specimen tested are located in Appendix E.  The ANOVA for the 23 design for the nylon-

based composites can be found in Table 4.5.  As previously stated the loading levels for 

the designs were 0 and 5 wt% for carbon black, 0 and 30 wt% for synthetic graphite, and 

0 and 20 wt% for carbon fiber.  A blocking term was included in the ANOVA because 

the first replicate was extruded, molded, and tested before it was decided to produce the 

second replicate.  In the interim, a month passed and the extruder was cleaned. 

Table 4.5: Analysis of Variance of Transverse Thermal Conductivity of Nylon-
Based Composites 

 SS DF MS Fo p 
Blocks 0.00146 1 0.001459 4.6861 0.0671
CB 0.07500 1 0.074998 240.9514 0.0000
SG 3.59994 1 3.599937 11565.7151 0.0000
CF 1.31986 1 1.319856 4240.3748 0.0000
CB*SG 0.01196 1 0.011959 38.4221 0.0004
CB*CF 0.00136 1 0.001365 4.3844 0.0745
SG*CF 0.61756 1 0.617560 1984.0696 0.0000
CB*SG*CF 0.00088 1 0.000882 2.8323 0.1363
Error 0.00218 7 0.000311  
Total 5.63019 15   
 
 

Table 4.5 shows that the blocking term is not significant; therefore, the calculation 

has been redone without the blocking term.  It can be seen in Table 4.5 that the blocking 

term had a p-value of 0.0671 was greater then the alpha value of 0.05.  Since the blocking 

term is not significant, it shows that the cleaning of the extruder and the passage of time 
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did not significantly affect the results.  The data is reanalyzed without the blocking term 

and can be found in Table 4.6.  The reanalysis of the data without the blocking term does 

not change which results are significant. 

Table 4.6: Analysis of Variance of Transverse Thermal Conductivity of Nylon-
Based Composites without Blocking Term 

 SS DF MS Fo p 
CB 0.07500 1 0.074998 164.9486 0.0000
SG 3.59994 1 3.599937 7917.5638 0.0000
CF 1.31986 1 1.319856 2902.8415 0.0000
CB*SG 0.01196 1 0.011959 26.3027 0.0009
CB*CF 0.00136 1 0.001365 3.0014 0.1214
SG*CF 0.61756 1 0.617560 1358.2383 0.0000
CB*SG*CF 0.00088 1 0.000882 1.9389 0.2013
Error 0.00364 8 0.000455  
Total 5.63019 15   
 
 

Figure 4.25 shows graphically the response to each factor.  This figure shows that 

all three fillers affect the thermal conductivity of the composite.  This graph also 

indicates that positive interactions between the fillers are present.  The results from the 

ANOVA give quantitative determination of the observations from this figure.  It can be 

seen in Table 4.6 that all the main effects were significant, as well as the carbon 

black/synthetic graphite, and the synthetic graphite/carbon fiber interactions.  The main 

effects were expected to be significant and all of the two filler interactions were 

anticipated to have a positive interaction.  The effects can be seen in Table 4.7.  The order 

of the significant effects was determined from this table.  The effects listed from greatest 

to least are: synthetic graphite, carbon fiber, synthetic graphite/carbon fiber, carbon 

black, and carbon black/synthetic graphite.  Figure 4.26 depicts the effect of each of the 

main factors in magnitude and direction of the effect.  The vertical distance between the 

points indicates the magnitude of the effect and the slope of the line indicates the 
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direction of the effect.  If the slope is positive, the effect is positive.  This figure 

demonstrates that the synthetic graphite has the greatest effect followed by carbon fiber 

then carbon black.  So adding synthetic graphite to nylon causes the largest increase in 

composite thermal conductivity.  Figure 4.27 gives a graphical depiction for the two level 

interactions.  From this graph, it can be determined if an interaction is significant or not.  

The significance is determined by looking at the slopes of the two lines.  If the slopes are 

approximately equal (lines are parallel), then no interactions are present.  If the slopes are 

substantially different (lines will likely intersect), then an interaction most likely exists.  

This figure shows that the synthetic graphite/carbon fiber interaction and the carbon 

black/synthetic graphite interaction might be significant, which is confirmed by Table 4.6 

and 4.7. 
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Figure 4.25: Box Plot for Transverse Thermal Conductivity for Nylon-Based 

Composites 
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Table 4.7: Estimated Effects and Coefficients for the Transverse Thermal 
Conductivity of Nylon-Based Composites without Blocking Term 

 Effects Coef Stdev Coef to p 
Intercept  0.907400 0.0053308 170.22 
CB 0.13693 0.068465 0.0053308 12.84 0.0000
SG 0.94868 0.474338 0.0053308 88.98 0.0000
CF 0.57443 0.287213 0.0053308 53.88 0.0000
CB*SG 0.05468 0.027340 0.0053308 5.13 0.0009
CB*CF 0.01847 0.009235 0.0053308 1.73 0.1214
SG*CF 0.39293 0.196463 0.0053308 36.85 0.0000
CB*SG*CF 0.01485 0.007423 0.0053308 1.39 0.2013
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Figure 4.26: Main Effects Plot for Transverse Thermal Conductivity of Nylon-Based 

Composites 
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Figure 4.27: Main Interaction Plot for Transverse Thermal Conductivity of Nylon-

Based Composites 

 
The model was refined by removing the terms that were not significant.  The 

terms that were removed were the carbon black/carbon fiber interaction term, and the 

carbon black/synthetic graphite/carbon fiber term.  The resulting ANOVA table and 

estimation of the effects and coefficients are found in Tables 4.8 and 4.9.  In the resulting 

model, the removed terms were incorporated into the error term.  The error term was 

subsequently broken into two parts, lack of fit, and pure error.  The two removed terms, 

carbon black/carbon fiber, and carbon black/synthetic graphite/carbon fiber were 

incorporated in the lack of fit and the remainder of the error was placed in the pure error 

term.  The probability of lack of fit of the new model was found to be 41.98%.  This 

probability was calculated by dividing the mean sum of squares of the lack of fit term by 

the mean sum of squares for the pure error term.  From this value (Fo) the probability of 

lack of fit was found from the F distribution.  This result shows that the removal of terms 

did not have a significant effect since the percent was greater than the set alpha value 

(5%).  The R2 value for this linear regression model is 0.99895 compared to a value of 
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0.99935 for the original model.  Both of these are measures of how the model fits the data 

and they show that the refined model does an exceptional job of fitting the data.   

The un-coded variable linear regression model is as follows in Equation 4.1 and the 

inputs for the factors are in weight fractions (i.e. CB = 0.05). 

TC = 0.301187 + 1.64500*CB + 1.67024*SG + 0.907500*CF + 7.29056*CB*SG 

+ 13.0975*SG*CF       (4.1) 

Table 4.8: Fractional Analysis of Variance of Transverse Thermal Conductivity of 
Nylon-Based Composites 

 SS DF MS Fo p 
CB 0.07500 1 0.074998 127.4681 0.0000
SG 3.59994 1 3.599937 6118.4911 0.0000
CF 1.31986 1 1.319856 2243.2418 0.0000
CB*SG 0.01196 1 0.011959 20.3261 0.0011
SG*CF 0.61756 1 0.617560 1049.6119 0.0000
Error 0.00588 10 0.000588  

Loss of Fit 0.00088 2 0.000441 0.9695 0.4198
Pure Error 0.00364 8 0.000455  

Total 5.63019 15   
 
 
Table 4.9: Fractional Estimated Effects and Coefficients for the Transverse 

Thermal Conductivity of Nylon Based Composites 
 Effects Coef Stdev Coef to p 

Intercept  0.907400 0.0060641 149.64 
CB 0.13693 0.068465 0.0060641 11.29 0.0000
SG 0.94868 0.474338 0.0060641 78.22 0.0000
CF 0.57443 0.287213 0.0060641 47.36 0.0000
CB*SG 0.05468 0.027340 0.0060641 4.51 0.0011
SG*CF 0.39293 0.196463 0.0060641 32.40 0.0000
 
 

This analysis proved that the addition of the carbon black, synthetic graphite, and 

carbon fiber increased the thermal conductivity of the resulting composite over that of the 

neat nylon resin.  It was found that a significant synergistic effect is present between 

carbon black and synthetic graphite, and between synthetic graphite and carbon fiber.  
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The determination of synergistic effects is one the most important results from this 

analysis.  The synergism between fillers allows less filler to be used to get a desired 

thermal conductivity than one of the fillers at that loading.  

4.1.4.2.2 23 Design with Polycarbonate Matrix 

A summary of the results for this factorial design is located in Appendix A.  The 

values for each specimen tested are located in Appendix E.  The results for this design are 

graphically depicted in a cube plot in Figure 4.28.  Each indices’ values is an average of 

the two replicates’ thermal conductivity at the given factor levels.  The cube plot shows 

that each factor has a positive effect on the thermal conductivity of the composite with 

increasing factor level.  This plot demonstrates that interactions cause a synergism 

between the fillers, but the effects cannot be easily determined from this plot.  Figure 

4.29 illustrates the size for the effects of the three factors.  It can be seen that synthetic 

graphite has the greatest effect followed by carbon fiber and carbon black, which is the 

same as in the nylon-based composites.  Figure 4.30 depicts the two level interactions.  

This plot indicates that an interaction is present between carbon black/synthetic graphite, 

carbon black/carbon fiber, and synthetic graphite/carbon fiber.  The synthetic 

graphite/carbon fiber appears to be the largest from this figure.  This result is a departure 

from the nylon case where only two of the interactions are significant. 
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Figure 4.28: Box Plot for Transverse Thermal Conductivity for Polycarbonate-

Based Composites 
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Figure 4.29: Main Effect Plot for Transverse Thermal Conductivity for 

Polycarbonate-Based Composites 
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Figure 4.30: Main Interaction Plot for Transverse Thermal Conductivity for 

Polycarbonate-Based Composites 

 
The information gained from the three previous figures can be quantified using 

ANOVA.  The ANOVA table for this factorial design with a complete replicate can be 

found in Table 4.10.  The blocking term was not included in this ANOVA because the 

work was done in the same time frame.  This design uses loading levels of 0 and 5 wt% 

for carbon black, 0 and 30 wt% for synthetic graphite, and 0 and 20 wt% for carbon fiber 

as in the nylon 23 design.  The only additional piece of information gained from this 

analysis is that the three-factor interaction is not significant.  The p-value of 0.0888 was 

found for the three-factor interaction, which is greater than the alpha value of 0.05, which 

shows that the three-factor interaction is not significant.  The quantified effects for this 

design can be found in Table 4.11.  This analysis confirms that the synthetic graphite has 

the greatest effect, followed by in descending order carbon fiber, synthetic 

graphite/carbon fiber, carbon black, carbon black/synthetic graphite, and carbon 

black/carbon fiber.  
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Table 4.10: Analysis of Variance of Transverse Thermal Conductivity of 
Polycarbonate-Based Composites 

 SS DF MS Fo p 
CB 0.124433 1 0.124433 33.0901 0.0004
SG 3.338843 1 3.338843 887.8904 0.0000
CF 1.496952 1 1.496952 398.0809 0.0000
CB*SG 0.036672 1 0.036672 9.7522 0.0142
CB*CF 0.036290 1 0.036290 9.6506 0.0145
SG*CF 0.729743 1 0.729743 194.0588 0.0000
CB*SG*CF 0.014102 1 0.014102 3.7500 0.0888
Error 0.030083 8 0.003760  
Total 5.807118 15   
 
 
Table 4.11: Estimated Effects and Coefficients for the Transverse Thermal 

Conductivity of Polycarbonate-Based Composites 
 Effects Coef StDev Coef to p 

Intercept  0.79775 0.015331 52.04  
CB 0.1764 0.088188 0.015331 5.75 0.0004
SG 0.9136 0.456813 0.015331 29.80 0.0000
CF 0.6118 0.305875 0.015331 19.95 0.0000
CB*SG 0.0958 0.047875 0.015331 3.12 0.0142
CB*CF 0.0953 0.047625 0.015331 3.11 0.0145
SG*CF 0.4271 0.213563 0.015331 13.93 0.0000
CB*SG*CF 0.0594 0.029688 0.015331 1.94 0.0888
 
 

The three level interaction term was removed and the data was reanalyzed.  The 

Tables 4.12 and 4.13 contain the information resulting from the removal of this term.  

The same trend of significance is shown in these tables as was in the previous two tables.  

As in the refined nylon model, the removed terms were combined into the lack of fit 

parameter.  In this case, the lack of fit parameter has about an 8.88% chance of being 

significant, which is greater then 5%, so the lack of fit is not statistically significant.  The 

resulting linear regression model from this analysis in un-coded variable (i.e. CB = 0.05) 

can be seen in Equation 4.2.  The inputs are the loading levels of the factors in weight 

fractions.   
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TC = 0.255937 + 0.29250 *CB + 1.30250*SG + 0.446875*CF + 

12.7667*CB*SG + 19.0500*CB*CF + 14.2375*SG*CF  (4.2) 

The R2 values were calculated for this and the unmodified model and they were 0.99239 

and 0.99482, respectively.  A substantial portion of the lack of fit is probably from the 

scatter between the thermal conductivity value for the formulation with the high loading 

level of all three-factor values and its replicate (NABCP and NABCPR).  A large 

difference exists between the NABCP (1.866 W/mK) and NABCPR (2.109 W/mK) 

formulations measured thermal conductivities, which results in large residuals.  This 

large difference was investigated by studying the densities of the two composite 

formulations.  The density of NABCP was slightly lower than that of the NABCPR but 

the difference was in the third decimal place.  This result demonstrates that the samples 

that were measured have similar densities; therefore, it is assumed that the amount of 

fillers is the same.  A solvent digestion could not be completed because these samples 

contain carbon black.  A method to filter composites containing carbon black could not 

be developed because the carbon black plugged the filter.  The lack of other information 

leads to the conclusion that the two formulations are indistinguishable by this technique. 
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Table 4.12: Fractional Analysis of Variance of Transverse Thermal Conductivity of 
Polycarbonate-Based Composites 

 SS DF MS Fo p 
CB 0.124433 1 0.124433 25.3455 0.0007
SG 3.338843 1 3.338843 680.0866 0.0000
CF 1.496952 1 1.496952 304.9132 0.0000
CB*SG 0.036672 1 0.036672 7.4697 0.0231
CB*CF 0.03629 1 0.03629 7.3919 0.0237
SG*CF 0.729743 1 0.729743 148.6409 0.0000
Resid Error 0.044185 9 0.004909   
Lack of Fit 0.014102 1 0.014102 3.7499 0.0888
Pure Error 0.030083 8 0.00376   

Total 5.807118 15   
 
 
Table 4.13: Fractional Analysis of Variance of Transverse Thermal Conductivity of 

Polycarbonate Based Composites 
 Effects Coef Stdev Coef to p 

Intercept   0.79775 0.017517 45.54  
CB 0.1764 0.088188 0.017517 5.034 0.0007
SG 0.9136 0.456813 0.017517 26.08 0.0000
CF 0.6118 0.305875 0.017517 17.46 0.0000
CB*SG 0.0958 0.047875 0.017517 2.73 0.0231
CB*CF 0.0953 0.047625 0.017517 2.72 0.0237
SG*CF 0.4271 0.213563 0.017517 12.19 0.0000
 
 

The ANOVA proved that the addition of carbon black, synthetic graphite, and 

carbon fiber significantly increases the transverse thermal conductivity of the resulting 

composite.  Synergistic effects were found between carbon black and synthetic graphite, 

between carbon black and carbon fiber, and between synthetic graphite and carbon fiber.  

The determination of the synergistic effects is the most important result found in this 

analysis.  

4.1.4.2.3 24 Design 

The two 23 designs can be combined together to make one 24 design with the 

polymer being the fourth factor.  This design is shown in Table 4.14.  
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Table 4.14: 24 Design Loading Levels 
Factors Low (-1) High (+1) 

Carbon Black 0 wt% 5 wt% 
Synthetic Graphite 0 wt% 30 wt% 

Carbon Fiber 0 wt% 20 wt% 
Polymer Nylon Polycarbonate

 
 

These average sample values are located in Appendix A and the individual sample 

results are found in Appendix E.  Figure 4.31 is a cube plot for the 24 designs.  This cube 

plot actually contains two cubes that are the same as the nylon and polycarbonate 23 

designs cube plots.  The same conclusion can be drawn from these cubes as in the 

previous two designs with one additional conclusion.  It is observed from the cube plot 

that the nylon produces higher results then the polycarbonate-based composites except 

for the high loading of all three fillers.  In Figure 4.32 the main effects are depicted and 

from this it can be seen that the synthetic graphite has the greatest positive effect on 

thermal conductivity, followed by carbon fiber and carbon black effect.  It can be 

determined that the polymer has a negative effect and it is about the same magnitude as 

the carbon black.  The negative effect means that changing from nylon to polycarbonate 

decreases the thermal conductivity.  Figure 4.33 graphically depicts two level 

interactions.  From this figure, it appears that the significant interactions are carbon 

black/synthetic graphite, carbon black/carbon fiber, and synthetic graphite/carbon fiber.  
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Figure 4.31: Box Plot for Transverse Thermal Conductivity for the 24 Design 
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Figure 4.32: Main Effects Plot for Transverse Thermal Conductivity for the 24 

Design 
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Figure 4.33: Main Interaction Plot for Transverse Thermal Conductivity for the 24 

Design 

 
The analysis of variance for this design can be found in Table 4.15.  The blocking 

term was not included in the design because the blocking term would be a linear 

combination with the polycarbonate-based composites.  The ANOVA results showed that 

the same factors and two level interactions that were observed to be significant in Figure 

4.33 are significant in this analysis.  The analysis shows that the two three level 

interactions were significant.  The two three level interactions that were significant are 

carbon black/synthetic graphite/carbon fiber and carbon black/carbon fiber/polymer.  In 

Table 4.16 the magnitude and direction of the effects can be seen.  Like in the other 

designs, the largest absolute effect was the synthetic graphite followed by, in descending 

order, carbon fiber, synthetic graphite/carbon fiber, carbon black, polymer, carbon 
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black/synthetic graphite, carbon black/carbon fiber, carbon black/carbon fiber/polymer, 

and carbon black/synthetic graphite/carbon fiber. 

Table 4.15: Analysis of Variance of Transverse Thermal Conductivity for the 24 
Design 

 DF SS MS Fo p 
CB 1 0.19632 0.19632 93.1504 0.0000 
SG 1 6.93632 6.93632 3291.1788 0.0000 
CF 1 2.81402 2.81402 1335.2104 0.0000 
P 1 0.09618 0.09618 45.6383 0.0000 
CB*SG 1 0.04526 0.04526 21.4742 0.0003 
CB*CF 1 0.02586 0.02586 12.2725 0.0029 
CB*P 1 0.00311 0.00311 1.4766 0.2419 
SG*CF 1 1.34496 1.34496 638.1648 0.0000 
SG*P 1 0.00246 0.00246 1.1658 0.2963 
CF*P 1 0.00279 0.00279 1.3221 0.2671 
CB*SG*CF 1 0.01102 0.01102 5.2276 0.0362 
CB*SG*P 1 0.00337 0.00337 1.6007 0.2239 
CB*CF*P 1 0.01179 0.01179 5.5942 0.0310 
SG*CF*P 1 0.00234 0.00234 1.1100 0.3077 
CB*SG*CF*P 1 0.00397 0.00397 1.8817 0.1891 
Error 16 0.03372 0.00211   
Total 31 11.53350   
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Table 4.16: Estimated Effects and Coefficients for the Transverse Thermal 
Conductivity for the 24 Design 

 Effect Coeff SE Effect to p 
Intercept 0.85258 0.00812 105.06 0.0000 
CB 0.15665 0.07833 0.00812 9.65 0.0000 
SG 0.93115 0.46558 0.00812 57.37 0.0000 
CF 0.59309 0.29654 0.00812 36.54 0.0000 
P -0.10965 -0.05483 0.00812 -6.76 0.0000 
CB*SG 0.07521 0.03761 0.00812 4.63 0.0003 
CB*CF 0.05686 0.02843 0.00812 3.50 0.0029 
CB*P 0.01972 0.00986 0.00812 1.22 0.2419 
SG*CF 0.41003 0.20501 0.00812 25.26 0.0000 
SG*P -0.01753 -0.00876 0.00812 -1.08 0.2963 
CF*P 0.01866 0.00933 0.00812 1.15 0.2671 
CB*SG*CF 0.03711 0.01856 0.00812 2.29 0.0362 
CB*SG*P 0.02054 0.01027 0.00812 1.27 0.2239 
CB*CF*P 0.03839 0.01919 0.00812 2.37 0.0310 
SG*CF*P 0.01710 0.00855 0.00812 1.05 0.3077 
CB*SG*CF*P 0.02226 0.01113 0.00812 1.37 0.1891 
 
 

The carbon black/polymer, synthetic graphite/polymer, carbon fiber/polymer, 

carbon black/synthetic graphite/polymer, synthetic graphite/carbon fiber/polymer, and the 

four level interactions were removed from the model since the probability of being 

significant is greater than 0.05.  The ANOVA table for the refined model can be found in 

Table 4.17.  The loss of fit parameter shows that the removal of the terms does not 

significantly change the accuracy of the model.  The R2 value for the original model is 

0.99711, and for the refined model, it is 0.99545.  The R2 values show both models fit the 

data extremely accurately, and the removal of the terms does not change the fit of the 

model substantially.  Examining Table 4.18, the order of effects did not change from the 

effects shown in Table 4.16.  The model for the coded values is as follows in Equation 

4.3.  A model using un-coded values is not practical in this case, because the polymer is 

not a numerical value.  For this reason, the model is represented in coded units.  The 
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values imputed into this model for each factor are either ‘+1’ or ‘–1’.  A ‘–1’ is used for 

the low loading of each factor and ‘+1’ is used for the high loading of each factor.  The 

high and low loading can be found in Table 4.14. 

TC = 0.85305 + 0.07833*CB + 0.46558*SG + 0.29654*CF – 0.05483*P + 

0.03761*CB*SG + 0.02841*CB*CF + 0.20501*SG*CF + 

0.01856*CB*SG*CF + 0.01919*CB*CF*P    (4.3) 

The results found from this analysis were, for the most part, expected.  The single 

filler effects have a positive effect on the thermal conductivity; however, the polymer has 

a negative effect.  The negative effect is due to the greater thermal conductivity of the 

nylon and the difference in the crystallinity between the two polymers.  The difference in 

the crystallinity is that the nylon is a semi-crystalline polymer whereas the polycarbonate 

is amorphous.  Semi-crystalline materials transmit phonons more readily then amorphous 

materials.  The interaction between all the fillers was expected from the analysis of the 

previous two designs since the carbon black/synthetic graphite/carbon fiber interaction 

was barely significant.  No significant two level interactions were found between any 

filler and the polymer.  This was a valuable result, showing that at least for these two 

polymers and three fillers used a degradation of the thermal conductivity from a 

polymer/filler interaction was not determined.  The carbon black/carbon fiber/polymer 

interaction term being significant was an unexpected result.  This interaction is positive 

effect allowing for a greater conductivity. 
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Table 4.17: Fractional Analysis of Variance of Transverse Thermal Conductivity of 
Polycarbonate-Based Composites 

 SS DF MS Fo p 
CB 0.19632 1 0.19632 60.6922 0.0000
SG 6.93632 1 6.93632 2144.3705 0.0000
CF 2.81402 1 2.81402 869.9576 0.0000
P 0.09618 1 0.09618 29.7357 0.0001
CB*SG 0.04526 1 0.04526 13.9915 0.0018
CB*CF 0.02586 1 0.02586 7.9961 0.0121
SG*CF 1.34496 1 1.34496 415.7969 0.0000
CB*SG*CF 0.01102 1 0.01102 3.4061 0.0835
CB*CF*P 0.01179 1 0.01179 3.6449 0.0743
Error 0.05175 16 0.00323  

Loss of Fit 0.01803 6 0.00301 0.8913 0.5358
Pure Error 0.03372 10 0.00337  

Total 11.53350 31   
 
 
Table 4.18: Fractional Estimated Effects and Coefficients for the Transverse 

Thermal Conductivity of Nylon-Based Composites 
 Effect Coeff SE Effect to p 

Intercept  0.85258 0.01005 84.80  
CB 0.15665 0.07833 0.01005 7.79 0.0000 
SG 0.93115 0.46558 0.01005 46.31 0.0000 
CF 0.59309 0.29654 0.01005 29.50 0.0000 
P -0.10965 -0.05483 0.01005 -5.45 0.0001 
CB*SG 0.07521 0.03761 0.01005 3.74 0.0018 
CB*CF 0.02843 0.05686 0.01005 0.98 0.0121 
SG*CF 0.41003 0.20501 0.01005 20.39 0.0000 
CB*SG*CF 0.03711 0.01856 0.01005 1.85 0.0835 
CB*CF*P 0.03839 0.01919 0.01005 1.91 0.0743 
 

4.1.4.3 Longitudinal Single Filler Thermal Conductivity 

The longitudinal thermal conductivity results are summarized in Appendix A.  

The values for each specimen are found in Appendix H and a sample of these results can 

be seen in Table 4.19.  The values shown in the graphs in this section were typically 

measured on one or two samples per formulation; therefore, the graphs contain both 
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averages and single values.  Since this method takes approximately four hours per test, 

only one or two samples per composite formulation were tested. 

Table 4.19: Longitudinal Thermal Conductivity Results for NN 
Date Sample Number Longitudinal 

Thermal 
Conductivity 

(W/mK) 

Heat Sink 
Temperature 

(°°°°C) 

Vacuum 
(torr) 

7/13/2001 NN-T-11 0.663 45.00 5.35E-04 
7/19/2001 NN-T-15 0.705 45.00 5.40E-04 

Average 0.684   
Standard Deviation 0.030   
Number of Samples 2   
 

The great variability in the results of the test are due to many possible sources 

such as: how well the strain gauge was mounted, how well the three thermocouples were 

glued to the sample, the location of the ∆T thermocouples in the thickness of the sample, 

the measurement of the distance between the ∆T thermocouples due to human measuring 

error.  The longitudinal thermal conductivity test has difficulty with low readings, 

especially values around and below 1.5 W/mK.  Pure polymer samples should be 

isotropic and therefore give longitudinal thermal conductivity values close to values 

measured for the transverse thermal conductivity.  This test gives values an average of 

2.3 times the value measured by the transverse thermal conductivity test for the nylon and 

2.5 times greater for polycarbonate.  Measured longitudinal thermal conductivity values 

less than 1.0 W/mK are likely to be less than this value.  In other words, the longitudinal 

thermal conductivity values measured on samples with longitudinal thermal 

conductivities less than 1.0 W/mK are likely to be much less than this thermal 

conductivity.  This test method works best on samples with longitudinal thermal 

conductivities greater than 1.0 W/mK. 
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Due to the complexity of the sample preparation and time to run samples, only the 

factorial design formulations were completed for carbon black filled composites.  The 

results for these composites can be seen in Figure 4.34.  An extremely large difference 

was present between the 5 wt% carbon black in nylon-based formulations.  The 

difference between the two nylon-based formulations is 1.8 W/mK.   
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Figure 4.34: Graph of Longitudinal Thermal Conductivity of Carbon Black Filled 

Composites 

 
The thermal conductivity between the two polymers for the synthetic graphite 

filled composites is about the same.  The effect of the polymer might be significantly 

decreased in the longitudinal direction due to the high degree of orientation of the 

synthetic graphite filler, which has an aspect ratio of about 2.  The addition of 40 wt% 

synthetic graphite increases the values to about 6 W/mK for nylon and 7 W/mK for 

polycarbonate.  These results can be found in Figure 4.35.  These nylon-based composites 
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are between 4 and 5.5 times more conductive in the longitudinal direction than the 

transverse, and likewise the polycarbonate-based samples are between 3 and 7 times 

more conductive for the same composite formulation.  These results are an estimate of 

the thermal conductivity anisotropy of the composite formulations.  This increase is most 

likely due to the increase in orientation in the direction of conduction of the fillers in the 

sample being measured.  The fillers are generally aligned in the direction that the 

longitudinal thermal conductivity is measured. 
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Figure 4.35: Graph of Longitudinal Thermal Conductivity of Synthetic Graphite 

Filled Composites 

 
The carbon fiber filled composites’ longitudinal thermal conductivity is 

substantially increased over the base polymer.  Carbon fiber has the greatest effect on the 

longitudinal thermal conductivity of the fillers examined.  The carbon fiber has a 

substantially larger aspect ratio over that of the synthetic graphite, which partially causes 

the change in the order of significance of the fillers effect.  The increase in orientation in 
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the direction of conduction also is a cause of change in the order of the fillers effect.  The 

addition of only 5 wt% carbon fiber increases the conductivity to about equal to that of 

the highest measured transverse thermal conductivity.  The carbon fiber filled nylon-

based composites are more conductive than the polycarbonate-based samples as can be 

seen in Figure 4.36.  The addition of 40 wt% carbon fiber increases the thermal 

conductivity to 15.7 and 11.4 W/mK for nylon and polycarbonate, respectively.  At a 

loading of 40 wt% the longitudinal thermal conductivity is 16.5 and 15.4 times the value 

of the transverse thermal conductivity of carbon fiber filled nylon and polycarbonate-

based, respectively.  This shows an approximate thermal-conductivity anisotropy ratio of 

16. 
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Figure 4.36: Graph of Longitudinal Thermal Conductivity of Carbon Fiber Filled 

Composites 
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Figure 4.37 shows the longitudinal thermal conductivity of the nylon-based 

composites.  The carbon fiber has a much larger effect on the thermal conductivity at the 

same loading level than the synthetic graphite.  As stated before this is most likely from 

the much larger aspect ratio in the direction of conduction of the carbon fiber versus the 

synthetic graphite.  Due to the small amount of carbon black data, nothing substantial can 

be drawn from this data.  Figure 4.38 shows the longitudinal thermal conductivity of the 

polycarbonate-based composites.  Figure 4.38 also shows the same basic trends as the 

nylon-based composites.  The only change is that the difference between the synthetic 

graphite and carbon fiber is much smaller in the polycarbonate than in the nylon 

composites.  This difference could be due to difference in crystallinity between the 

polymers.  The nylon is semi-crystalline which conducts heat more effectively than an 

amorphous polymer like polycarbonate.   
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Figure 4.37: Graph of Longitudinal Thermal Conductivity of Nylon-Based 

Composites 
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Figure 4.38: Graph of Longitudinal Thermal Conductivity of Polycarbonate-Based 

Composites 

 

4.1.4.4 Factorial Designs for Longitudinal Thermal Conductivity 

The longitudinal thermal conductivity results for the factorial design are in 

Appendix A.  The values for each specimen are located in Appendix H.  The longitudinal 

thermal-conductivity factorial designs are carried out in the same manner as the 

transverse factorial designs.   

4.1.4.4.1 Nylon-Based Factorial Design for Longitudinal Thermal Conductivity 

Figure 4.39 is a cube plot, which includes the average of the two replicates at each 

corner of the cube.  This figure shows that each of the three fillers should be significant 

and significant interactions possibly are present.  From this plot, it can be seen that the 

carbon fiber has the greatest effect followed by the synthetic graphite and the carbon 

black.  Figure 4.40 illustrates the magnitude and direction of the main factors effects.  It 
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can be seen from this figure that carbon fiber has the greatest effect followed by synthetic 

graphite and carbon black, which was seen in Figure 4.40.  Figure 4.41 depicts the two 

factor interactions.  This figure shows that the only significant interaction is between 

synthetic graphite and carbon fiber. 
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Figure 4.39: Box Plot for Longitudinal Thermal Conductivity of Nylon-Based 

Composites 
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Figure 4.40: Main Effects Plot for Longitudinal Thermal Conductivity of Nylon-

Based Composites 
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Figure 4.41: Main Interaction Plot for Longitudinal Thermal Conductivity of 

Nylon-Based Composites 

 
The ANOVA of the 23 design for the nylon-based composites can be found in 

Table 4.20.  The blocking term was included in the ANOVA as before in the transverse 

thermal-conductivity design, but again it was not significant.  As in the transverse 

thermal-conductivity design the blocking term was removed and then reanalyzed.  Table 

4.21 contains the reanalysis of the factorial design.  This analysis showed that the same 

terms were significant as in the graphs.  The main effects were expected to be significant 

from the transverse results; it was also expected that the synthetic graphite/carbon fiber 

interaction would be positive and significant.  The effects and coefficients can be seen in 

Table 4.22.  It was found that carbon fiber had the greatest effect, followed by, in 

descending order, synthetic graphite, synthetic graphite/carbon fiber, and carbon black.  
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The carbon fiber produces the greatest effect due to the substantially larger aspect ratio in 

the direction of conduction compared to the synthetic graphite. 

Table 4.20: Analysis of Variance of Longitudinal Thermal Conductivity of Nylon-
Based Composites 

 SS DF MS Fo p 
Blocks 1.16748 1 1.16748 1.6266 0.2429 
CB 8.14104 1 8.14104 11.3426 0.0120 
SG 162.93884 1 162.93884 227.0163 0.0000 
CF 245.96433 1 245.96433 342.6925 0.0000 
CB*SG 0.23644 1 0.23644 0.3294 0.5840 
CB*CF 0.30388 1 0.30388 0.4234 0.5360 
SG*CF 27.77027 1 27.77027 38.6912 0.0004 
CB*SG*CF 0.13195 1 0.13195 0.1838 0.6810 
Error 5.02418 7 0.71774   
Total 451.67840 15   
 
 
Table 4.21: Analysis of Variance of Longitudinal Thermal Conductivity of Nylon-

Based Composites without Blocking 
 SS DF MS Fo p 

CB 8.14104 1 8.14104 10.5187 0.0118 
SG 162.93884 1 162.93884 210.5267 0.0000 
CF 245.96433 1 245.96433 317.8006 0.0000 
CB*SG 0.23644 1 0.23644 0.3055 0.5956 
CB*CF 0.30388 1 0.30388 0.3926 0.5484 
SG*CF 27.77027 1 27.77027 35.8808 0.0003 
CB*SG*CF 0.13195 1 0.13195 0.1705 0.6905 
Error 6.19166 8 0.77396   
Total 451.67840 15   
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Table 4.22: Estimated Effects and Coefficients for the Longitudinal Thermal 
Conductivity of Nylon-Based Composites without Blocking 

 Effects Coef Stdev Coef to p 
Intercept 7.1478 0.21994 32.50  
CB 1.4266 0.7133 0.21994 3.24 0.0118 
SG 6.3824 3.1912 0.21994 14.51 0.0000 
CF 7.8416 3.9208 0.21994 17.83 0.0000 
CB*SG 0.2431 0.1216 0.21994 0.55 0.5956 
CB*CF -0.2756 -0.1378 0.21994 -0.63 0.5484 
SG*CF 2.6349 1.3174 0.21994 5.99 0.0003 
CB*SG*CF -0.1816 -0.0908 0.21994 -0.41 0.6905 
 
 

The non-significant effects, ones with probabilities greater than 0.05, were 

removed to refine the model.  Tables 4.23 and 4.24 show the ANOVA table and the 

estimation of the effects and coefficients for the refined model.  The blocking, carbon 

black/synthetic graphite, carbon black/carbon fiber, and the three filler interaction terms 

were removed and combined into the error term.  Like in the transverse model, the error 

was then broken into two separate portions, the loss of fit and pure error.  From this data, 

a probability of fit can be calculated and is found to be 98.10%.  This is a highly desired 

result because for any value greater than 5% (alpha value) the lack of fit is not 

significant.  The R2 value for the refined model is 0.98480 compared to 0.98629 for the 

original model.  These two results show that the removal of the terms (blocking, carbon 

black/synthetic graphite, carbon black/carbon fiber, and the three filler interaction) does 

not significantly affect the model ability to fit the data.  The resulting linear regression 

model from this analysis in un-coded variable (i.e. CB = 0.05) can be seen in Equation 

4.4.  This model is as follows: 

TC = 0.639937 + 28.5325*CB + 12.4917*SG + 26.0338*CF + 87.8292*SG*CF  (4.4) 
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Table 4.23: Fractional Analysis of Variance of Longitudinal Thermal Conductivity 
of Nylon-Based Composites 

 SS DF MS Fo p 
CB 8.14104 1 8.14104 13.0467 0.0041
SG 162.93884 1 162.93884 261.1226 0.0000
CF 245.96433 1 245.96433 394.1776 0.0000
SG*CF 27.77027 1 27.77027 44.5041 0.0000
Error 6.86393 11 0.62399  

Loss of Fit 0.13195 3 0.04398 0.0568 0.9810
Pure Error 6.19166 8 0.77396  

Total 451.67840 15 30.11189  
 
 
Table 4.24: Factional Estimated Effects and Coefficients for the Longitudinal 

Thermal Conductivity of Nylon-Based Composites 
 Effects Coef Stdev Coef to p 

Intercept 7.1478 0.19748 36.19  
CB 1.4266 0.7133 0.19748 3.61 0.0041 
SG 6.3824 3.1912 0.19748 16.16 0.0000 
CF 7.8416 3.9208 0.19748 19.85 0.0000 
SG*CF 2.6349 1.3174 0.19748 6.67 0.0000 
 

 

4.1.4.4.2 Polycarbonate-Based Factorial Design for Longitudinal Thermal Conductivity 

The analysis of variance for the polycarbonate-based design is not an orthogonal 

design, because tensile bars for the high loading of all fillers could not be injection 

molded.  The samples could not be fabricated if no base samples were produced.  The 

sample could not be fabricated from another type of sample because it would 

substantially change the measure of thermal conductivity.  Non-orthogonal designs are 

very complicated to analyze; therefore, the calculation of the data was completed using 

MinitabTM 3.   

 

                                                           
3 Current versions of MinitabTM are produced by Minitab, Inc. 
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Figure 4.42 is a cube plot for the longitudinal thermal conductivity and it shows 

that no values for the high loading were measured.  This figure shows that carbon fiber, 

like in the nylon design, has the largest effect followed by the synthetic graphite.  It also 

appears that an interaction between carbon fiber and synthetic graphite is present.  Figure 

4.43 shows the magnitude and direction of the main effects.  This figure shows that the 

carbon fiber has the greatest effect followed by synthetic graphite and carbon black, the 

same as in the nylon design.  The ANOVA was completed and in Table 4.25 it is seen 

that carbon black is not significant.  Figure 4.44 illustrates that all three two-level 

interactions could be significant, but Table 4.25 shows only that the synthetic 

graphite/carbon fiber is significant. 
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Figure 4.42: Box Plot for Longitudinal Thermal Conductivity of Polycarbonate-

Based Composites 
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Figure 4.43: Main Effect Plot for Longitudinal Thermal Conductivity of 

Polycarbonate-Based Composites 

 
0.200.30

10

 5

 0

10

 5

 0

CB

SG

CF

0.3

0

0.05

0

 
Figure 4.44: Main Interaction Plot for Longitudinal Thermal Conductivity of 

Polycarbonate-Based Composites 
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Table 4.25: Analysis of Variance of Longitudinal Thermal Conductivity of 
Polycarbonate Based Composites 

Source Seq SS DF Adj SS Adj MS Fo p 
CB 18.02 1 0.232 0.232 4.26 0.078 
SG 63.525 1 78.657 78.657 1442.60 0.000 
CF 115.693 1 90.21 90.21 1654.50 0.000 
CB*SG 1.392 1 0.074 0.074 1.36 0.282 
CB*CF 7.06 1 0.089 0.089 1.64 0.242 
SG*CF 16.038 1 16.038 16.038 294.15 0.000 
Error 0.382 7 0.382 0.055   
Total 222.11 13     
 
Table 4.26: Estimated Effects and Coefficients for the Longitudinal Thermal 

Conductivity of Polycarbonate Based Composites 
Term Effect Coef SE Coef to p 

Constant  5.8139 0.08256 70.42 0.000 
CB 0.3408 0.1704 0.08256 2.06 0.078 
SG 6.2712 3.1356 0.08256 37.98 0.000 
CF 6.716 3.358 0.08256 40.68 0.000 
CB*SG 0.1923 0.0961 0.08256 1.16 0.282 
CB*CF -0.2113 -0.1056 0.08256 -1.28 0.242 
SG*CF 2.8318 1.4159 0.08256 17.15 0.000 

 

The ANOVA table for this factorial design can be found in Table 4.25.  The 

blocking term was not included in the design because all the polycarbonate composite 

formulations were produced in the same time frame.  The analysis shows that only the 

synthetic graphite and carbon fiber main effect and their interaction were significant in 

this design.  In all the previous designs, these terms always have the greatest effect, so 

this result is not totally unexpected.  Although the insignificance of the carbon black term 

was unexpected.  The loss of this term could be from the large variance in longitudinal 

thermal conductivity between formulations.  In addition, it is hard to measure thermal 

conductivities lower than 1.5 W/mK using the longitudinal thermal conductivity 

apparatus.  From Table 4.26, it is seen that the carbon fiber has the greatest effect, then 

synthetic graphite, and synthetic graphite/carbon fiber interaction.  The carbon fiber has 
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the greatest effect due to the substantially larger aspect ratio in the direction of 

conduction versus the synthetic graphite.  The aspect ratio of carbon fiber is about 8 

compared to 1.5 for the synthetic graphite. 

The carbon black, carbon black/synthetic graphite, and carbon black/carbon fiber 

interactions were removed and the data was reanalyzed.  Tables 4.27 and 4.28 contain the 

ANOVA table and the estimation of the effects and coefficients for the refined model.  

The same trend of significance is shown in these tables as was in the previous two tables.  

The R2 values were calculated for this model and the unmodified model and it was found 

to be 0.98525 and 0.99209, respectively.  This shows that the model fits the data and the 

removal of terms does not significantly change the accuracy of the model.  The model 

created from this design can be seen in Equation 4.5, which uses weight fractions for 

inputs for each of the factors: 

TC = 0.736125 + 11.4649*SG + 19.4212*CF + 91.7111*SG*CF  (4.5) 

Table 4.27: Fractional Analysis of Variance of Longitudinal Thermal Conductivity 
of Polycarbonate Based Composites 

Source Seq SS DF Adj SS Adj MS Fo p 
SG 73.381 1 122.643 122.643 1147.2 0.000 
CF 123.437 1 140.899 140.899 1318 0.000 
SG*CF 24.223 1 24.223 24.223 226.59 0.000 
Error 1.069 10 1.069 0.107  
Total 222.11 13   
 
 
Table 4.28: Fractional Estimated Effects and Coefficients for the Longitudinal 

Thermal Conductivity of Polycarbonate Based Composites 
Term Effect Coef SE Coef to p 

Constant  5.774 0.09139 63.18 0.000
SG 6.191 3.095 0.09139 33.87 0.000
CF 6.636 3.318 0.09139 36.3 0.000
SG*CF 2.751 1.376 0.09139 15.05 0.000
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4.2 Orientation (Moment Angle Analysis) 

The orientation of the fillers in the composites was examined briefly in this 

project.  The method that investigated the orientation of the fillers examined the angle of 

the particle/fiber compared to the direction of conduction. 

All the orientation results can be found in Appendix K.  The moment angle 

analysis measures the angle between the main axes of the particle and the direction of 

conduction.  This analysis only looks at a cut plane of the sample so the results are just an 

estimation of the true orientation.  In this analysis, as the moment angle decreases, the 

filler’s orientation in the heat conduction direction increases.   

4.2.1 Orientation in Transverse Thermal Conductivity Test Specimens 

The images were collected from the transverse thermal-conductivity disks in the 

manner from Section 3.3.3 with images collected from the white area in Figure 3.26.  

Fillers are distributed in a wide distribution of angles ranging from parallel to 

perpendicular to direction of heat conduction.  Figure 4.45 is a histogram of the moment 

angle of four different composite samples.  This figure shows that the orientation of the 

carbon fiber and synthetic graphite is mainly aligned nearly perpendicular to the heat 

conduction direction.  The moment angle measured from the direction of conduction.  An 

angle of 0° signifies that the fillers are aligned in the direction of conduction.  An angle 

of 90° signifies that the fillers are aligned perpendicular to the direction of conduction.  

Figure 4.45 illustrates that the orientation, at this loading level, is basically the same for 

both carbon fiber and synthetic graphite in nylon and polycarbonate.  The distribution of 

orientations between the carbon fiber and synthetic graphite shows that the carbon fiber 

has more fiber orientated between 80 and about 88 degrees than the synthetic graphite.  
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The flow patterns in the injection-molding machine aligns the fillers along the long axis.  

Figure 4.46 shows the composite optical micrograph of the 20 wt% synthetic graphite in 

nylon.  Figure 4.47 is the composite optical micrograph of the 20 wt% synthetic graphite 

in polycarbonate.  Figure 4.48 is composite optical micrographs of 20 wt% carbon fiber 

in nylon.  Figure 4.49 is composite optical micrographs of 20 wt% carbon fiber in 

polycarbonate.  It can be seen from these micrographs that the orientations of most of the 

fillers are perpendicular from the direction of heat conduction.  The same field of view, 

as seen in the micrographs, was used to measure the distribution of moment angle. 

0%

2%

4%

6%

8%

10%

12%

14%

16%

0 10 20 30 40 50 60 70 80 90

Moment Angle (Degrees)

Pe
rc

en
t

20wt% Synthetic Graphite in Nylon

20wt% Synthetic Graphite in Polycarbonate

20wt% Carbon Fiber in Nylon

20wt% Carbon Fiber in Polycarbonate Synthetic Graphite in Polycarbonate

Carbon Fiber in Nylon

Synthetic Graphite in Nylon

Carbon Fiber in Polycarbonate

 
Figure 4.45: Distribution of Moment Angles of Filler Particles 
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Direction of Conduction  
Figure 4.46: Optical Micrograph of 20 wt% Synthetic Graphite in Nylon (Sample 7) 

at 20x Magnification 

 

Direction of Conduction  
Figure 4.47: Optical Micrograph of 20 wt% Synthetic Graphite in Polycarbonate 

(Sample 6) at 20x Magnification 

 

Direction of Conduction  
Figure 4.48: Optical Micrograph of 20 wt% Carbon Fiber in Nylon (Sample 16) at 

20x Magnification 
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Direction of Conduction  
Figure 4.49: Optical Micrograph of 20 wt% Carbon Fiber in Polycarbonate 

(Sample 9) at 20x Magnification 

 
Figure 4.50 graphically depicts the mean moment angle for the nylon-based 

composites.  In this figure, it can be seen that a lot of scatter exists in the data at a given 

loading level.  The synthetic graphite’s moment angle appears to be independent of the 

loading level.  The carbon fiber moment angle is dependent on the filler loading.  The 

moment angle of the carbon fiber tends to decrease with increased loading levels.  This 

result is expected, given that a greater interaction is present between fibers at higher 

loading, forcing fiber not to align along flow lines during injection molding. 



129 

50

55

60

65

70

75

80

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Weight Percent Conductive Filler

M
om

en
t A

ng
le

 (D
eg

re
es

)

Synthetic Graphite
Carbon Fiber

 
Figure 4.50: Moment Angle for Nylon-Based Composites 

 
 

Figure 4.51 shows the average moment angle for the polycarbonate-based 

composites.  As in the nylon-based composites, a significant amount of scatter is present 

in the data.  The same trends seen in the nylon-based composites can be seen in the 

polycarbonate based ones.  The synthetic graphite’s moment angle again appears to be 

independent of loading level.  On the other hand, the carbon fiber’s moment angle is 

dependent on the filler loading.  With increased loading levels, the moment angle of the 

carbon fiber tends to decrease.   
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Figure 4.51: Moment Angle for Polycarbonate-Based Composites 

 

4.2.2 Orientation in Longitudinal Thermal Conductivity Test Specimens 

Figure 4.52 is a histogram of the moment angle of four different composite 

samples.  Figure 4.52 shows that a substantial portion of the carbon fiber and synthetic 

graphite is oriented parallel to the heat conduction direction.  An angle of 0° signifies that 

the fillers are aligned in the direction of conduction.  An angle of 90° signifies that the 

fillers are aligned perpendicular to the direction of conduction.  In this case, the direction 

of heat flow is the same as the direction of flow during injection molding.  The figure 

illustrates that the orientation, at this loading level is, similar for synthetic graphite in 

nylon and polycarbonate.  The figure shows that a substantial position of the particles are 

oriented with a deviation of less than 2° from the direction of heat conduction.  The 

histogram of results for the carbon fiber in polycarbonate shows a significantly different 
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histogram.  This shows that more orientation exists in this sample since the large majority 

of the fiber has a deviation of less than 20° from the direction of conduction.  As in the 

case of the transverse samples, the orientation is dependent on the flow of the material 

rather than the filler.  This shows that the injection molding process aligns the fillers 

along the flow patterns.   
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Figure 4.52: Distribution of Moment Angles of Filler Particles 

 
Figure 4.53 shows the composite optical micrograph of the 40 wt% synthetic 

graphite in nylon.  Figure 4.54 is the composite optical micrograph of the 40 wt% 

synthetic graphite in polycarbonate.  Figures 4.55 is composite optical micrographs of 40 

wt% carbon fiber in nylon.  Figures 4.56 is composite optical micrographs of 40 wt% 

carbon fiber in polycarbonate.  Figures 4.53 to 4.56 indicate that the filler is aligned in 

the direction of thermal conductivity conduction for the longitudinal samples.  The 
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micrographs shown here contain the same field of view in which the distributions of 

moment angle were measured. 

Direction of Conduction  
Figure 4.53: Optical Micrograph of 40 wt% Synthetic Graphite in Nylon in 

Longitudinal Direction at 20x Magnification 

 

Direction of Conduction  
Figure 4.54: Optical Micrograph of 40 wt% Synthetic Graphite in Polycarbonate in 

Longitudinal Direction at 20x Magnification 

 



133 

Direction of Conduction  
Figure 4.55: Optical Micrograph of 40 wt% Carbon Fiber in Nylon in Longitudinal 

Direction at 20x Magnification 

 

Direction of Conduction  
Figure 4.56: Optical Micrograph of 40 wt% Carbon Fiber in Polycarbonate in 

Longitudinal Direction at 20x Magnification 
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Chapter 5: Transverse Thermal Conductivity Modeling 

The transverse thermal-conductivity modeling was undertaken in two parts.  The 

first part was the determination of which models would best fit the data.  The second part 

was taking the best model, Nielsen’s model, and modifying it to more accurately fit the 

experimental results.  The Nielsen model was also modified for use on multi-filler 

composites. 

5.1 Determination of Model 

To determine which model best represents the properties of the composites 

studied, the whole data set from this project was used.  The first model that was 

investigated was the standard mixture rule.  A graphical representation of this data and 

the model’s predicted values can be found in Figure 5.1.  The standard rule of mixtures 

can be found in Equation 5.1.  This model uses only the thermal conductivity of the 

constituents and their volume fractions to predict the composite’s thermal conductivity.  

This model does not predict the thermal conductivity of the composites well.  In many 

cases, it predicts thermal conductivity values several orders of magnitude greater than the 

experimental value.  Based on this analysis, this model was removed as a possible model 

to predict thermal conductivity. 

∑
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Figure 5.1: Standard Rule of Mixtures for the Whole Data Set  

 
The next model that was investigated was the inverse standard rule of mixtures, 

which is seen in Equation 5.2.  This model substantially under-predicts the experimental 

data, as can be observed in Figure 5.2.  This under-prediction of the experimental results 

demonstrates that this model is not adequate for prediction of the composite’s thermal 

conductivities.  Moreover, the inverse rule of mixtures does not fit the general shape of 

the experimental data.   
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Figure 5.2: Inverse and Geometric Rule of Mixtures for the Whole Set of Results 

 
The geometric rule of mixtures (Equation 5.3) is also investigated in Figure 5.2.  

This model fits the experimental results significantly better than either the inverse or the 

standard rule of mixtures.  This model fits the shape of the data, although it over-predicts 

the data at high filler loadings.  No changeable parameters are present in this model that 

could be optimized. 

∑
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φ          (5.3) 

The next model examined was the Nielsen model, Equation 2.13a-c.  This model 

was originally designed for use with two-phase systems.  For Nielsen’s model to be used 

for multiple phase systems, one must calculate the thermal conductivity of the composite 

based on the polymer’s and the first filler’s thermal conductivities [5, 6].  The thermal 

conductivity calculated can then be substituted as the polymer conductivity for the 
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calculation with the second filler.  This process can be repeated until all fillers have been 

calculated.  This method of calculation of the thermal conductivity of mixtures allows 

different thermal conductivities depending on which filler was used first, second, and so 

on.  This is a severe limitation to this model. 

The model was modified for multiple fillers for this project using Equation 5.3a-c.  

This model allows for the straightforward calculation of the thermal conductivity of 

multi-filler composites.  The modification combined all the filler contributions into a 

summation.  This modification of the Nielsen model will be referred to as the Nielsen 

model, which slightly differs from Nielsen’s original model (Equation 2.13a-c).  The 

Nielsen model with modified ‘ψ’ term, seen in Equation 5.3a, b, d, will be referred to as 

the Modified Nielsen Model.  
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‘K’ is the thermal conductivity of the composite, and ‘ki’ is the thermal 

conductivity of each constituent.  The subscript ‘i’ represents the constituent where a 

subscript of 1 stands for the neat polymer matrix and greater subscripts (2, 3,…) represent 
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the different fillers.  ‘φi’ is the volume fraction of the filler.  The shape factor, ‘Ai’, and 

maximum packing fraction, ‘φmi’, are both chosen as if they were single fillers.  Nielsen’s 

method of choosing the ‘A’ parameter can be found in Table 2.1 and the ‘φmi’ parameter 

can be found in Table 2.2.  The ‘A’ values used in the model calculation were 1.43 for 

carbon black, 1.58 for synthetic graphite, and 3.74 for carbon fiber.  The values that were 

used were determined from a second order curve fit of the ‘A’ values and aspect ratios. 

Then the experimentally determined aspect ratios were used to calculate the ‘A’ value.  

The ‘φmi’ values (from Table 2.2) used were 0.637 for carbon black (random close 

spheres), 0.637 for synthetic graphite (irregular particles random close), and 0.52 for 

carbon fiber (3 dimensional random fibers). 

These two models’ predictions can be seen in Figure 5.3.  The Nielsen and the 

Modified Nielsen models’ prediction of the thermal conductivity do not fit the 

experimental data accurately, but it is better then that of the best rule of mixture, which 

was the geometric model.  The geometric model compared to the two Nielsen models can 

be found in Figure 5.4.  Figure 5.3 shows that the Modified Nielsen model is a little 

closer to the data than the Nielsen model.   
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Figure 5.3: Nielsen Model for Whole Set of Results 
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Figure 5.4: Geometric Rule of Mixture Compared to the Two Nielsen Models  
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The Modified Nielsen model also has parameters fixed to the physical parameters 

of the filler that could be optimized in this system.  The optimization of the ‘A’ parameter 

was achieved using a sum of squares optimization using Microsoft Excel’s solver 

function.  A different ‘A’ was obtained for each filler/polymer combination, and the 

resulting graph can be seen in Figure 5.5.  This figure shows the potential improvement 

that can be made to the Nielsen model so that it better coincides with experimental 

results.  
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Figure 5.5: Fit Nielsen Model for Whole Set of Results 

 
 

The models mentioned thus far can be quantitatively compared to each other by 

two different parameters, sum of squares and the estimation of fit parameter, ε, values.  

The coefficient of determination, R2, cannot be used for models that are not based on the 

experimental results for example the standard rule of mixtures.  For consistency and 
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allowing comparison to be made between all the models ε was used to compare all 

models.  The sum of squares is calculated by summing the square of the experimental 

value minus the calculated value.  The ε value is calculated by Equation 5.4.  The value 

of ε ranges from 0 (for a perfect fit) to infinity.  The greater the value of ε, the worse the 

fit of the model.  When the same amount of data is being compared, the sum of squares is 

a reliable comparison.  When different amounts of data are being studied, only the ε can 

be used.  A perfect model of the data would occur when the sum of squares and ε equals 

zero.  Table 5.1 shows the results for the models discussed above.  This table shows that 

of the unfitted models, the Modified Nielsen model is the best.  The overall best model is 

the fitted (‘A’ parameter adjusted) Modified Nielsen Model.  This analysis demonstrates 

that the Nielsen model has the greatest opportunity for optimization. 
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Table 5.1: Comparison of Models 
 Sum of Squares

(W/mK)2 
εεεε    

Standard Mixing Rule 465428.598 11039.7825 
Geometric Mixing Rule 20.762 0.4925 
Inverse Mixing Rule 22.930 0.5439 
Nielsen 13.633 0.3234 
Modified Nielsen Model 10.273 0.2437 
Modified Nielsen Model with fit 'A's 0.588 0.0139 
 
 

5.2 Optimization of the Nielsen Model 

The Nielsen Model was found to be the best of the current models with 

parameters that can be optimized.  The first step was to determine which of the 

parameters offered greatest opportunity to improve the model predictions.  The two 
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parameters that can be optimized are ‘A’ and ‘φm’.  Traditionally, these factors have 

physical meanings.  The ‘φm’ is the filler’s maximum packing fraction, and the ‘A’ term 

is a correlation based on aspect ratio and orientation.  Given these two parameters, the 

‘A’ term would appear to have the greatest opportunity for optimization. 

The factors (A and φm) were investigated by a series of model optimizations to 

minimize the sum of squares of the difference of the predicted and experimental values.  

The ‘A’ factor was optimized with the constraint that the value had to be greater than or 

equal to zero.  This constraint was used because the ‘A’ factor was based on the aspect 

ratio, and negative values are impossible.  An ‘A’ factor was optimized for each filler and 

matrix combination, so that a different ‘A’ factor was used for carbon fiber in nylon and 

carbon fiber in polycarbonate, and so on.  The same was done for the ‘φm’ factor with the 

bounds of zero and one since the ‘φm’ is a filler packing fraction, which cannot be greater 

than 1 or less than 0.  Both of these factors were optimized individually and in 

combination for both the Nielsen and Modified Nielsen models.  The results of these 

optimizations can be found in Table 5.2.  This table contains the sum of squares (SS), ε, 

and the optimized factors.  This table shows that the Modified Nielsen model with both 

the ‘A’ and ‘φm’ factors optimized have the smallest sum of squares.  The Nielsen model 

with both ‘A’ and ‘φm’ factors optimized gave a sum of squares of 0.249 W2/m2K2 

compared to the original Nielsen model which gave a value of 13.633 W2/m2K2.  This 

result means that the Modified Nielsen model with both the ‘A’ and ‘φm’ factors 

optimized fits the experimental data the best.  The ‘A’ factor was found to have the 

greatest effect on the model error, demonstrating that ‘A’ has the greatest opportunity for 

model optimization.  Optimizing the ‘A’ factor for the Nielsen Model changed the sum of 
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squares from 13.633 to 0.890 compared to 13.633 to 1.955 for optimizing the ‘φm’ factor.  

A similar trend was observed in the Modified Nielsen model. 

Table 5.2: Optimization of Parameters 
Model Optimized 

Parameter 
SS 

(W/mK)2 
εεεε     CB N SG N CF N CB P SG P CF P

Nielsen  13.633 0.3234 A 1.43 1.58 3.74 1.43 1.58 3.74 
    φm 0.64 0.64 0.52 0.64 0.64 0.52 
Nielsen A 0.890 0.0211 A 1528 10.56 8.24 0.00 13.26 10.06 
    φm 0.64 0.64 0.52 0.64 0.64 0.52 
Nielsen φm 1.955 0.0464 A 1.43 1.58 3.74 1.43 1.58 3.74 
    φm 0.12 0.30 0.52 0.08 0.30 1.00 
Nielsen A, φm 0.249 0.0059 A 18.47 7.81 8.01 5.93 7.52 8.64 
    φm 1.00 0.45 0.54 0.09 0.40 0.65 
Modified Nielsen  10.273 0.2437 A 1.43 1.58 3.74 1.43 1.58 3.74 
    φm 0.64 0.64 0.52 0.64 0.64 0.52 
Modified Nielsen A 0.588 0.0139 A 2558 9.59 4.13 0.00 12.25 5.02 
    φm 0.64 0.64 0.52 0.64 0.64 0.52 
Modified Nielsen φm 1.191 0.0282 A 1.43 1.58 3.74 1.43 1.58 3.74 
    φm 1.00 0.31 0.58 0.11 0.31 0.94 
Modified Nielsen A, φm 0.173 0.0041 A 3245 9.89 3.98 2699 8.89 4.00 
    φm 0.01 0.96 0.52 0.00 0.49 0.00 
In this table, nylon-based composites are represented by ‘N’ and polycarbonate-based composites are 
represented by ‘P’.  For example, “CB N” stands for carbon black in nylon and “CB P” stands for carbon 
black in polycarbonate. 
 
 

Based on the results of the previous analysis, the ‘A’ term was now investigated 

in greater depth.  The first option that was studied was using a global ‘A’ term.  A global 

‘A’ term might improve the model, allowing a first prediction of the filler loading to get a 

desired thermal conductivity, which would require fewer composite formulations.  This 

option was investigated for: 

• The whole data set: 60 composite formulations used for the model 

• Carbon black formulations removed: 34 composite formulations included for 

the model 

• Mixtures formulations removed: 44 composite formulations used for the 

model 
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• Mixtures and carbon black formulations removed: 30 composite formulations 

used for the model 

The carbon black formulations were removed because the fitted ‘A’ terms for the 

carbon black from the previous analysis had significantly different values (range is 1 to 

3200 in Table 5.2) from one another than the other fillers (less than 14).  This was most 

likely because carbon black is substantially different from the other two fillers.  One of 

the differences is that carbon fiber and synthetic graphite are highly graphitic, whereas 

carbon black’s degree of crystallinity is not known.  Carbon black is also highly branched 

compared to the solid particles of synthetic graphite and carbon fiber.  Carbon black is 

also significantly smaller than the other fillers.  Carbon black is on the order of 

nanometers in size compared to microns for carbon fiber and synthetic graphite.  It has 

been speculated that carbon black forms chains in polymer matrixes [38, 56].  Therefore, 

the actual aspect ratio of the carbon black groupings could be quite large. 

The possibility of removing the mixtures was also considered because the 

mixtures are a substantial portion of the model’s error in predicting thermal conductivity.  

The ability of the model to forecast the thermal conductivities of the mixtures could 

potentially be done by using the ‘A’ term of single filler to predict the mixture values.  

The forecasting nature of the model would then be significantly enhanced if the mixtures 

could be accurately predicted from only single filler parameters. 

The results of this study can be found in Table 5.3.  This table presents the ε value 

for each model and the resulting Global ‘A’ term.  The sum of squares is not included 

because it is dependent on the number of terms, whereas the ε value is not.  The Modified 

Nielsen Model is used for all cases in Table 5.3. 
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Table 5.3: Global ‘A’ Modification to the Modified Nielsen Model 
Case Number Data Set ε Global 'A'

1 Whole data set with original 'A's 0.2437  
2 Different 'A' for each combination 0.0139  
3 Whole Data Set with Global 'A' 0.0404 7.799 
4 Whole Data Set without CB with Global 'A' 0.0489 7.246 
5 SG and CF as single fillers with Global 'A' 0.0498 5.372 
6 Mixtures from single filler 'A' without CB with Global 'A' 0.0746 5.372 
7 CB, SG, and CF as single fillers with Global 'A' 0.0551 5.428 
8 Mixtures from single filler 'A' with CB with Global 'A' 0.0780 5.428 

 

Table 5.3 shows that none of the global ‘A’ cases were improvements over case 2 

(different 'A' for each combination), but they were all improvements over the Modified 

Nielsen model (case 1) using ‘A’ and ‘φm’ from Table 2.1 and 2.2.  The best of the global 

‘A’ cases was case 3, which examined the whole data set.  The ε value of the best overall 

model (case 2) changed from 0.0139 to 0.0404 in the best global model (case 3).  The 

single filler model (case 7) did not produce a very accurate fit of the experimental results, 

and when global ‘A’ from single filler was used on the whole data set (60 formulations), 

the fit of the model worsened.  Another interesting result of this analysis is that a 

substantial difference was not present between the ‘A’ factor for the cases with and 

without carbon black (cases 3 vs. 4 and 5 vs. 7).  This suggests that carbon black has a 

similar effect on the thermal conductivity model as the other two fillers.  This analysis 

shows that the global ‘A’ term works accurately and is an acceptable model for a first 

estimation of a composite’s thermal conductivity. 

Figure 5.5 shows case 1 (Modified Nielsen Model which used A and φm from 

Tables 2.1 and 2.2) and case 3 (with Global ‘A’ Factor).  This graph shows that the new 

fitted model (case 3) represents the experimental data well.  The use of a Global ‘A’ term 

with all the data appears to be the best update to the model. 
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Figure 5.6: Comparison of Updates to the Nielsen Model for Whole Set 

 
The choice of the Global ‘A’ parameter was done by curve fitting the data to 

obtain the best fit.  A Global ‘A’ parameter of 7.8 results in an increase of between 2 and 

8 times the original Nielsen parameters.  The difference is possibly due to the difference 

in fillers examined in the two studies.  This project focused on carbon, while Nielsen’s 

original work studied glass spheres, aluminum oxide powder, and aluminum spheres and 

cylinders [7].  These systems gave acceptable agreement with Nielsen’s original model.  

The loading levels of the aluminum oxide and glass spheres were similar to the levels 

used in this study, but their thermal conductivity values are substantially lower than the 

fillers used in this project.  Aluminum oxide and glass spheres are very different from 

carbon fillers, which is likely to change the efficiency of the heat transfer between the 

filler and matrix.  These differences in materials are likely to cause the difference in the 

selection of ‘A’ terms.  The thermal conductivity of composites containing aluminum 
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spheres and cylinders fit extremely well, but there was only one data point for the 

cylinder and two for the spheres in Nielsen’s original work.  It is suspected that the 

aluminum cylinders and spheres had a minimal distribution of aspect ratios; on the other 

hand, the carbon fillers used in this work had a large range of aspect ratios.  The 

difference in distributions also could lead to very different ‘A’ values.  Nielsen’s original 

method for selecting ‘A’ terms can be found in Table 2.1. 

This analysis shows that for the carbon materials investigated here a Global ‘A’ 

value of 7.8 can be used for all three filler and their mixtures.  For, fm, use the original 

Nielsen values listed in Table 2.2.  The selection of a Global ‘A’ parameter is 

recommended for carbon based fillers in injection-molded composites.  The model 

resulting from this study can be found in Equations 5.4a-c.  Appendix M contains sample 

calculations of the improved model. 
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Chapter 6: Summary and Conclusions 

6.1 Effect of Single Conductive Filler on Thermal Conductivity 

The transverse thermal conductivity was affected most by the addition of 40 wt% 

synthetic graphite to both the nylon and polycarbonate-based composites.  It was found 

that the transverse thermal conductivity of nylon increased from 0.303 W/mK to 1.077 

W/mK with the addition of 40 wt% synthetic graphite.  The polycarbonate’s transverse 

thermal conductivity increased from 0.226 to 1.011 W/mK with the addition of 40 wt% 

synthetic graphite.  At loadings less than 10 wt%, the carbon black had the greatest effect 

on the transverse thermal conductivity followed by synthetic graphite and carbon fiber.  

At 10 wt%, carbon black had the greatest effect on nylon, but in polycarbonate carbon 

black and synthetic graphite resulted in about the same thermal conductivity.  In all cases, 

the thermal conductivity of the nylon-based composites was greater than that of the 

polycarbonate-based composites.  This difference was mainly because nylon is semi-

crystalline and polycarbonate has no crystalline structure.  Since crystals conduct heat 

better, the nylon thermal conductivity is superior to that of the polycarbonate. 

The experiments on longitudinal thermal conductivity had substantially different 

results than those on transverse thermal conductivity.  It was concluded that carbon fiber 

was the most effective in increasing the composite’s longitudinal thermal conductivities.  

The addition of 5 wt% carbon fiber in nylon increased the longitudinal thermal 

conductivity to greater than that of any transverse thermal conductivities measured in this 

study.  The synthetic graphite had the next largest effect.  The longitudinal thermal 

conductivity for the addition of 40 wt% carbon fiber and synthetic graphite to nylon is 

15.7 and 6.0 W/mK, respectively.  The addition of 40 wt% carbon fiber and synthetic 
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graphite to polycarbonate increased the longitudinal thermal conductivity to 11.4 and 6.9 

W/mK, respectively.  The carbon fiber affected the longitudinal thermal conductivity 

more than the synthetic graphite largely due to carbon fiber’s higher aspect ratio 

(approximately 9) versus synthetic graphite’s aspect ratio (approximately 1.5).  Carbon 

fiber is significantly longer than the synthetic graphite in the direction of conduction.  For 

the longitudinal thermal conductivity samples, the fillers aligned themselves in the same 

direction as the thermal conductivity measurement.  The nylon and polycarbonate 

samples revealed no significance in longitudinal thermal conductivity. 

The ratio of the longitudinal to the transverse thermal conductivity ranged from 

1.5 to 16.5, with an average of about 7.7.  This difference in ratios is attributed to the 

fillers generally being orientated in the longitudinal direction.  Since carbon fiber has the 

greatest aspect ratio, it has the greatest longitudinal composite thermal conductivity.  

Synthetic graphite has a smaller aspect ratio, so less length is present in the longitudinal 

direction compared to the carbon fiber composites; therefore, the composite thermal 

conductivity is less.  On the other hand, the lower aspect ratio of the synthetic graphite 

allows for a large length in the transverse direction (typically 30 µm) compared to the 

carbon fiber (diameter of fiber is 10µm), which allows for greater transverse thermal 

conductivity. 

6.2 Effects of Combinations of Conductive Fillers on Thermal 
Conductivity 

Through the production, testing, and analysis of the 23 factorial designs, main 

effects and some synergistic effects between the fillers were found.  The addition of 

carbon black, synthetic graphite, and carbon fiber to either nylon or polycarbonate 

significantly increased the transverse thermal conductivity of the resulting composite.  
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The analysis of both designs found that synthetic graphite had the largest effect on the 

transverse thermal conductivity.  In the nylon-based composites, synergistic effects were 

found between carbon black and synthetic graphite and between synthetic graphite and 

carbon fiber.  Synergistic effects were also found between carbon black and synthetic 

graphite, between carbon black and carbon fiber, and between synthetic graphite and 

carbon fiber in the polycarbonate-based composites.  In both designs, the synergism 

between synthetic graphite and carbon fiber was the largest.  The discovery of these 

synergistic effects was the most important result found in the two 23 designs.  The 

synergistic effects demonstrate a benefit from the combination of fillers (i.e., in a total 

effect that is greater than the sum of the individual effects. 

The same composite formulations that were tested for transverse thermal 

conductivity were tested and analyzed for longitudinal thermal conductivity.  From the 

nylon-based 23 factorial design it was concluded that carbon fiber’s, synthetic graphite’s, 

and carbon black’s main effects were significant.  From the analysis of the nylon-based 

design, it was found that carbon fiber had the greatest effect, followed by, in descending 

order, synthetic graphite, synthetic graphite/carbon fiber, and carbon black.  A positive 

interaction between carbon fiber and synthetic graphite was also found to be significant; 

therefore, a synergism exists between the two fillers.  In the polycarbonate-based design, 

the carbon fiber and synthetic graphite and their interaction were found to be significant.  

This analysis shows that carbon fiber had the greatest effect, followed by synthetic 

graphite, and, finally, synthetic graphite/carbon fiber.  The synergisms found between 

fillers (synthetic graphite and carbon fiber) in both the nylon and polycarbonate-based 
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composites for longitudinal thermal conductivity were some of the most significant 

findings of this study. 

6.3 Model of Transverse Thermal Conductivity 

It was determined that, of the basic rule of mixtures, the geometric rule of 

mixtures was the best.  The Nielsen model was focused on because it has the greatest 

opportunity for optimization.  This is because it has a parameter that can be optimized, 

which differs from the basic models.  The Nielsen model was then examined for the 

possibility of optimizing it to better predict transverse thermal conductivity.  From this 

analysis, it was concluded that the Nielsen Model with a modified ‘Ψ’ term provided the 

best fit to the data.  It was also found that the optimization of both the ‘φm’ and ‘A’ terms 

for each fiber/matrix combination gave the best fit to the experimental results.  Although, 

the two-term optimization was found to be the best fit, the ‘A’ term gives the greatest 

opportunity for optimization since it is not as rigidly based on filler physical properties. 

The analysis was continued with the Modified Nielsen Model looking at a 

simplification.  The simplification that was investigated was the combination of all ‘A’ 

terms into a global ‘A’ term.  It was found that the global ‘A’ term was a sufficient model 

for a first prediction of the composite’s transverse thermal conductivity.  It was 

concluded that the use of a global ‘A’ value of 7.8 could be used for injection-molded 

carbon filled polymers.  The use of this Global ‘A’ parameter is not suggested for any 

material substantially different from ones used in this study (carbon black, synthetic 

graphite, and carbon fiber). 
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Chapter 7: Future Work 

This study has examined the effect of carbon-based fillers in polymer matrixes on 

thermal conductivity.  Through this study, some areas were found that need to be 

investigated further.  

• Many models are designed for non-interacting sphere inclusions.  A study 

could look at how glass or aluminum spheres or possibly other materials affect 

thermal conductivity.  Parameters that should be investigated are volume 

fraction of spheres, size of spheres, and dispersion.  Thermal conductivity 

could also be studied using artificially produced size distributions.  For 

example, two very different size spheres could be added in different ratios to a 

matrix to see the effect of size ratios on thermal conductivity. 

• A detailed study into the effect of orientation and filler size on thermal 

conductivity would also be a path forward.  This study started to investigate 

how orientation and filler size effect thermal conductivity.  More work needs 

to be done in this area to determine direct causal relationship of how both 

longitudinal and transverse thermal conductivity are affected by orientation 

and filler size. 

• Studying a variety of ceramic and graphite powders with similar sizes and size 

distributions would allow the affect of different materials on thermal 

conductivity to be determined.  From such a study, the effects of different 

materials could be achieved by keeping size approximately constant 

throughout the different composites formulations. 
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• A mixture of fillers has been shown to have synergetic effects.  A further 

study to better understand these effects is needed.  A possible way to conduct 

this study would be to examine constant filler ratios and determine how they 

affect the composite’s thermal conductivity.  The study would help determine 

whether the overall loading or the ratio of fillers loading is more important.  

This could also help to determine if an optimal ratio of filler to matrix exists 

to get maximum thermal conductivity at minimal loading level. 

• Further studies need to be done to see how extrusion conditions, screw design, 

and injection molding conditions affect the thermal conductivity of the 

composite and orientation of the fillers.  In the current study, these parameters 

were kept as constant as possible so they would not factor into the results. 

Changing these processing conditions should substantially affect resulting 

composites thermal conductivity.  

• In this study, thermal conductivities were only measured at a single 

temperature (55°C for transverse and 45°C for longitudinal).  A study 

investigating the effects of temperature on thermal conductivity of carbon 

filled composites would also add insight. 

• This study used a small set of results to modify the Nielsen model through the 

creation of new data.  Use of data in literature might allow for a more 

universal model to be created.  An improved model could potentially take into 

account different materials, processing methods and conditions, orientations, 

filler size and aspect ratio distribution, and temperature, as well as other 
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factors.  This improved model could be used to target material selection 

before a composite is produced. 
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Appendix A: Summary of Experimental Results 

Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

       W/mK W/mK g/cc wt%  µµµµm    
NN Zytel 101 NC010 100 100 Avg 0.297 0.68 1.139 0.009   
  s 0.007 0.03 0.001 0.011   
  n 4 2 4 6   
  Theo   1.140    
         
NNR Zytel 101 NC010 100 100 Avg 0.309 0.75 1.141 0.014   
  s 0.006  0.000 0.007   
  n 4 1 4 4   
  Theo   1.140    
         
NAN02.5 Zytel 101 NC010 97.5 98.4 Avg 0.313  1.161    
 Ketjenblack EC600 JD 2.5 1.6 s 0.005  0.023    
  n 4  4    
  Theo   1.151    
         
NAN04 Zytel 101 NC010 96 97.4 Avg 0.374  1.163    
 Ketjenblack EC600 JD 4 2.6 s 0.003  0.004    
  n 4  4    
  Theo   1.157    
         
NANRR05 Zytel 101 NC010 95 96.8 Avg 0.383 2.90 1.169    
 Ketjenblack EC600 JD 5 3.2 s 0.002  0.002    
  n 4 1 4    
  Theo   1.161    
In the composite formulations with two fillers, the filler lengths and aspect ratios are broken into two separate answers.  The answers outside the parentheses are 
the results of the synthetic graphite and the results on the inside are for carbon fiber. 
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NANR05 Zytel 101 NC010 95 96.8 Avg 0.381 1.09 1.168    
 Ketjenblack EC600 JD 5 3.2 s 0.003  0.003    
   n 4 1 4    
   Theo   1.161    
          
NAN06 Zytel 101 NC010 94 96.1 Avg 0.393  1.172    
 Ketjenblack EC600 JD 6 3.9 s 0.001  0.001    
   n 4  4    
   Theo   1.166    
          
NAN07.5 Zytel 101 NC010 92.5 95.1 Avg 0.418  1.177    
 Ketjenblack EC600 JD 7.5 4.9 s 0.001  0.001    
   n 4  4    
   Theo   1.172    
          
NAN10 Zytel 101 NC010 90 93.4 Avg 0.449  1.191    
 Ketjenblack EC600 JD 10 6.6 s 0.002  0.000    
   n 4  4    
   Theo   1.183    
          
NBN10 Zytel 101 NC010 90 94.6 Avg 0.387 1.83 1.194 0.106 1.57 50.8 
 Thermocarb ™ CF-300 10 5.4 s 0.008  0.004 0.003 0.02 9.9 
   n 4 1 4 4 2 2 
   Theo   1.199    
          
NBN15 Zytel 101 NC010 85 91.8 Avg 0.466 1.91 1.226 0.150 1.54 56.3 
 Thermocarb ™ CF-300 15 8.2 s 0.023  0.004 0.008 0.00 4.2 
   n 4 1 4 4 2 2 
   Theo   1.231    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NBN20 Zytel 101 NC010 80 88.7 Avg 0.565 2.25 1.261 0.200 1.57 46.9 
 Thermocarb™ CF-300 20 11.3 s 0.044 0.79 0.000 0.010 0.05 18.8 
  n 5 2 4 4 2 2 
  Theo   1.264    
         
NBN30 Zytel 101 NC010 70 82.1 Avg 0.802 3.63 1.335 0.302 1.56 51.5 
 Thermocarb™ CF-300 30 17.9 s 0.049 0.54 0.004 0.004 0.03 0.2 
  n 6 2 4 5 2 2 
  Theo   1.337    
         
NBNR30 Zytel 101 NC010 70 82.1 Avg 0.836 4.441 1.334 0.302 1.53 41.4 
 Thermocarb™ CF-300 30 17.9 s 0.062  0.003 0.002 0.00 3.4 
  n 6 1 4 4 2 2 
  Theo   1.337    
         
NBN40 Zytel 101 NC010 60 74.7 Avg 1.077 6.03 1.406 0.391 1.56 56.0 
 Thermocarb™ CF-300 40 25.3 s 0.103 1.39 0.001 0.013 0.02 3.7 
  n 7 2 4 4 2 2 
  Theo   1.419    
         
NCN05 Zytel 101 NC010 95 97.3 Avg 0.328 3.04 1.168 0.062 7.68 76.8 
 ThermalGraph DKD X 5 2.7 s 0.002  0.002 0.022 0.59 5.9 
  n 4 1 4 4 2 2 
  Theo   1.167    
         
NCN10 Zytel 101 NC010 90 94.4 Avg 0.349 2.76 1.195 0.101 8.13 81.3 
 ThermalGraph DKD X 10 5.6 s 0.013  0.000 0.010 0.88 8.8 
  n 5 1 4 4 2 2 
  Theo   1.196    
 



162 

Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NCN15 Zytel 101 NC010 85 91.4 Avg 0.387 4.48 1.224 0.161 9.10 91.0 
 ThermalGraph DKD X 15 8.6 s 0.006  0.001 0.014 0.82 8.2 
   n 4 1 4 4 2 2 
   Theo   1.226    
          
NCN20 Zytel 101 NC010 80 88.3 Avg 0.464 5.48 1.256 0.195 8.39 83.9 
 ThermalGraph DKD X 20 11.7 s 0.021 0.46 0.001 0.005 0.15 1.5 
   n 4 2 4 5 2 2 
   Theo   1.258    
          
NCNR20 Zytel 101 NC010 80 88.3 Avg 0.498 6.55 1.257 0.202 8.41 84.1 
 ThermalGraph DKD X 20 11.7 s 0.020  0.002 0.005 1.01 10.1 
   n 4 1 4 4 2 2 
   Theo   1.258    
          
NCN30 Zytel 101 NC010 70 81.5 Avg 0.675 10.14 1.326 0.301 7.92 79.2 
 ThermalGraph DKD X 30 18.5 s 0.043  0.001 0.003 1.79 17.9 
   n 4 1 4 4 2 2 
   Theo   1.327    
          
NCN40 Zytel 101 NC010 60 73.9 Avg 0.950 15.67 1.412 0.396 8.28 82.8 
 ThermalGraph DKD X 40 26.1 s 0.106  0.013 0.011 0.14 1.4 
   n 6 1 4 4 2 2 
   Theo   1.404    
          
NABN Zytel 101 NC010 65 77.9 Avg 0.956 5.72 1.367    
 Ketjenblack EC600 JD 5 3.8 s 0.003 0.92 0.002    
 Thermocarb™ CF-300 30 18.3 n 4 2 4    
   Theo   1.366    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NABNR Zytel 101 NC010 65 77.9 Avg 0.999 6.60 1.372 
 Ketjenblack EC600 JD 5 3.8 s 0.072 0.78 0.003 
 Thermocarb™ CF-300 30 18.3 n 6 2 4 
   Theo   1.366 
       
NACN Zytel 101 NC010 75 84.5 Avg 0.556 6.52 1.288 
 Ketjenblack EC600 JD 5 3.6 s 0.039 2.41 0.000 
 ThermalGraph DKD X 20 11.9 n 4 2 4 
   Theo   1.284 
       
NACNR Zytel 101 NC010 75 84.5 Avg 0.578 7.69 1.287 
 Ketjenblack EC600 JD 5 3.6 s 0.035  0.000 
 ThermalGraph DKD X 20 11.9 n 4 1 4 
   Theo   1.284 
       
NBCN Zytel 101 NC010 50 65.9 Avg 1.733 15.03 1.499 0.510 1.67(6.86) 41.5(68.6)
 Thermocarb™ CF-300 30 20.1 s 0.061 1.51 0.001 0.019 0.07(0.35) 8.5(3.5)
 ThermalGraph DKD X 20 14 n 5 2 4 6 2(2) 2(2)
   Theo   1.503 
       
NBCNR Zytel 101 NC010 50 65.9 Avg 1.773 14.91 1.502 0.512 1.62(7.67) 34.5(76.7)
 Thermocarb™ CF-300 30 20.1 s 0.022  0.002 0.005 0.10(0.42) 4.2(4.2)
 ThermalGraph DKD X 20 14 n 4 1 4 4 2(2) 2(2)
   Theo   1.503 
       
NABCN Zytel 101 NC010 45 60.8 Avg 1.993 15.05 1.533 
 Ketjenblack EC600 JD 5 4.3 s 0.074  0.004 
 Thermocarb™ CF-300 30 20.6 n 4 1 4 
 ThermalGraph DKD X 20 14.3 Theo   1.540 
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NABCNR Zytel 101 NC010 45 60.8 Avg 1.963 17.32 1.542    
 Ketjenblack EC600 JD 5 4.3 s 0.097  0.001    
 Thermocarb™ CF-300 30 20.6 n 5 1 4    
 ThermalGraph DKD X 20 14.3 Theo   1.540    
          
NP Lexan HF 1110-11N 100 100 Avg 0.226 0.77 1.195 0.006   
   s 0.002 0.77 0.001 0.004   
   n 4 2 4 4   
   Theo   1.200    
          
NPR Lexan HF 1110-11N 100 100 Avg 0.227 0.34 1.194 0.010   
   s 0.001 0.34 0.001 0.004   
   n 4 2 4 4   
   Theo   1.200    
          
NAP02.5 Lexan HF 1110-11N 97.5 98.4 Avg 0.247  1.202    
 Ketjenblack EC600 JD 2.5 1.6 s 0.004  0.001    
   n 4  4    
   Theo   1.210    
          
NAP04 Lexan HF 1110-11N 96 97.4 Avg 0.264  1.210    
 Ketjenblack EC600 JD 4 2.6 s 0.001  0.001    
   n 4  4    
   Theo   1.216    
          
NAP05 Lexan HF 1110-11N 95 96.8 Avg 0.273 0.72 1.213    
 Ketjenblack EC600 JD 5 3.2 s 0.002 0.72 0.002    
   n 4 2 4    
   Theo   1.220    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NAPR05 Lexan HF 1110-11N 95 96.8 Avg 0.270 1.12 1.216    
 Ketjenblack EC600 JD 5 3.2 s 0.005 0.73 0.000    
   n 4 2 4    
   Theo   1.220    
          
NAP06 Lexan HF 1110-11N 94 96.2 Avg 0.284  1.220    
 Ketjenblack EC600 JD 6 3.8 s 0.000  0.001    
   n 4  4    
   Theo   1.224    
          
NAP07.5 Lexan HF 1110-11N 92.5 95.2 Avg 0.302  1.228    
 Ketjenblack EC600 JD 7.5 4.8 s 0.001  0.001    
   n 4  4    
   Theo   1.231    
          
NAP10 Lexan HF 1110-11N 90 93.8 Avg 0.330  1.236    
 Ketjenblack EC600 JD 10 6.3 s 0.001  0.001    
   n 4  4    
   Theo   1.241    
          
NBP10 Lexan HF 1110-11N 90 94.4 Avg 0.325 1.01 1.254 0.098 1.54 41.5 
 Thermocarb™ CF-300 10 5.6 s 0.007  0.002 0.019 0.00 8.5 
   n 4 1 4 5 2 2 
   Theo   1.258    
          
NBP15 Lexan HF 1110-11N 85 91.4 Avg 0.354 1.56 1.266 0.148 1.54 41.5 
 Thermocarb™ CF-300 15 8.6 s 0.007  0.000 0.022 0.00 8.5 
   n 4 1 4 4 2 2 
   Theo   1.290    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NBP20 Lexan HF 1110-11N 80 88.2 Avg 0.486 2.72 1.314 0.197 1.54 32.3 
 Thermocarb™ CF-300 20 11.8 s 0.008 0.83 0.004 0.007 0.00 0.0 
   n 4 3 4 4 2 2 
   Theo   1.323    
          
NBP30 Lexan HF 1110-11N 70 81.3 Avg 0.666 3.50 1.386 0.300 1.55 32.6 
 Thermocarb™ CF-300 30 18.7 s 0.009 0.41 0.002 0.011 0.02 3.3 
   n 4 3 4 4 2 2 
   Theo   1.394    
          
NBPR30 Lexan HF 1110-11N 70 81.3 Avg 0.687 4.11 1.386 0.294 1.58 35.7 
 Thermocarb™ CF-300 30 18.7 s 0.015 0.58 0.008 0.022 0.04 4.8 
   n 4 2 4 4 2 2 
   Theo   1.394    
          
NBP40 Lexan HF 1110-11N 60 73.7 Avg 1.011 6.88 1.463 0.387 1.54 36.6 
 Thermocarb™ CF-300 40 26.3 s 0.025 2.66 0.002 0.010 0.01 6.0 
   n 4 2 4 4 2 2 
   Theo   1.474    
          
NCP05 Lexan HF 1110-11N 95 97.1 Avg 0.247 1.76 1.218 0.046 8.41 84.1 
 ThermalGraph DKD X 5 2.9 s 0.001  0.008 0.008 0.12 1.2 
   n 4 1 4 4 2 2 
   Theo   1.227    
          
NCP10 Lexan HF 1110-11N 90 94.2 Avg 0.278 2.35 1.250 0.107 7.69 76.9 
 ThermalGraph DKD X 10 5.8 s 0.002  0.002 0.013 0.26 2.6 
   n 4 1 4 4 2 2 
   Theo   1.255    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NCP15 Lexan HF 1110-11N 85 91 Avg 0.318 3.22 1.279 0.138 7.85 78.5 
 ThermalGraph DKD X 15 9 s 0.002  0.001 0.011 0.17 1.7 
   n 4 1 4 4 2 2 
   Theo   1.285    
          
NCP20 Lexan HF 1110-11N 80 87.8 Avg 0.373 4.62 1.312 0.184 7.26 72.6 
 ThermalGraph DKD X 20 12.2 s 0.006  0.006 0.004 1.23 12.3 
   n 4 1 4 4 2 2 
   Theo   1.316    
          
NCPR20 Lexan HF 1110-11N 80 87.8 Avg 0.378 4.68 1.314 0.197 6.64 66.4 
 ThermalGraph DKD X 20 12.2 s 0.004 0.20 0.001 0.008 0.26 2.6 
   n 4 2 4 4 2 2 
   Theo   1.316    
          
NCP30 Lexan HF 1110-11N 70 80.7 Avg 0.569 8.04 1.383 0.308 7.25 72.5 
 ThermalGraph DKD X 30 19.3 s 0.042  0.004 0.006 0.84 8.4 
   n 6 1 4 4 2 2 
   Theo   1.383    
          
NCP40 Lexan HF 1110-11N 60 72.9 Avg 0.743 11.43 1.457 0.406 5.83 58.3 
 ThermalGraph DKD X 40 27.1 s 0.027  0.000 0.016 0.61 6.1 
   n 6 1 4 4 2 2 
   Theo   1.458    
          
NABP Lexan HF 1110-11N 65 78.3 Avg 0.786 4.51 1.416    
 Ketjenblack EC600 JD 5 3.7 s 0.023 0.26 0.002    
 Thermocarb™ CF-300 30 18 n 4 2 4    
   Theo   1.422    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

     W/mK W/mK g/cc wt%  µµµµm    
NABPR Lexan HF 1110-11N 65 78.3 Avg 0.802 4.59 1.413    
 Ketjenblack EC600 JD 5 3.7 s 0.008 0.38 0.021    
 Thermocarb™ CF-300 30 18 n 4 2 4    
   Theo   1.422    
          
NACP Lexan HF 1110-11N 75 84.7 Avg 0.486 4.50 1.337    
 Ketjenblack EC600 JD 5 3.5 s 0.011 0.19 0.003    
 ThermalGraph DKD X 20 11.8 n 4 2 4    
   Theo   1.341    
          
NACPR Lexan HF 1110-11N 75 84.7 Avg 0.497 4.68 1.335    
 Ketjenblack EC600 JD 5 3.5 s 0.002 0.32 0.003    
 ThermalGraph DKD X 20 11.8 n 4 2 4    
   Theo   1.341    
          
NBCP Lexan HF 1110-11N 50 64.7 Avg 1.551 13.56 1.538 0.491 1.60(6.60) 25.2(66.0) 
 Thermocarb™ CF-300 30 20.8 s 0.039  0.004 0.025 0.00(1.27) 0.0(12.7) 
 ThermalGraph DKD X 20 14.5 n 4 1 4 4 2(2) 2(2) 
   Theo   1.554    
          
NBCPR Lexan HF 1110-11N 50 64.7 Avg 1.570 13.57 1.550 0.503 1.58(6.76) 26.4(65.1) 
 Thermocarb™ CF-300 30 20.8 s 0.080  0.002 0.014 0.06(0.04) 1.7(3.2) 
 ThermalGraph DKD X 20 14.5 n 4 1 4 4 2(2) 2(2) 
   Theo   1.554    
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Composite 
Formulation 

Name 
Description Wt% Vol%  

Transverse 
Thermal 

Conductivity 
@55C 

Longitudinal 
Thermal 

Conductivity 
@45C 

Density 

Solvent 
Digestion 
Weight 
Percent 

Median 
Filler 

Aspect 
Ratio 

Median 
Filler 

Particle 
Length 

    W/mK W/mK g/cc wt%  µµµµm    
NABCP Lexan HF 1110-11N 45 62.1 Avg 1.866  1.582    
 Ketjenblack EC600 JD 5 4.1 s 0.100  0.002    
 Thermocarb™ CF-300 30 19.9 n 6  4    
 ThermalGraph DKD X 20 13.9 Theo   1.588    
          
NABCPR Lexan HF 1110-11N 45 62.1 Avg 2.109  1.586    
 Ketjenblack EC600 JD 5 4.1 s 0.031  0.001    
 Thermocarb™ CF-300 30 19.9 n 4  4    
 ThermalGraph DKD X 20 13.9 Theo   1.588    
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Appendix B: Screw Design and Description 
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For Screw Type Elements 
GFA-d-ee-ff 
G = co-rotating 
F = conveying 
A = Free-Meshing 
d = number of threads 
ee = pitch (length in millimeters for one complete rotation) 

ff = length of screw elements in millimeters 
 
Kneading disks 
KBj-d-kk-ll 
KB = kneading block 
j = number of kneading segments 
d = number of threads 
k = length of kneading block in millimeters 
l = twisting angle of the individual kneading segments  

 
 

Kneading disks 
KS1-d-hh-i 
KS1 = Kneading disc 
d = number of threads 
h = length of kneading disc in millimeters 
i = A for initial disc and E for end disc 
 
Zones 
0D to 4D is Zone 1 
4D to 8D is Zone 2 and Heating Zone 1 
8D to 12D is Zone 3 and Heating Zone 2 
12D to 16D is Zone 4 and Heating Zone 3 
16D to 20D is Zone 5 and Heating Zone 4 
20D to 24D is Zone 6 and Heating Zone 5 
24D to 28D is Zone 7 and Heating Zone 6 
28D to 32D is Zone 8 and Heating Zone 7 
32D to 36D is Zone 9 and Heating Zone 8 
36D to 40D is Zone 10 and Heating Zone 9 
Nozzle is Heating Zone 10
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Appendix C: Extrusion Conditions 
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Appendix D: Injection Molding Conditions 
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Appendix E: Transverse Thermal Conductivity Results 
 



 200

Appendix F: Density Results 
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Appendix G: Longitudinal Thermal Conductivity Calculation 
Fourier’s Law, which explains heat by conduction, can be expressed by the following 
equation for a specimen with uniform cross sectional area: 

( )
d

TTAKQ ba −⋅⋅
=         (G.1) 

Where:  Q is heat 
K is thermal conductivity 
A is cross sectional area 
Ta and Tb are temperatures at points a and b along the length of the 
specimen 
d is the distance between points a and b 

 
For a specimen with rectangular cross section the area is width multiplied by height. 

( )
d

TTAKQ ba −⋅⋅
=         (G.2) 

Where:  w is width 
h is height 

 
For heat from electrical resistance heating, heat is equal to the power dissipated by the 
resistor 

IVQ ⋅=          (G.3) 
 
Where:  V is voltage drop across the resistor 

I is current passing through the resistor 
 
Equations A.1, A.2, and A.3 can be combined to show that: 

( )ba TThw
dIVK
−⋅⋅

⋅⋅=         (G.4) 

 
If two thermocouples connected in series are used to measure the temperature difference 
along a sample, the temperature difference will be proportional to voltage across the two 
thermocouples. 
 
Between 20 and 40°C, the voltage across a type K thermocouple can be represented by 
the equation: 

39937.05917.24 +⋅= vT        (G.5) 
Where:  T is temperature in degrees Celsius at the thermocouple 

v is millivolts potential across the thermocouple 
 



 221

For two thermocouples in series the temperature difference can be expressed as a voltage: 
vTT ba ⋅=− 5917.24         (G.6) 

Where:  v is the voltage across the two thermocouples placed at points a and b 
along the sample, the thermocouples be connected in series. 

 
Given the conversions: 

min 0254.01 =          (G.7) 
22 00064516.01 min =         (G.8) 

 
Equations G.4, G.6, G.7, and G.8 can be combined to show: 
 

vhw
dIVK

⋅⋅
⋅⋅= 9.1600         (G.9) 

Where:  K is thermal conductivity in W/mK 
V is voltage across sample heater is volts 
I is current through sample heater in amps 
d is distance, in inches, between the two points where thermocouples are 
placed. 
w is width, in inches, of the sample 
h is height, in inches, of the sample 
v is voltage, in volts, across the two thermocouples in series 
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Appendix H: Longitudinal Thermal Conductivity Results 
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Appendix I: Solvent Digestion Results 
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Appendix J: Filler Aspect Ratio and Length Summary of 
Results 

Table J.1 Filler Aspect Ratio and Length of Original Fillers 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

Pitch-based Carbon Fiber 100 mean 16.75 0.1675
out of box  median 11.30 0.1130

  std. dev. 16.89 0.1689
  n 1101 1101 

Synthetic Graphite 100 mean 1.81 0.0683
out of box  median 1.68 0.0517

  std. dev. 0.54 0.0589
  n 1011 1011 

 
Table J.2 Filler Aspect Ratio and Length of NBN10 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBN10 – 06  mean 1.67 0.0564
nylon 6,6 90 median 1.55 0.0438
graphite 10 std. Dev. 0.46 0.0438

  n 1717 1717 
NBN10 – 11  mean 1.69 0.0797

nylon 6,6 90 median 1.58 0.0577
graphite 10 std. Dev. 0.47 0.0674

  n 845 845 
average mean 1.68 0.0681

average median 1.57 0.0508
 
Table J.3 Filler Aspect Ratio and Length of NBN15 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBN15 - 03  mean 1.68 0.0777
nylon 6,6 85 median 1.54 0.0534
graphite 15 std. dev. 0.49 0.0732

  n 782 782 
NBN15 - 09  mean 1.67 0.0806

nylon 6,6 85 median 1.55 0.0593
graphite 15 std. dev. 0.44 0.0660

  n 900 900 
average mean 1.67 0.0791

average median 1.54 0.0563
 



 248

Table J.4 Filler Aspect Ratio and Length of NBN20 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBN20 - 10  Mean 1.71 0.0764
nylon 6,6 80 Median 1.61 0.0602
graphite 20 std. dev. 0.43 0.0593

  n 872 872 
NBN20 - 17  Mean 1.63 0.0478

nylon 6,6 80 Median 1.54 0.0335
graphite 20 std. dev. 0.40 0.0513

  n 1155 1155 
average mean 1.67 0.0621

average median 1.57 0.0469
 
Table J.5 Filler Aspect Ratio and Length of NBN30 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBN30-04  Mean 1.66 0.0721
nylon 6,6 70 median 1.54 0.0514
graphite 30 std. dev. 0.45 0.0654

  n 1073 1073 
NBN30-10  mean 1.70 0.0775

nylon 6,6 70 median 1.58 0.0517
graphite 30 std. dev. 0.49 0.0756

  n 1068 1068 
average mean 1.68 0.0748

average median 1.56 0.0515
 
Table J.6 Filler Aspect Ratio and Length of NBNR30 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBNR30-07  mean 1.60 0.0529
nylon 6,6 70 median 1.53 0.0389
graphite 30 std. dev. 0.39 0.0438

  n 3782 3782 
NBNR30-13  mean 1.62 0.0590

nylon 6,6 70 median 1.53 0.0438
graphite 30 std. dev. 0.40 0.0496

  n 3649 3649 
average mean 1.61 0.0559

average median 1.53 0.0414
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Table J.7 Filler Aspect Ratio and Length of NBN40 

Sample Name Wt%  Aspect 
Ratio 

Length 
(mm) 

NBN40-09  mean 1.67 0.0756
nylon 6,6 60 median 1.55 0.0534
graphite 40 std. dev. 0.46 0.0653

  n 794 794 
NBN40-20  mean 1.68 0.0850

nylon 6,6 60 median 1.58 0.0586
graphite 40 std. dev. 0.42 0.0748

  n 865 865 
average mean 1.67 0.0803

average median 1.56 0.056 
 
Table J.8 Filler Aspect Ratio and Length of NCN05 

Sample Name Wt%  Aspect 
Ratio 

Length 
(mm) 

NCN05-20  mean 9.36 0.0936
nylon 6,6 95 median 8.10 0.0810

pitch-based carbon fiber 5 std. Dev. 6.38 0.0638
  n 1623 1623 

NCN05-26  mean 8.35 0.0835
nylon 6,6 95 median 7.26 0.0726

pitch-based carbon fiber 5 std. Dev. 5.67 0.0567
  n 1127 1127 
average mean 8.85 0.0885

average median 7.68 0.0768
 
Table J.9 Filler Aspect Ratio and Length of NCN10 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCN10-11  mean 9.14 0.0914
nylon 6,6 90 median 7.51 0.0751

pitch-based carbon fiber 10 std. Dev. 6.36 0.0636
  n 2539 2539 

NCN10-22  mean 10.54 0.1054
nylon 6,6 90 median 8.75 0.0875

pitch-based carbon fiber 10 std. Dev. 6.99 0.0699
  n 2406 2406 
average mean 9.84 0.0984

average median 8.13 0.0813
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Table J.10 Filler Aspect Ratio and Length of NCN15 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCN15-16  mean 11.42 0.1142
nylon 6,6 85 median 9.68 0.0968

pitch-based carbon fiber 15 std. dev. 7.48 0.0748
  n 3908 3908 

NCN15-18  mean 9.74 0.0974
nylon 6,6 85 median 8.52 0.0852

pitch-based carbon fiber 15 std. dev. 6.09 0.0609
  n 2275 2275 
average mean 10.58 0.1058

average median 9.10 0.091 
 
Table J.11 Filler Aspect Ratio and Length of NCN20 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCN20-16  mean 9.46 0.0946
nylon 6,6 80 median 8.28 0.0828

pitch-based carbon fiber 20 std. Dev. 5.83 0.0583
  n 1747 1747 

NCN20-19  mean 9.68 0.0968
nylon 6,6 80 median 8.49 0.0849

pitch-based carbon fiber 20 std. Dev. 6.79 0.0679
  n 2585 2585 
average mean 9.57 0.0957

average median 8.39 0.0839
 
Table J.12 Filler Aspect Ratio and Length of NCNR20 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCNR20-10  mean 10.13 0.1013
nylon 6,6 80 median 9.12 0.0912

pitch-based carbon fiber 20 std. dev. 6.08 0.0608
  n 1585 1585 

NCNR20-15  mean 8.69 0.0869
nylon 6,6 80 median 7.69 0.0769

pitch-based carbon fiber 20 std. dev. 5.39 0.0539
  n 1882 1882 
average mean 9.41 0.0941

average median 8.41 0.0841
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Table J.13 Filler Aspect Ratio and Length of NCN30 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCN30-12  mean 7.72 0.0772
nylon 6,6 70 median 6.65 0.0665

pitch-based carbon fiber 30 std. dev. 5.51 0.0551
  n 1060 1060 

NCN30-18  mean 10.61 0.1061
nylon 6,6 70 median 9.19 0.0919

pitch-based carbon fiber 30 std. dev. 6.67 0.0667
  n 4117 4117 
average mean 9.17 0.0917

average median 7.92 0.0792
 
Table J.14 Filler Aspect Ratio and Length of NCN40 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCN40-14  mean 9.46 0.0946
nylon 6,6 60 median 8.39 0.0839

Pitch-based carbon fiber 40 std. Dev. 5.65 0.0565
  n 2267 2267 

NCN40-09  mean 9.47 0.0947
nylon 6,6 60 median 8.18 0.0818

Pitch-based carbon fiber 40 std. Dev. 6.25 0.0625
  n 2860 2860 
average mean 9.47 0.0947

average median 8.28 0.0828
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Table J.15 Filler Aspect Ratio and Length of NBCN 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBCN – 05 – Graphite Particles  mean 1.87 0.0514
nylon 6,6 50 median 1.72 0.0355
graphite 30 std. Dev. 0.63 0.0444

pitch-based carbon fiber 20 n 510 510 
NBCN – 05 – Fibers  mean 7.61 0.0761

nylon 6,6 50 median 7.11 0.0711
graphite 30 std. Dev. 3.83 0.0383

pitch-based carbon fiber 20 n 340 340 
NBCN – 08 – Graphite Particles  mean 1.81 0.0681

nylon 6,6 50 median 1.62 0.0470
graphite 30 std. Dev. 0.65 0.0644

pitch-based carbon fiber 20 n 493 493 
NBCN – 08 – Fibers  mean 6.74 0.0674

nylon 6,6 50 median 6.61 0.0661
graphite 30 std. Dev. 3.53 0.0353

pitch-based carbon fiber 20 n 515 515 
 
Table J.16 Filler Aspect Ratio and Length of NBCNR 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBCNR – 08 – Graphite Particles  mean 1.86 0.0455
nylon 6,6 50 median 1.68 0.0375
graphite 30 std. Dev. 0.64 0.0309

pitch-based carbon fiber 20 n 642 642 
NBCNR – 08 – Fibers  mean 8.01 0.0801

nylon 6,6 50 median 7.37 0.0737
graphite 30 std. Dev. 3.93 0.0393

pitch-based carbon fiber 20 n 513 513 
NBCNR – 11 – Graphite Particles  mean 1.59 0.0383

nylon 6,6 50 median 1.54 0.0315
graphite 30 std. Dev. 0.35 0.0267

pitch-based carbon fiber 20 n 614 614 
NBCNR – 11 – Fibers  mean 8.45 0.0845

nylon 6,6 50 median 7.97 0.0797
graphite 30 std. Dev. 4.34 0.0434

pitch-based carbon fiber 20 n 305 305 
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Table J.17 Filler Aspect Ratio and Length of NBP10 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBP10-17  mean 1.63 0.0557
polycarbonate 90 median 1.54 0.0416

graphite 10 std. dev. 0.41 0.0470
  n 2147 2147 

NBP10-19  mean 1.63 0.0446
polycarbonate 90 median 1.54 0.0382

graphite 10 std. dev. 0.41 0.0286
  n 5103 5103 
average mean 1.63 0.0502

average median 1.54 0.0399
 
Table J.18 Filler Aspect Ratio and Length of NBP15 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBP15-09  mean 1.66 0.0528
polycarbonate 85 median 1.54 0.0391

graphite 15 std. Dev. 0.48 0.0423
  n 2428 2428 

NBP15-12  mean 1.63 0.0352
polycarbonate 85 median 1.54 0.0259

graphite 15 std. Dev. 0.37 0.0276
  n 2537 2537 
average mean 1.65 0.044 

average median 1.54 0.0325
 
Table J.19 Filler Aspect Ratio and Length of NBP20 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBP20-06  mean 1.63 0.0403
polycarbonate 80 median 1.54 0.0323

graphite 20 std. Dev. 0.38 0.0281
  n 5011 5011 

NBP20-09  mean 1.64 0.0415
polycarbonate 80 median 1.54 0.0323

graphite 20 std. Dev. 0.38 0.0306
  n 5731 5731 
average mean 1.64 0.0409

average median 1.54 0.0323
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Table J.20 Filler Aspect Ratio and Length of NBP30 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBP30-07  mean 1.67 0.0426
polycarbonate 70 median 1.57 0.0303

graphite 30 std. dev. 0.40 0.0396
  n 4895 4895 

NBP30-16  mean 1.65 0.0450
polycarbonate 70 median 1.54 0.0350

graphite 30 std. dev. 0.39 0.0333
  n 2935 2935 
average mean 1.66 0.0438

average median 1.55 0.0326
 
Table J.21 Filler Aspect Ratio and Length of NBPR30 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBPR30-12  mean 1.68 0.0552
polycarbonate 70 median 1.55 0.0391

graphite 30 std. Dev. 0.47 0.0501
  n 5183 5183 

NBPR30-16  mean 1.72 0.0442
polycarbonate 70 median 1.61 0.0323

graphite 30 std. Dev. 0.47 0.0366
  n 6243 6243 
average mean 1.70 0.0497

average median 1.58 0.0357
 
Table J.22 Filler Aspect Ratio and Length of NBP40 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBP40-06  mean 1.64 0.0448
polycarbonate 60 median 1.54 0.0323

graphite 40 std. dev. 0.38 0.0373
  n 4245 4245 

NBP40-08  mean 1.66 0.0580
polycarbonate 60 median 1.55 0.0408

graphite 40 std. dev. 0.41 0.0514
  n 5705 5705 
average mean 1.65 0.0514

average median 1.54 0.0366
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Table J.23 Filler Aspect Ratio and Length of NCP05 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCP05-08  mean 10.35 0.1035
polycarbonate 95 median 8.32 0.0832

pitch-based carbon fiber 5 std. dev. 7.00 0.0700
  n 1004 1004 

NCP05-14  mean 10.29 0.1029
polycarbonate 95 median 8.49 0.0849

pitch-based carbon fiber 5 std. dev. 7.32 0.0732
  n 885 885 
average mean 10.32 0.1032

average median 8.41 0.0841
 
Table J.24 Filler Aspect Ratio and Length of NCP10 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCP10-08  mean 9.43 0.0943
polycarbonate 90 median 7.51 0.0751

pitch-based carbon fiber 10 std. dev. 6.80 0.0680
  n 2084 2084 

NCP10-15  mean 9.73 0.0973
polycarbonate 90 median 7.87 0.0787

pitch-based carbon fiber 10 std. dev. 6.80 0.0680
  n 2409 2409 
average mean 9.58 0.0958

average median 7.69 0.0769
 
Table J.25 Filler Aspect Ratio and Length of NCP15 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCP15-08  mean 9.59 0.0959
polycarbonate 85 median 7.97 0.0797

pitch-based carbon fiber 15 std. dev. 6.33 0.0633
  n 2151 2151 

NCP15-14  mean 9.53 0.0953
polycarbonate 85 median 7.72 0.0772

pitch-based carbon fiber 15 std. dev. 6.49 0.0649
  n 3663 3663 
average mean 9.56  

average median 7.85  
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Table J.26 Filler Aspect Ratio and Length of NCP20 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NCP20-07  mean 9.47 0.0947
polycarbonate 80 median 8.13 0.0813

pitch-based carbon fiber 20 std. dev. 5.84 0.0584
  n 1320 1320 

NCP20-12  mean 7.67 0.0767
polycarbonate 80 median 6.39 0.0639

pitch-based carbon fiber 20 std. dev. 5.22 0.0522
  n 2681 2681 
average mean 8.57 0.0857

average median 7.26 0.0726
 
Table J.27 Filler Aspect Ratio and Length of NCPR20 

Sample Name wt%  Aspect  
Ratio 

Length 
(mm)

NCPR20-06  mean 7.97 0.0797
polycarbonate 80 median 6.45 0.0645

pitch-based carbon fiber 20 std. dev. 5.81 0.0581
  n 2431 2431 

NCPR20-08  mean 8.36 0.0836
polycarbonate 80 median 6.82 0.0682

pitch-based carbon fiber 20 std. dev. 5.82 0.0582
  n 3922 3922 

average mean 8.17 0.082 
average median 6.64 0.066 

 
Table J.28 Filler Aspect Ratio and Length of NCP30 

Sample Name wt%  Aspect  
Ratio 

Length 
(mm) 

NCP30-09  mean 7.68 0.0768 
polycarbonate 70 median 6.65 0.0665 

pitch-based carbon fiber 30 std. dev. 4.97 0.0497 
  n 4138 4138 

NCP30-12  mean 8.93 0.0893 
polycarbonate 70 median 7.85 0.0785 

pitch-based carbon fiber 30 std. dev. 5.45 0.0545 
  n 1496 1496 

average mean   8.30 0.083 
average median   7.25 0.072 
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Table J.29 Filler Aspect Ratio and Length of NCP40 

Sample Name wt%  Aspect  
Ratio 

Length 
(mm) 

NCP40-11  mean 6.64 0.0664 
polycarbonate 60 median 5.40 0.0540 

pitch-based carbon fiber 40 std. Dev. 4.62 0.0462 
  n 2738 2738 

NCP40-15  mean 7.19 0.0719 
polycarbonate 60 median 6.26 0.0626 

pitch-based carbon fiber 40 std. Dev. 4.66 0.0466 
  n 4755 4755 

average mean   6.92 0.069 
average median   5.83 0.058 

 
Table J.30 Filler Aspect Ratio and Length of NBCP 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBCP – 08 – Graphite Particles  mean 1.66 0.0352
polycarbonate 50 median 1.60 0.0252

pitch-based carbon fiber 20 std. Dev. 0.36 0.0293
graphite 30 n 739 739 

NBCP – 08 – Fibers  mean 6.34 0.0634
polycarbonate 50 median 5.70 0.0570

pitch-based carbon fiber 20 std. Dev. 3.77 0.0377
graphite 30 n 351 351 

NBCP – 10 – Graphite Particles  mean 1.68 0.0319
polycarbonate 50 median 1.60 0.0252

pitch-based carbon fiber 20 std. Dev. 0.39 0.0224
graphite 30 n 734 734 

NBCP – 10 – Fibers  mean 7.94 0.0794
polycarbonate 50 median 7.49 0.0749

pitch-based carbon fiber 20 std. Dev. 3.86 0.0386
graphite 30 n 321 321 
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Table J.31 Filler Aspect Ratio and Length of NBCPR 

Sample Name wt%  Aspect 
Ratio 

Length 
(mm) 

NBCPR - 13 - Graphite Particles  mean 1.72 0.0346
polycarbonate 50 median 1.62 0.0276

pitch-based carbon fiber 20 std. dev. 0.40 0.0295
graphite 30 n 785 785 

NBCPR - 13 - Fibers  mean 7.29 0.0729
polycarbonate 50 median 6.73 0.0673

pitch-based carbon fiber 20 std. dev. 3.29 0.0329
graphite 30 n 325 325 

NBCPR - 15 - Graphite Particles  mean 1.62 0.0314
polycarbonate 50 median 1.54 0.0252

pitch-based carbon fiber 20 std. dev. 0.36 0.0207
graphite 30 n 767 767 

NBCPR - 15 - Fibers  mean 6.86 0.0686
polycarbonate 50 median 6.28 0.0628

pitch-based carbon fiber 20 std. dev. 3.68 0.0368
graphite 30 n 368 368 
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Appendix K: Orientation (Moment Angle Analysis) 
Table K.1 Filler Aspect Ratio and Length of NBN10 

Sample Name wt%  Moment Angle 
(Degrees) 

NBN10 – 06  mean 59.509 
nylon 6,6 90 median 66.989 
graphite 10 std. dev. 23.590 

  n 376 
NBN10 – 11  mean 57.924 

nylon 6,6 90 median 63.627 
graphite 10 std. dev. 24.246 

  n 357 
average mean 58.716 

average median 65.308 
 
Table K.2 Filler Aspect Ratio and Length of NBN15 

Sample Name wt%  Moment Angle 
(Degrees) 

NBN15 - 03  mean 61.872 
nylon 6,6 85 median 67.938 
graphite 15 std. dev. 22.511 

  n 699 
NBN15 - 09  mean 58.758 

nylon 6,6 85 median 64.194 
graphite 15 std. dev. 23.502 

  n 761 
NBN15 - 16  mean 60.076 

nylon 6,6 85 median 67.057 
graphite 15 std. dev. 24.436 

  n 658 
average mean 60.235 

average median 64.374 
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Table K.3 Filler Aspect Ratio and Length of NBN20 

Sample Name wt%  Moment Angle 
(Degrees) 

NBN20 - 07  mean 60.584 
nylon 6,6 80 median 67.363 
graphite 20 std. dev. 24.895 

  n 1222 
NBN20 - 10  mean 62.171 

nylon 6,6 80 median 68.505 
graphite 20 std. dev. 24.531 

  n 1389 
NBN20 - 17  mean 61.883 

nylon 6,6 80 median 68.971 
graphite 20 std. dev. 24.471 

  n 1144 
average mean 61.546 

average median 68.280 
 
Table K.4 Filler Aspect Ratio and Length of NBN30 

Sample Name wt%  Moment Angle 
(Degrees) 

NBN30-04  mean 56.850 
nylon 6,6 70 median 61.103 
graphite 30 std. dev. 25.295 

  n 1170 
NBN30-10  mean 58.021 

nylon 6,6 70 median 63.453 
graphite 30 std. dev. 24.850 

  n 1154 
NBN30-20  mean 54.500 

nylon 6,6 70 median 57.986 
graphite 30 std. dev. 25.884 

  n 1033 
NBN30-31  mean 60.458 

nylon 6,6 70 median 66.564 
graphite 30 std. dev. 24.066 

  n 427 
average mean 57.457 

average median 60.919 
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Table K.5 Filler Aspect Ratio and Length of NBNR30 

Sample Name wt%  Moment Angle 
(Degrees) 

NBNR30-11  mean 64.722 
nylon 6,6 70 median 70.209 
graphite 30 std. dev. 22.987 

  n 1738 
NBNR30-13  mean 62.925 

nylon 6,6 70 median 68.742 
graphite 30 std. dev. 23.676 

  n 1621 
NBNR30-15  mean 65.337 

nylon 6,6 70 median 71.846 
graphite 30 std. dev. 22.569 

  n 1679 
average mean 64.328 

average median 70.266 
 
Table K.6 Filler Aspect Ratio and Length of NBN40 

Sample Name wt%  Moment Angle 
(Degrees) 

NBN40-09  mean 59.144 
nylon 6,6 60 median 63.587 
graphite 40 std. dev. 25.510 

  n 1008 
NBN40-16  mean 57.921 

nylon 6,6 60 median 62.098 
graphite 40 std. dev. 24.828 

  n 970 
NBN40-25  mean 57.686 

nylon 6,6 60 median 63.928 
graphite 40 std. dev. 26.826 

  n 1257 
average mean 58.250 

average median 63.204 
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Table K.7 Filler Aspect Ratio and Length of NCN05 

Sample Name wt%  Moment Angle 
(Degrees) 

NCN05-05  mean 69.512 
nylon 6,6 95 median 78.833 

pitch-based carbon fiber 5 std. dev. 21.798 
  n 245 

NCN05-13  mean 72.654 
nylon 6,6 95 median 82.728 

pitch-based carbon fiber 5 std. dev. 22.280 
  n 297 

NCN05-26  mean 75.266 
nylon 6,6 95 median 84.254 

pitch-based carbon fiber 5 std. dev. 19.821 
  n 289 
average mean 72.477 

average median 81.938 
 
Table K.8 Filler Aspect Ratio and Length of NCN10 

Sample Name wt%  Moment Angle 
(Degrees) 

NCN10-05  mean 69.178 
nylon 6,6 90 median 79.252 

pitch-based carbon fiber 10 std. dev. 23.318 
  n 513 

NCN10-11  mean 72.716 
nylon 6,6 90 median 82.165 

pitch-based carbon fiber 10 std. dev. 21.159 
  n 983 

NCN10-22  mean 72.933 
nylon 6,6 90 median 81.843 

pitch-based carbon fiber 10 std. dev. 21.015 
  n 562 
average mean 71.609 

average median 81.087 
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Table K.9 Filler Aspect Ratio and Length of NCN15 

Sample Name wt%  Moment Angle 
(Degrees) 

NCN15-16  mean 69.004 
nylon 6,6 85 median 79.407 

pitch-based carbon fiber 15 std. dev. 23.588 
  n 963 

NCN15-18  mean 67.225 
nylon 6,6 85 median 78.516 

pitch-based carbon fiber 15 std. dev. 24.861 
  n 965 

NCN15-31  mean 63.137 
nylon 6,6 85 median 73.058 

pitch-based carbon fiber 15 std. dev. 25.764 
  n 667 
average mean 66.455 

average median 76.993 
 
Table K.10 Filler Aspect Ratio and Length of NCN20 

Sample Name wt%  Moment Angle 
(Degrees) 

NCN20-16  mean 68.417 
nylon 6,6 80 median 76.569 

pitch-based carbon fiber 20 std. dev. 22.226 
  n 1373 

NCN20-19  mean 69.605 
nylon 6,6 80 median 78.241 

pitch-based carbon fiber 20 std. dev. 21.580 
  n 1383 

NCN20-25  mean 67.651 
nylon 6,6 80 median 77.769 

pitch-based carbon fiber 20 std. dev. 23.543 
  n 1427 
average mean 68.558 

average median 77.526 
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Table K.11 Filler Aspect Ratio and Length of NCNR20 

Sample Name wt%  Moment Angle 
(Degrees) 

NCNR20-007  mean 68.326 
nylon 6,6 80 median 77.401 

pitch-based carbon fiber 20 std. dev. 22.569 
  n 2198 

NCNR20-10  mean 66.603 
nylon 6,6 80 median 77.017 

pitch-based carbon fiber 20 std. dev. 24.250 
  n 2226 

NCNR20-12  mean 64.659 
nylon 6,6 80 median 74.727 

pitch-based carbon fiber 20 std. dev. 24.762 
  n 2295 
average mean 66.529 

average median 76.382 
 
Table K.12 Filler Aspect Ratio and Length of NCN30 

Sample Name wt%  Moment Angle 
(Degrees) 

NCN30-12  mean 63.440 
nylon 6,6 70 median 71.654 

pitch-based carbon fiber 30 std. dev. 23.865 
  n 2164 

NCN30-18  mean 63.307 
nylon 6,6 70 median 71.283 

pitch-based carbon fiber 30 std. dev. 23.757 
  n 2241 
average mean 63.374 

average median 71.469 
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Table K.13 Filler Aspect Ratio and Length of NCN40 

Sample Name wt%  Moment Angle 
(Degrees) 

NCN40-14  mean 64.612 
nylon 6,6 60 median 71.453 

pitch-based carbon fiber 40 std. dev. 22.737 
  n 1046 

NCN40-21  mean 65.615 
nylon 6,6 60 median 73.166 

pitch-based carbon fiber 40 std. dev. 22.347 
  n 3096 
average mean 65.113 

average median 72.310 
 
Table K.14 Filler Aspect Ratio and Length of NBP10 

Sample Name wt%  Moment Angle 
(Degrees) 

NBP10-06  mean 63.771 
polycarbonate 90 median 72.105 

graphite 10 std. dev. 23.804 
  n 1044 

NBP10-17  mean 70.110 
polycarbonate 90 median 76.138 

graphite 10 std. dev. 19.030 
  n 824 

NBP10-17  mean 65.522 
polycarbonate 90 median 72.491 

graphite 10 std. dev. 21.607 
  n 822 
average mean 66.468 

average median 73.578 
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Table K.15 Filler Aspect Ratio and Length of NBP15 

Sample Name wt%  Moment Angle 
(Degrees) 

NBP15-12  mean 68.765 
polycarbonate 85 median 75.814 

graphite 15 std. dev. 20.623 
  n 1034 

NBP15-14  mean 65.885 
polycarbonate 85 median 73.021 

graphite 15 std. dev. 21.651 
  n 1022 

NBP15-17  mean 69.123 
polycarbonate 85 median 76.370 

graphite 15 std. dev. 20.105 
  n 1117 
average mean 67.924 

average median 75.068 
 
Table K.16 Filler Aspect Ratio and Length of NBP20 

Sample Name wt%  Moment Angle 
(Degrees) 

NBP20-06  mean 66.136 
polycarbonate 80 median 72.639 

graphite 20 std. dev. 22.302 
  n 1788 

NBP20-09  mean 69.143 
polycarbonate 80 median 76.087 

graphite 20 std. dev. 20.764 
  n 1658 

NBP20-11  mean 63.778 
polycarbonate 80 median 71.062 

graphite 20 std. dev. 23.971 
  n 1825 
average mean 66.352 

average median 73.262 
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Table K.17 Filler Aspect Ratio and Length of NBP30 

Sample Name wt%  Moment Angle 
(Degrees) 

NBP30-05  mean 70.350 
polycarbonate 70 median 76.647 

graphite 30 std. dev. 20.622 
  n 1619 

NBP30-07  mean 67.611 
polycarbonate 70 median 75.427 

graphite 30 std. dev. 22.561 
  n 1466 

NBP30-16  mean 63.637 
polycarbonate 70 median 71.993 

graphite 30 std. dev. 24.912 
  n 1860 
average mean 67.199 

average median 74.689 
 
Table K.18 Filler Aspect Ratio and Length of NBPR30 

Sample Name wt%  Moment Angle 
(Degrees) 

NBPR30-14  mean 67.187 
polycarbonate 70 median 73.774 

graphite 30 std. dev. 22.432 
  n 2187 
average mean 67.187 

average median 73.774 
 
Table K.19 Filler Aspect Ratio and Length of NBP40 

Sample Name wt%  Moment Angle 
(Degrees) 

NBP40-06  mean 69.938 
polycarbonate 60 median 75.970 

graphite 40 std. dev. 21.077 
  n 584 

NBP40-12  mean 64.048 
polycarbonate 60 median 68.717 

graphite 40 std. dev. 23.171 
  n 596 
average mean 66.993 

average median 72.343 
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Table K.20 Filler Aspect Ratio and Length of NCP05 

Sample Name wt%  Moment Angle 
(Degrees) 

NCP05-05  mean 76.872 
polycarbonate 95 median 83.868 

pitch-based carbon fiber 5 std. dev. 17.781 
  n 544 

NCP05-08  mean 79.084 
polycarbonate 95 median 85.591 

pitch-based carbon fiber 5 std. dev. 15.968 
  n 545 

NCP05-14  mean 76.098 
polycarbonate 95 median 84.759 

pitch-based carbon fiber 5 std. dev. 20.006 
  n 547 
average mean 77.351 

average median 84.739 
 
Table K.21 Filler Aspect Ratio and Length of NCP10 

Sample Name wt%  Moment Angle 
(Degrees) 

NCP10-07  mean 73.946 
polycarbonate 90 median 82.096 

pitch-based carbon fiber 10 std. dev. 19.906 
  n 1140 

NCP10-08  mean 64.995 
polycarbonate 90 median 73.823 

pitch-based carbon fiber 10 std. dev. 24.368 
  n 679 
average mean 69.470 

average median 77.960 
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Table K.22 Filler Aspect Ratio and Length of NCP15 

Sample Name wt%  Moment Angle 
(Degrees) 

NCP15-06  mean 60.354 
polycarbonate 85 median 68.599 

Pitch-based carbon fiber 15 std. dev. 25.628 
  n 2504 

NCP15-12  mean 71.591 
polycarbonate 85 median 80.545 

Pitch-based carbon fiber 15 std. dev. 21.287 
  n 1956 

NCP15-14  mean 67.661 
polycarbonate 85 median 78.279 

Pitch-based carbon fiber 15 std. dev. 24.237 
  n 1861 
average mean 66.536 

average median 75.807 
 
Table K.23 Filler Aspect Ratio and Length of NCP20 

Sample Name wt%  Moment Angle 
(Degrees) 

NCP20-09  mean 67.486 
polycarbonate 80 median 76.393 

Pitch-based carbon fiber 20 std. dev. 23.350 
  n 2319 

NCP20-12  mean 61.444 
polycarbonate 80 median 70.323 

Pitch-based carbon fiber 20 std. dev. 25.426 
  n 2280 
average mean 64.465 

average median 73.358 
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Table K.24 Filler Aspect Ratio and Length of NCPR20 

Sample Name wt%  Moment Angle 
(Degrees) 

NCPR20-06  mean 58.417 
polycarbonate 80 median 66.034 

Pitch-based carbon fiber 20 std. dev. 25.923 
  n 2327 

NCPR20-08  mean 65.557 
polycarbonate 80 median 75.437 

Pitch-based carbon fiber 20 std. dev. 23.970 
  n 2228 

NCPR20-08  mean 63.403 
polycarbonate 80 median 73.134 

Pitch-based carbon fiber 20 std. dev. 24.883 
  n 2288 
average mean 62.459 

average median 71.535 
 
Table K.25 Filler Aspect Ratio and Length of NCP30 

Sample Name wt%  Moment Angle 
(Degrees) 

NCP30-07  mean 60.669 
polycarbonate 70 median 68.235 

Pitch-based carbon fiber 30 std. dev. 24.807 
  n 1455 

NCP30-12  mean 60.414 
polycarbonate 70 median 68.364 

Pitch-based carbon fiber 30 std. dev. 25.366 
  n 1493 

NCP30-12  mean 62.259 
polycarbonate 70 median 70.462 

Pitch-based carbon fiber 30 std. dev. 24.878 
  n 1066 
average mean 61.114 

average median 69.020 
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Appendix L: Mean Particle Length and Aspect Ratio Graphs 
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Figure L.1: Mean Particle Length for Nylon-Based Composites 
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Figure L.2: Mean Particle Length for Polycarbonate-Based Composites 
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Figure L.3: Mean Particle Aspect Ratio for Nylon-Based Composites 
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Figure L.3: Mean Particle Aspect Ratio for Polycarbonate-Based Composites 
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Appendix M: Sample calculation of Nielsen Model with Global 
‘A’ Parameter 

To calculate the thermal conductivity from the Improved Nielsen Model follow 

the steps listed below. 

1. Determine the thermal conductivity of each constituent 

2. Determine the maximum packing fraction (φm) for each filler.  If the filler is 

an injection molded fiber, φm = 0.52 would be the best choice.  0.637 would 

be a good choice for most other materials that are generally irregular and do 

not fit into other selections in Table 2.2 in an injection molding polymer 

composite.  For another type of material find the closest fitting material from 

Table 2.2 

3. Insert values into Equation 5.4a-c. 

Table 2.2: Maximum Packing Fraction of Selected Fillers [1] 
Particle Shape Packing order φφφφm 

Spheres Hexagonal Close 0.7405 
Spheres Face Centered Cubic 0.7405 
Spheres Body Centered Cubic 0.60 
Spheres Simple Cubic 0.524 
Spheres Random Loose 0.601 
Spheres Random Close 0.637 
Irregular Random Close ~0.637 
Fibers Three Dimensional Random 0.52 
Fibers Uniaxial Hexagonal Close 0.907 
Fibers Uniaxial Simple Cubic 0.785 
Fibers Uniaxial Random 0.82 
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ΨCF 1.823=

ΨCF 1
0.883
0.52

0.52 0.117⋅ 1 0.52−( ) 0.883⋅+[ ]⋅+:=

ΨCF 1
φ1

φmCF
φmCF φ2⋅ 1 φmCF−( ) φ1⋅+ ⋅+:=

Calculation of   ΨCF

BCF 0.995=BCF

400 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
1−

400 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
7.8+

:=BCF

k2

k1
1−

k2

k1
A+

:=

Calculation of B  CF

k1 0.25
W

m K⋅
⋅:=

k2 400
W

m K⋅
⋅:=

Thermal Conductivity of the Carbon FiberThermal Conductivity of the 
Polymer from DuPont literature

φ1 0.883=φ1 1 φ2−:=φ2 0.117:=

Volume Fraction of Polymer Volume Fraction of Carbon Fiber 
from App. A for 20 wt%

φmCF 0.52:=A 7.8:=

Maximum Packing Factor for Carbon Fiber from Table 2.2    Global 'A' term

20 wt% Carbon Fiber in Nylon

Calculation of the Composite Thermal Conductivity

Kc k1
1 A BCF⋅ φ2⋅+

1 BCF ΨCF⋅ φ2⋅−
⋅:= Kc 0.25

W
m K⋅

⋅





1 7.8 0.995⋅ 0.117⋅+
1 0.995 1.823⋅ 0.117⋅−

⋅:=

Kc 0.606
W

m K⋅
=
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Kc 0.822
W

m K⋅
=

Kc 0.25
W

m K⋅
⋅

1 7.8 0.996⋅ 0.179⋅+
1 0.996 1.531⋅ 0.179⋅−

⋅:=Kc k1
1 A BSG⋅ φ2⋅+

1 BSG ΨSG⋅ φ2⋅−
⋅:=

Calculation of the Composite Thermal Conductivity

ΨSG 1.531=

ΨSG 1
0.821
0.637

0.637 0.179⋅ 1 0.637−( ) 0.821⋅+[ ]⋅+:=

ΨSG 1
φ1

φmSG
φmSG φ2⋅ 1 φmSG−( ) φ1⋅+ ⋅+:=

Calculation of   ΨSG

BSG 0.996=BSG

600 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
1−

600 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
7.8+

:=BSG

k2

k1
1−

k2

k1
A+

:=

Calculation of B  SG

k1 0.25
W

m K⋅
⋅:=

k2 600
W

m K⋅
⋅:=

Thermal Conductivity of the Synthetic GraphiteThermal Conductivity of the 
Polymer from DuPont literature

φ1 0.821=φ1 1 φ2−:=φ2 0.179:=

Volume Fraction of Polymer Volume Fraction of Synthetic Graphite 
from App. A for 30 wt%

φmSG 0.637:=A 7.8:=

Maximum Packing Factor for Synthetic Graphite from Table 2.2   Global 'A' term

30 wt% Synthetic Graphite in Nylon
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Kc 0.209
W

m K⋅
=

Kc 0.19
W

m K⋅
⋅





1 7.8 0.326⋅ 0.032⋅+
1 0.326 1.565⋅ 0.032⋅−

⋅:=Kc k1
1 A BCB⋅ φ2⋅+

1 BCB ΨCB⋅ φ2⋅−
⋅:=

Calculation of the Composite Thermal Conductivity

ΨCB 1.565=

ΨCB 1
0.968
0.637

0.637 0.032⋅ 1 0.637−( ) 0.968⋅+[ ]⋅+:=

ΨCB 1
φ1

φmCB
φmCB φ2⋅ 1 φmCB−( ) φ1⋅+ ⋅+:=

Calculation of   ΨCB

BCB 0.326=BCB

1 W⋅ m K⋅( ) 1−⋅

0.19 W⋅ m K⋅( ) 1−⋅
1−

1 W⋅ m K⋅( ) 1−⋅

0.19 W⋅ m K⋅( ) 1−⋅
7.8+

:=BCB

k2

k1
1−

k2

k1
A+

:=

Calculation of B  CB

k1 0.19
W

m K⋅
⋅:=

k2 1
W

m K⋅
⋅:=

Thermal Conductivity of the Carbon Black    Thermal Conductivity of the 
Polymer from DuPont literature

φ1 0.968=φ1 1 φ2−:=φ2 0.032:=

Volume Fraction of Polymer Volume Fraction of Carbon 
Black from App. A for 5 wt%

φmCB 0.637:=A 7.8:=

Maximum Packing Factor for Carbon Black from Table 2.2    Global 'A' term

5 wt% Carbon Black in Polycarbonate
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BCF 0.995=BCF

400 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
1−

400 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
7.8+

:=BCF

k2

k1
1−

k2

k1
A+

:=

Calculation of B  CF

ΨSG 1.380=

ΨSG 1
0.659
0.637

0.637 0.201⋅ 1 0.637−( ) 0.659⋅+[ ]⋅+:=

ΨSG 1
φ1

φmSG
φmSG φ2⋅ 1 φmSG−( ) φ1⋅+ ⋅+:=

Calculation of   ΨSG

BSG 0.996=BSG

600 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
1−

600 W⋅ m K⋅( ) 1−⋅

0.25 W⋅ m K⋅( ) 1−⋅
7.8+

:=BSG

k2

k1
1−

k2

k1
A+

:=

Calculation of B  SG

k3 400
W

m K⋅
⋅:=k2 600

W
m K⋅

⋅:=

Thermal Conductivity of the Carbon FiberThermal Conductivity of the 
Synthetic Graphite

k1 0.25
W

m K⋅
⋅:=φ1 0.659:=

Thermal Conductivity of the Polymer   
from Dupont Literature

Volume Fraction of Polymer
from App. A

φ3 0.140:=φ2 0.201:=

Volume Fraction of Carbon Fiber   
from App. A

Volume Fraction of Synthetic 
Graphite from App. A

φmCF 0.520:=φmSG 0.637:=
A 7.8:=

Maximum Packing Factor fo
Carbon Fiber from Table 2.2

Maximum Packing Factor for 
Synthetic Gaphite from Table 2.2

Global 'A' term

20 wt% Carbon Fiber and 30 wt% Synthetic Graphite in 
Nylon
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Calculation of   ΨCF

ΨCF 1
φ1

φmCF
φmCF φ2⋅ 1 φmCF−( ) φ1⋅+ ⋅+:=

ΨCF 1
0.659
0.52

0.52 0.140⋅ 1 0.52−( ) 0.659⋅+[ ]⋅+:=

ΨCF 1.493=

Calculation of the Composite Thermal Conductivity

Kc k1
1 A BSG φ2⋅ BCF φ3⋅+( )⋅+

1 BSG ΨSG⋅ φ2⋅− BCF ΨCF⋅ φ3⋅−
⋅:=

Kc 0.25
W

m K⋅
⋅

1 7.8 0.996 0.201⋅ 0.995 0.140⋅+( )⋅+
1 0.996 1.380⋅ 0.201⋅− 0.995 1.493⋅ 0.140⋅−

⋅:=

Kc 1.768
W

m K⋅
=
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