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Abstract

3D-printing is a popular manufacturing technique for making complex parts or small
quantity batches. Currently, the applications of 3D-printing are limited by the material
properties of the printed material. The processing parameters of commonly available 3D-
printing processes constrain the materials used to a small set of primarily plastic materials,
which have relatively low strength and electrical conductivity. Adding filler materials has
the potential to improve these properties and expand the applications of 3D printed ma-
terial. Carbon nanomaterials show promise as filler materials due to their extremely high
conductivity, strength, and surface area.

In this work, Graphite, Carbon Nanotubes, and Carbon Black (CB) were mixed with
raw Acrylonitrile Butadiene Styrene (ABS) pellets. The resulting mixture was extruded to
form a composite filament. Tensile test specimens and electrical conductivity specimens were
manufactured by Fused Deposition Method (FDM) 3D-printing using this composite filament
as the feedstock material. Weight percentages of filler materials were varied from 0-20 wt%
to see the effect of increasing filler loading on the composite materials. Additional tensile
test specimens were fabricated and post-processed with heat and microwave irradiation in
attempt to improve adhesion between layers of the 3D-printed materials.

Electrical Impedance Spectroscopy tests on 15 wt% Multiwalled Carbon Nanotube (MWCNT)
composite specimens showed an increase in DC electrical conductivity of over 6 orders of
magnitude compared to neat ABS samples. This 15 wt% specimen had DC electrical conduc-
tivity of 8.74x1076 S/cm, indicating semi-conducting behavior. MWCNT specimens with
under 5 wt% filler loading and Graphite specimens with under 1 wt% filler loading showed

strong insulating behavior similar to neat ABS.



Tensile tests showed increases in tensile strength at 5 wt% CB and 0.5 wt% MWCNT.
Placing the specimens in the oven at 135 °C for an hour caused increased the stiffness of the

composite specimens.
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Chapter 1

Introduction

1.1 Background and Motivation

Since its invention in the 1980s, Three-dimensional (3D) printing has gained tremendous
popularity as a manufacturing process. Various type of 3D printing have been developed. All
involve computer controlled, layer-by-layer deposition of materials in precise geometries. This
process allows creation of complex geometries not possible by other manufacturing methods.
Unlike casting processes, a variety of complex shapes can be created with no additional
hardware. This makes 3D printing ideal for small quantity batches of complex parts. Each
3D printing process has restrictions on the type of material it can produce. Standard Fused
Deposition Method can only print thermoplastic materials. The applications of FDM printed
parts are limited by the material properties of these plastics which have low strength and are
strong insulators. This restricts the printed parts to use to low stress applications. Academic
researchers and industry professionals have been able to improve FDM material properties by
adding filler materials to the base thermoplastics. The resulting composite material has is a
hybrid of the two materials. Among potential filler materials, micro- and nanoscale fillers can
be easily added without modifying the printing apparatus as is necessary for continuous fiber
composites. Nanoscale fillers have the advantage of higher surface area and aspect compared

to their micro-scale counterparts. Carbon fillers have the advantage of high tensile strength



and conductivity, making them a good choice for use as a filler material.

1.2 Goals and Strategy

The overall goal of this research was to improve the material and electrical properties of 3D
printed materials in order to expand the applications of this novel manufacturing technique.
Carbon fillers have high mechanical strength and conductivity. Including them as a filler
material in existing 3D printing material has strong potential to create a strong, electrically
conductive material that can be processed with existing machinery. As FDM is a very ac-
cessible 3D printing technology, and ABS is a common material used in FDM, FDM printed
ABS plastic was chosen as the base material for this experiment. The specific goal of this
research was to determine how the tensile properties and electrical conductivity changed
with increasing weight percentages of carbon fillers. Graphite, Carbon Black, Multi-Walled
Carbon Nanotubes and Single-Walled Carbon Nanotubes were used to create test specimens
with varying weight concentrations. This thesis is organized six chapters, including the intro-
duction. The remaining chapters cover the following topics: Chapter 2 contains background
information about 3D printing and nanocomposites and a literature review of previous work
in ABS nanocomposites. Chapter 3 describes the materials used and the experimental pro-
cess for each test performed. Chapter 4 explains the material characterization tests used
in this thesis and presents the data and conclusions provided by them. Chapter 5 presents
results of tensile and conductivity tests and images of the fracture surfaces. It also discusses
probable causes of the results found. Chapter 6 details the conclusions of this research and

provides recommendations for continued research in 3D printed composites.



Chapter 2

Literature Review

This chapter provides an overview of existing knowledge relevant to the experimental work
done in later chapters. In this chapter, I will discuss the significance of additive manufac-
turing, its applications and limitations, as welll as the difference between prominent types of
additive manufacturing. Because improved material properties are one of the major growth
areas for additive manufacturing, I will explain the potential for composite materials to over-
come these difficulties. Then I will present information about various common nanomaterials
that are well suited for use in composite materials and discuss the results of previous work

on FDM-printed composite materials.

2.1 3D Printing and Additive Manufacturing

Additive manufacturing is a term that refers to a group of relatively new manufacturing
techniques that form a desired shape by fusing pieces of raw material together. Generally
the parts are in a series of layers that stack to make the final shape. Additive manufacturing
can also be referred to as 3D printing, as there is no difference between the two terms.
In contrast to additive manufacturing, many other manufacturing methods are a form of
subtractive manufacturing. Rather than building up pieces of material, these processes start

with a block, plate, or sheet of bulk material. Then surplus material is removed to make the



Figure 2.1: Bunny in stl file format with different resolutions. Copied from [1]

required shape. This extra material becomes a powder or a piece of scrap material which
cannot be used again, but must be recycled or thrown away.

Additive manufacturing was started in the 1980’s when the first 3D printers were manu-
factured, and over time many different methods of additive manufacturing were developed.
These different processes, although they differ significantly and have varying strengths and
applications, all share common characteristics. Common to all methods of 3D printing, is
a dedicated machine designed for 3D printing and software that converts a 3D computer
model of the part into a series of instructions for the machine. The process of creating a

new part using a 3D printer first involves modeling the desired geometry in a 3D modeling



software or computer assisted design (CAD) program. Once the part geometry has been
created digitally, the part is saved as a stereolithography file (.stl), a specific file format used
by 3D printer software. Named after an early type of additive manufacturing, the .stl file
encodes a set of triangles that mimic the shape of the 3D part. As shown in Fig. 2.1, the
resolution, or number of triangles used per unit area, must be high enough to capture the
geometry of the part correctly. Once the .stl file is imported into the 3D printer software,
the user sets relevant printing parameters and chooses in what orientation to print the part.
Then the software slices the part into layers, and translates the part geometry and print
parameters into g-code, a type of machine code. The g-code is input to the 3D printer,

giving the machine the precise step-by-step instructions necessary to create the desired part.

2.1.1 3D Printing: Strengths and Challenges

The strengths of 3D printing center on its ability to create a wide variety of complex shapes
and parts with a single machine. A 3D printer can print a part with elaborate geometry
without the need for new tooling or a complex setup of the machine. This means one-off
or customizable parts are easy to make on a 3D printer, although they would very costly
and slow to make through casting or machining. Parts can be produced rapidly because no
new tooling is required, and the same machine can be used for multiple disparate projects.
Small batches of parts are more economically feasible than they would be through other
methods. Additionally, additive manufacturing can produce very complex shapes that cannot
be manufactured by any other method. Furthermore, shipping times and costs for parts can
be reduced by making them on-site rather than at a factory or supplier. Because of the
strengths of additive manufacturing it is one of the preferred methods of rapid prototyping.

However, additive manufacturing has faults that make it not the best choice for every
application. The limited material choices available for additive manufacturing may not have
the correct properties (e.g. strength, conductivity) for an application. The size of a 3D
printed part is limited by the dimensions of the printing area of the printer The resulting

parts will likely be anisotropic, which may not be desirable. Most 3D printed objects have



Figure 2.2: Additive manufacturing capabilities: (a) The text on this 3D printed phone case
could be easily customized (b) This balls in this bearing were printed in place as the entire
part was made (¢) A metal replica of a jet engine manufactured by Selective Laser Sintering
(d) a tiny model of a bridge made from a photosensitive polymer and manufactured with
additive manufacturing technology. Adapted from P-5]



a visible layered pattern visible on the part surface. Painting or other post-processing may
be required before use. When production quantities are scaled up, additive manufacturing
is not as competitive. While a specialized manufacturing process can produce hundreds
of parts per hour, each 3D printer could take 20 min to a day per part depending on its
size and complexity. Although the printing parameters can be adjusted to speed up the
manufacturing process somewhat, print resolution and part quality will decline. So when

large quantities of parts are required, other methods are generally more economical.

2.1.2 Types of Additive Manufacturing and Their Characteristics

Although there are many variations on additive manufacturing, the most prominent tech-
nologies are are stereolithography (STL), Fused deposition modeling (FDM), Selective Laser
Sintering (SLS), and 3D Printing(3DP). Stereolithography is the oldest type of additive man-
ufacturing%!” and was first developed by 3D Systems, Inc.®. Figure 2.3 shows a simplified
schematic of the process. It involves liquid photosensitive resin that cures into a solid poly-
mer when exposed to ultraviolet (UV) light. UV light causes monomers and polymers in the
resin to polymerize into a solidified polymer. A base is submerged in a vat of photopolymer.
The part is built onto the base as it is cured one layer at a time. Usually, a UV laser is
used to provide a precise source of UV light. Each layer has whatever two-dimensional shape
required at that level in order to form the final part. In between curing each layer the base
and part are moved together one layer height. Then the next layer is ready to be cured with
UV light. It is difficult to change materials mid-part as the polymer compound must be
drained out and the vat cleaned in between each material. Certain shapes are not desirable
because they cause sections of the photopolymer to be exposed to UV light repeatedly -
leading to overexposure of part of the plastic. The shape is also limited by needing to be
connected to the base at all times. Support structures may be needed for certain geometries
or orientations. These supports must be removed later.

In SLS, a laser fuses powder together to form the desired geometry. A piston base is

submerged in a bed of powder which is heated near the melting temperature of the powdered
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Figure 2.3: Simplified schematic of Stereolithography process. Figure copied from [6]

material. Before each layer rollers smooth powder over the top of the piston to form a smooth
surface. The laser traces the desired path and melts the powder, binding it together and
to the layer below it. Then the piston lowers deeper into the bed carrying the part with it.
Rollers sweep more powder over the top and the process repeats until the part is completed.
After printing, excess powder is cleaned from the crevices of the part and recycled. This
method shares the difficulty of material changing with the STL process. However, over-curing
is not a concern in SLS. SLS has a wide range of possible materials such as, plastics, metals,
metal-polymer mixtures, and metal-ceramic mixtures. Metals require binder with a lower
melting temperature such as a polymer or another metal in order to be processed. An inert
atmosphere is needed to avoid oxidation during the process. The accuracy and tolerances of
the part are limited by the size of particles in the powder. Another additive manufacturing
technique based on SLS, Electron Beam Melting (EBM), expands the technology by using
an high voltage (30-60 KV°) electron laser beam to melt the particles together. EBM is
most often used to manufacture metal parts. Because of this it contains a vacuum chamber
to prevent oxidation of the part.

3DP is another process very similar to SLS. It also involves binding powder together, but

a binding liquid is used to fuse the material together. A head similar to an inkjet printer



squirts binding agent in a computer-controlled path. Then the part lowers and more powder
is swept over the top of it before the ink-jet head deposits the next layer. Many different
polymers can be used in 3DP®.

FDM is the most widespread and affordable type of additive manufacturing. The input
material for FDM is a reel of filament. This filament is feed through the printer, where it
is melted and extruded as a very thin thread or raster. The computer-controlled printing
head deposits the material in continuous strands one layer at a time. Requirements for the
feedstock material - must have melting or7, temperature less than the max temperature of
the print head. The unmelted filament acts as piston forcing material through the extruder
nozzle. Because of the mechanics of FDM printing, the filament must not be too brittle and
be strong enough to handle of the nozzle. The filament must be properly cooled to keep it
from melting too far above the nozzle and buckling under the drive force. There are two
standard sizes for filament, which require different hardware to print. The standard sizes
are called 1.75mm and 3mm after the nominal diameter of each. Interestingly, the actual
average diameter for 3 mm filament is 2.85 mm. High quality commercial filament keeps
diameter tolerance around +£0.05mm. A FDM will have a larger range of diameters that it
can print, varying with its design. More important than the exact diameter of the filament is
the amount that its diameter varies. Substantial changes in filament diameter can affect the
extrusion rate and reduce the geometrical accuracy. Thermoplastic materials are commonly
used in commercial and consumer FDM printers. However some higher-temperature printers
have been developed to print metals.

FDM printer are often equipped with two nozzles so that different materials or colors
can combined in the same printing job. A common use of these nozzle is to have one head
print support material is used to support overhanging material and other complex geometry,
allowing difficult shapes to be printed easily. After printing, the support material is easily
dissolved away, leaving only the part behind. Another use of this feature could be to insert
supports of stronger material into a bulk part. This feature can cause difficulties if material
leaks from the idle nozzle onto the part.

Another type of additive manufacturing has been developed based on FDM. Here the
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Figure 2.4: Diagram of FDM printing process. Figure copied from [7]

filament feedstock is replaced with a reservoir or syringe full of gel or ink-like liquid. The
printer head moves around and deposits gel in a similar process as FDM printing. These types
of printers based on this concept are generally smaller in scale and have tighter tolerances.

FDM printing is the most cost-effective and widespread form of 3D printing. This tech-
nology developed by S. Scott Crump in 1989. Crump founded Stratasys, Ltd. and patented
the process, copyrighting the acronym FDM®)to describe the process.?’ To avoid copyright
infringement, other names such as Fused Filament fabrication (FFF) are sometimes used to
describe this type of printing process.?’ A standard FDM printer has a maximum nozzle
temperature of around 300 C Only materials with melting temperatures or glass transition
temperatures ( 7,) less than maximum temperature can be used in a printer. In practice, this
means that FDM printing materials are limited to thermoplastics and thermoplastic com-
posites. The most popular materials for FDM printing are Acrilonitrile Butadine Styrene
(ABS), Polylactic Acid (PLA), and HIPS, which are all insulating materials.

A FDM printer has many processing parameters to be optimized to maximize the part

10



quality, strength, or cost. Each layer is extruded as a series of parallel lines called rasters.
The bonding between the rasters is structural weak point. So, the printed material tends
to be strongest in the direction parallel to the rasters. To contract this effect, most parts
are printed so that adjacent layers have perpendicular rasters. Among the processing varia-

tions/parameters that could affect the parts properties are the following:
e Raster width: The thickness of the bead deposited by the nozzle.

e Air gap: the distance between the raster centers. Optimizing the distance between
raster centers will create a stronger bond between the two adjacent rasters and therefore
a stronger part. Usually a negative air gap is desired. Putting the rasters too close
together will cause material to build up and ... A large air gap means that adjacent
rasters will not bond together properly, and the material strength of the part will be

compromised.

e Extrusion temperature: This is the temperature of the nozzle. Variations affect the
viscosity of the extruded material. Too high of extrusion temperature causes material
to leak out of the nozzle when it travels. This may result in threads of material
stretching between different parts of the printed object. This can be counteracted
somewhat by retracting the filament, so that material is farther away from the opening,
but if too many retraction and extrusion cycles happen in a short time, the filament
may be damaged, leading to a machine clog. If the extrusion temperature is too low,
the material will not melt sufficiently and the extruder gears will not be able to push the
filament through. The extrusion temperature may also impact how well the material

bonds together.

e Bed temperature: Many FDM printers contain a heating element in the printing bed
which heats its surface. The purpose of a heated bed is twofold. Firstly, it helps the
first layer bond to the bed. If the first layer does not adhere to the bed, the part
cannot be manufactured. ABS in particular is noted for not properly adhering if the

print is unheated. Secondly, the heat from the bed, helps maintain an more even heat

11



throughout the part. If the heat is too uneven, the part will deform because the thermal
expansion is significantly different in different parts of the material. This warping is
permanent and remains after the part is removed from the print area. These effects
are more prominent and problematic for large parts or parts with a long print time.
Usually the temperature chosen for the bed temperature is around the glass transition

temperature of the material being printed?.

e Enclosure temperature: To further reduce the warping effects, high end printers have an
enclosure around the print area. The air temperature with in the enclosure is controlled
to prevent warping. Even in machines without an enclosure, the temperature of the

air in the room and in the print area may affect the properties of the material.

e Layer thickness: The layer thickness is the height of each raster or layer. Thinner
layers result in a part with better surface finish and vertical print resolution, but take
much longer to print. Bigger layer heights are much faster. The layer thickness directly

affects the final properties of the printed parts?°

e Infill density and pattern: To conserve material, the interior of the part can be printed
partially empty. The infill density is given as the percentage of the total volume
occupied by printed material. Various patterns can be used to form a lattice in the infill
space, some of which are better suited to higher or lower infill percentages. Reducing
the infill density saves material and reduces processing time, but does decrease the

material strength.

e Vertical and horizontal shell thickness: For parts printed at less than 100% infill density,
there are boundary regions or shells on the outside surfaces of the part that are printed
solid with no gaps. The thicknesses of these shells can be adjusted to an appropriate
thickness for the part. Generally, the shell thickness of the top, bottom, and side
surfaces are all independent. In Fig. 2.5 the solid perimeter visible around the infill is

the horizontal shell.

e Printing speeds: The printing speed can affect the accuracy and surface quality of

12



Figure 2.5: Picture showing various infill shapes and patterns. Figure copied from [§]

printing, with slower speeds being more accurate. The back-pressure of the nozzle
increases with higher printing speeds, causing the force required to extrude material
to go up. This could cause problems if the filament is too weak or too soft. The
advantage of higher printing speeds is the reduced time required to produce the part.
The printing speed can be adjusted individually for different sections of the part such

as the first layer, the last layer, the perimeters, the infill, and bridging material.

Because the extruded plastic cools slightly before the next layer is printed over it, the
inter-layer raster bonds are usually weaker than the intra-layer raster bond. So, the part
will be weakest in the build direction, the direction in which the layers are deposited. Other
factors affecting the mechanical properties include raster thickness, overlap of rasters, tem-
perature of nozzle and printing bed, and speed of printing. Because of the many different
factors involved, properties may vary somewhat between different models of FDM printer.
Sometimes voids are planned in the interior of the part to reduced the material cost and
printing time. Of course, this should be avoided when trying to maximize the strength of a

part. Although researchers have studied the influence of these parameters on the material’s

13



strength, the complicated interactions between the factors means that we do not yet have a

unified picture of how each parameter affects the properties of a the final part.2°

2.2 Composite Materials

One of the main challenges involved with additive manufacturing in general and FDM in
particular is the small number of materials suitable for use in these process and the limited
range of material properties available with these materials. A typical FDM printer can only
reach 200-300 degrees C and so it is limited to printing thermoplastic materials. These ma-
terials have low strength and are thermal and electrical insulators. However, their properties
can be greatly enhanced by mixing them together with other materials to form composites.

Composite materials are the mixture of two or more materials together in order to get
a material with unique properties due to the interaction of the two materials. Usually, a
matrix material that makes up the majority of the composite material and isl combined
with a filler material with specially selected properties. The bulk material has properties
that are a blend of the matrix material and the filler material. For example: to create
a strong but lightweight material, you can mix a small fraction of strong and dense filler
material into a lightweight resin or matrix. Such composites are often used in the aerospace
and automotive industries due to the low weight and high strength of the material. Three
common filler material shapes are long cylinders or wires, thin layers or sheets, and small
particles. Cylinder and sheet-like materials can be short or extend all the way through the
composite. Small cylinders and sheets of material can be aligned parallel to each other with
a specific orientation or can have random orientations throughout the material. If the filler
material has preferred orientation in one direction or plane more that others, the resulting
composite material will have anisotropic properties. However, if the filler material is oriented

randomly within the bulk material, that bulk material will have isotropic properties.
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Figure 2.6: Diagram of composites with: (a) aligned fibers; (b) randomly oriented fibers; (c)
aligned platelets; (d) randomly oriented platelets. Figure adapted from [9 |

2.2.1 Composites and Mechanical Properties

Apart from the material properties of the independent composite materials and the concen-
tration of filler material included, there are two other main factors affecting the mechanical
properties of a given composite, Interfacial bonding and dispersion of filler material. In-
terfacial bonding is important to transfer the tensile properties of the filler material to the
matrix?'?? If the bonding between the matrix material and the filler material is weak.the
materials will slide past each other rather than transferring the stress. When microscopy
of a failure surface reveals fibers pulled out of the matrix, it indicates that poor interfacial
bonding is the cause of the part failure. Additionally, when interfacial bonding is weak, the
filler material behaves like a hole or flaw in the matrix material causing stress concentrations
that weaken the material.??> Poor filler dispersion in the matrix material also weakens the
composite. In this scenario, filler materials clump together in agglomerations. Failure can
occur if the bundle separates?? or if the agglomeration causes stress concentration in the

surrounding material.
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Figure 2.7: Composite materials’ tensile properties compared with other materials (a) as
general groups of materials (b) specific individual materials. Adapted from [0;11]
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Electrical conductivity
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Figure 2.8: Graph of Electrical conductivity vs. filler concentration. The red dashed line is
the percolation threshold. Adapted from [12]

2.2.2 Composites and Electrical Properties

The themoplastics are generally used in 3D printing are insulators. Adding a sufficient
amount of conductive filler to a insulating matrix will improve the conductivity drastically.
Percolation theory explains this transition from insulating to conducting. The conductivity
is related to the weight or volume percentage of filler material in the composite.

Near a critical weight percentage called the peculation threshold, the conductivity of the
composite undergos a major shift. At weight percentages below the threshold region, the filler
materials are mostly insulated from each other by the matrix and the composite material
has similar conductivity to the matrix material. The conductivity may increase slightly
with increasing filler wt%, but will remain low until the percolation threshold is reached.
Around the threshold region, the filler material concentration is sufficient to form a network
of electrical pathways throughout the composite. Rather than being mostly separated by the
insulating matrix, the filler particles are close enough to interact with each other. Note that
filler materials do not necessarily need to be directly touching to form a conductive network.
Electron tunneling can create a conductive pathway when conductive fillers are separated by
about 10 nm or less?3. At filler concentrations above the percolation threshold, the electrical
conductivity of the composite may increase slightly with increasing filler loading. However,
adding additional pathways quickly becomes redundant, and so has small effect.

Percolation theory has been adapted to model the electrical conductivity at varying filler
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Figure 2.9: Diagram of concentrated filler material (a) in one of two immiscable polymers,
and (b) at the interface between polymer granules. Adapted from [13;14]

loadings. Equation 2.1 is usually used'®:

0= 0—0(¢ - ¢c>tf07n¢ > ¢c (21)

Where o is the specific conductivity in Siemens per meter (S/m), oy is the proportionality
constant in S/m, ¢ is the filler content in volume percentage, ¢. is the vol % of the percolation
threshold, and t is the power constant. Theoretically,t = 1.33 for a two dimensional network
and t = 2.2 for a three dimensional conductive network. However, experimentally determined
values of ¢ have not matched these values. Gao et al. created an in situ composite of
ABS resin and graphene oxide with a percolation threshold of .13 vol % around which the
composite transitioned from an insulator to a semi-conductor. At 2.33 vol % the composite
had a conductivity of 0.1 S/m.?*

The percolation threshold can be reduced by selectively increasing the concentration in
certain portions of the composite over others. One method is to use a blend of two immiscable
polymers, one of which dissolves the conductive filler better than the other. As shown in
Fig. 2.9a, the filler will concentrate in the more favorable polymer. Because the unfavorable
polymer takes up volume, the amount of filler needed to form a conductive network will be less
than in a composite of just one polymer. As long as the high-filler concentration polymer
extends through the material, the entire composite will be conductive. The percolation

threshold will be the lowest at a specific ratio of favorable polymer to unfavorable polymer.
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If too much of the unfavorable polymer is used, the other polymer will only be present in
isolated pockets, which cannot connect to conduct throughout the material. For example,
Taheri et al. studied the effect adding MWCNTs to blends of Polycarbonate (PC) and ABS,
two immiable polymers. They varied the ratio of PC to ABS and found that MWCNTs
were concentrated in the ABS portions of the polymer blend because MWCNTSs have a
greater affinity for ABS than PC.?° A second method, which results in even lower percolation
thresholds, isolates the filler material to the interface between polymer granules as shown in
Fig. 2.9b. This is achieved by melt-compounding (see 2.4 )two immiscible polymers or by

compression molding polymer granules coated with filler materials. '

2.3 Nanomaterials

Nanomaterials are molecules or structures with at least one dimension in the range between
one and several hundred nanometers. Fullerenes were the first discovered nanomaterial,
discovered in 1985 by Harry Kroto, Richard Smalley, and Robert Curl!”. Nanomaterials
can be zero, one, or two dimensional. Zero dimensional nanomaterials have all dimensions
on the nanoscale and are sometimes called quantum dots. One dimensional nanomaterials
are constrained to the nanoscale in two directions, but can extend farther in the third
directions. Examples are nano-wires, and nano-rods. Two dimensional nanomaterials have
one dimension at the nanoscale, but extend farther in the other two directions, taking the
form of a sheet or platelet. Grapene and Boron nitride are examples of two dimensional
nanomaterials. Nanomaterials have great potential as filler materials for composites because
of their high surface area per mass and large aspect ratios(for 1D and 2D materials).
Carbon nanotubes (CNT) one of the most popular and wide spread nanomaterials. They
have been popularly studied and used since the discovory of Single-walled carbon nanotubes
by jname; in 1991. CNT have a crystalline structure of carbon forming long tubes. The walls
of the tubes are one atom thick in Single-Walled Carbon Nanotubes (SWCNT) and multiple
layers thick in Multi-Walled Carbon nanotubes (MWCNT). SWCNT are more difficult and
more expensive to produce than MWCNT As shown in Figure 2.10, SWCNT are have a
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Figure 2.10: Schematic of Single-Wall and Multi-Wall Carbon Nantubes. Copied from [15]

diameter of around 1 nm while MWCNT have a larger diameters up to 100 nm. The length
of CNT varies but can be up to a few um. The gap between concentric wallls of MWCNT
is fixed at 0.34nm.?°. Weak Van der Walls forces attract CNT together, often forming
clumps of CNT molecules. The interactions of CNT with other materials can be adjusted
by attaching various functionalized groups to defects in the nanotube walls. These modified
CNT are called functionalized CNT.

There are three major ways to manufacture CNT: laser ablation, arc discharge, and
chemical vapor deposition (CVD). In laser ablation, a graphite block or target is placed in an
inert atmosphere and heated to a high temperature. A laser pointed at the graphite vaporizes
carbon from the block. Argon gas flow past the graphite target and carries the vaporized
carbon downstream to a chilled collector. This collector cools the vaporized carbon which
condenses on its surface in the form of CNT. Varying the temperature of the furnace and
doping the graphite target with metals control the type and diameters of CNT produced. the
In the arc discharge technique, two graphite electrodes are placed in an inert atmosphere.
Creating an electric potential between them causes graphite to vaporize. The vaporized
carbon deposits onto one of the electrodes, forming CNT. Different structures can be formed

by varying the potential applied to the electrodes, and placing metal powder in the anode
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Figure 2.11: TEM image of Carbon Black. Copied from [16]

core helps control the thickness of the CNT. In CVD, a carbon based gas, such as methane,
carbon monoxide or acetylene, is the source of carbon atoms rather than graphite. The gas
is heated and pumped through a furnace maintained at a temperature in the range of 500-
1200C. Because of the heat, the molecular bonds between the carbon and other atoms break,
freeing the carbon atoms. Inside the furnace is a substrate coated with a transition metal
which serves as a catalyst. Carbon crystallizes on the catalyst forming CNT. The unused
gases exit the chamber, where they reform in to hydrogen and oxygen gas. The length
of CNT is controlled by the reaction time. Other parameters are controlled by changing
by varying temperature and other reaction parameters. By altering the parameters, CVD
can also produce graphene or graphite. A common factor between all three methods is the
difficulty of finding the correct process parameter required to create the CNT of a specific
geometry.

The diameter and chirality of CNT determine their physical properties. While SWCNT
may have either semiconducting or quasi-metallic behavior, MWCNT are usually semicon-
ducting.?% investigated the mechanical properties of individual arc-grown MWCNT (26-76
nm diameter) using Atomic Force Microscopy (AFM). They found the Young’s moulus to
bel.28 4+ 0.59 GPa and the bending strength to be 14.2 + 0.8 Gpa.

Carbon black consists of about 97% elemental carbon grouped into spheres. As shown

in Figure 2.11, the spheres agglomerate together into groups of molecules with a shape
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Table 2.1: Measured and theoretical properties of carbon fillers. Adapted from [18]

Property Unit Graphite MWCNT SWCNT Graphene
Density | g/(cm™2) ~2.26 ~1.8 0.8 ~0.5
Elastic Modulus TPa ~1 (in-plane) 0.3-1 ~1 ~1
Tensile Strength GPa ~130 10-60 50-500 ~130
Resistivity | pf)* cm ~50 (in-plane) ~5-50 ~5-50 ~1
~3000 (in-plane)
Thermal Conductivity | W/(m x K) ~6 (z-axis) 3000(theoretical) | 3000 (theoretical) ~5500

similar to bunches of grapes. Carbon black is synthesized by burning carbon compounds in
a controlled procedure. It is a common component in tire rubber and is fairly inexpensive
to produce.

Graphene and Graphite are related forms of carbon material. When carbon atoms con-
nect in a 2D sheet-like hexagonal lattice, they form the nanomaterial graphene, the first
known material of single atom thickness. Graphene was first isolated by Novoselov et al. in
2004. They produced it using a mechanical exfoliation process, but it can also be manufac-
tured using CVD or by chemically separating graphite using Hummer’s method. When van
der Waals forces join multiple layers of graphene together, the bonded layers form graphite,
a common naturally occurring form of carbon. Graphite can be considered a nanomaterial
when its thickness is less than 100nm, but most graphite exists in crystals larger than the
nanoscale. CNT, carbon black, grapene and other nanomaterials have been previously been

shown to improve many properties of thermosets and thermoplastics.

2.4 Methods of Synthesizing Polymer Nanocomposites

There are several methods of creating polymer composites with nanofillers. When creating
nano-composites a common problem is agglomeration, or clumping, of nanoparticles. At-
tractions between the nano-particles can keep them from dispersing evenly in the polymer
mixture. This reduces the ability of the nanomaterial to form a network, and inflates the
perculation threshold. Agglomerations of nano-materials can cause stress concentrations in
the surrounding plastic, weakening the the mechanical strength of the composite material.

So, when creating a polymer-nanomaterial composite good dispersion of the nanomaterial is
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desired. The most common methods of making nanocomposites with thermoplastic matricies
are in situ polymerization, solution mixing, and melt compounding.?”

In situ polymerization is a technique where the polymer is synthesized in the presence of
the desired fillers. First, monomer or small polymer molecules are mixed together with the
right concentration of polymers. Through controlled reactions, the polymer grows around
the nanomaterials. Composites formed by this method tend to have stronger interactions
between the polymer and fillers than those formed by the solution mixing or melt-blending. In
addition, filler materials disperse better resulting in lower percolation thresholds. However,
this method requires a large amount of electrical energy to disperse the filler material during
the polymerization process.'®

In solution mixing, the polymer is dissolved into a solvent and an appropriate amount of
nanomaterials are added to the solution. A mechanical mixing method, such as sonication or
magnetic mixing, disperses the fillers in the solution. After good dispersion is achieved, the
solvent is evaporated away leaving the composite material behind. The polymer formed in
solution mixing or in situ polymerization can be molded or otherwise processed to the final
shape required. In a variation of the solution mixing technique, the solution is electrospun
before the solvent evaporates. During electrospinning, a liquid solution or melted polymer
is fed through a spinneret, which is typically a hypodermic syringe needle. Strong electric
charges at the needle tip force the material to be extruded in thin nano-scale threads. These
threads make up the desired composite material.

During melt-compounding, the polymer is heated above its glass transition temperature
(T,). Nanomaterials are added, and the mixture is mixed to achieve good dispersion. Extru-
sion is a form of melt compounding because both single screw and twin-screw extruders mix
the materials in the heated region. Another common machine used for melt compounding
is the compounder. A compounder melts the polymer and shears the composite mixture
until constant torque is reached. Because more mixing occurs in a compounder than in and
extruder, compounders usually achieve better dispersion. After compounding, the composite
material can be extruded or molded to the desired shape. Melt-compounding methods use

types of machines common in industrial applications, and so scale up very easily. However,
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the shear forces involved can damage the nanomaterials which reduces their effectiveness.
Solution mixing can also damage the filler materials. Polymer made with melt-compounding
technique usually have higher percolation thresholds compared to those made using other
methods!®. Higher percolation threshold has been associated with high melt viscosities and
reduced ductility and toughness!'* So, while melt-compounding is the most favorable tech-
nique for industrial applications, it is not without is drawbacks. Since FDM printers use
filament as feedstock material, polymer composites used in 3D printing use extrusion as the

final step regardless of the synthesis process employed.

2.5 Composite Materials in Additive Manufacturing

Because potential for improving the properties of 3D printed polymers by adding fillers,
researchers have begun investigating the effectiveness of various additives. Several compos-
ite technologies like continuous fiber reinforcement using carbon fiber in a nylon matrix or
CNT composite filament have already been developed in the industrial field, but the effect
of these improvements has not been thoroughly studied. For FDM type 3D printers, Perez
et al mixed ABS with 5 wt% of jute fibers, Thermoplastic Elastomer (TPE), and Tita-
nium Oxide (703). They found that the addition of TPE reduced the anisotropy of the
material. The 5 wt% T40, increased the ultimate tensile strength by 13.2% and 30% in
directions perpendicular and parallel to build height respectively.?® Tekinalp et. al studied
the ABS composites reinforced with up to 40 wt% of short carbon fibers and achieved sig-
nificant mechanical enhancement. The tensile strength increased 115% and the elastic mod-
ulus increased 700%. They compared FDM printed composites with compression molded
composites and found that the FDM printed composites had greater fiber alignment than
the compression molded.They also found the fiber length was significantly shorter in the
composite than it was originally, probably because it was damaged during compounding.?’
Researchers have started to explore the effect of nanoscale additives. In 2003, Shofner et al.
formed a composite material out of vaper grown carbon fibers and ABS. They were able to

improve the tensile strength by 24.4 MPa or 29%3° Later, Shofner continued his research and
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made a 5 wt% ABS-SWCNT composite. His team used a modified apparatus to print it in a
method very similar to FDM printing, however the feedstock material was cast bars rather
than filament. The resulting printed material had a 26% increase in tensile modulus, but no
improvement in tensile strength. The composite feedstock material was 31% stronger than
the neat ABS composite. Poor interfacial bonding during the printing process was cited as
the reason that the material didn’t retain its advantages after printing.?! Around the same
time, Ou et al. studied the percolation of carbon black in ABS filament fabricated using a
melt-compounding method. They found the percolation threshold to be around 10 vol%??
Tsiakatouras et al. found that the elastic modulus of FDM printed ABS increased with the
inclusion of 0.5-3% CNT. With the addition of embedded carbon fibers, elastic modulus in-
creased even more®?. However, they did report the tensile strength or electrical properties of
their composite material. More recently, in 2015, Wei et al mixed Graphene oxide and ABS
by solvent mixing in a N-Methylpyrolidone(NMP) solution. After mixing, they reduced the
Grapene oxide to graphene using hydrazine hydrate, and precipitated out the NMP using
water, formming Graphene-ABS coagulations. These precipitates were separated out and
extruded to form feedstock filaments of up to 7.4 wt% grapene. The electrical percolation

threshold was found to be around 2.0 wt% or 0.9 vol%?3*
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Chapter 3

Methods

This chapter details the materials, equipment, and procedures used to manufacture and test
composite materials. First the materials used are described, then the process of making
3D composite materials is explained. Next, the procedures for the material characterization

tests are explained. Finally, tensile and electrical testing procedures are discussed.

3.1 Materials

ABS composite materials were created using grade ABS448T ABS plastic from Star Plastics,
Inc.(Millwood, West Virginia) that was purchased through Filabot (Barre, Vermont). Four
types of carbon filler materials were used: Graphite, CB, MWCNT, and SWCNT. The
graphite flakes (Sigma-Aldrich, St. Louis, Missouri) used were sized so that 75% of the
material was lager than 100 mesh. This mesh has openings with a nominal size of 0.149
mm. Prior to use, this graphite was ground in a mortar and pestle for 10 min to reduce the
flake size. MWCNT were provided by Bayer Material Science AG, Leverkusen, Germany
and had 3-15 walls, 3-20nm outer diameter, and > 1um length. SWCNT were provided
by the National Institute of Standards and Testing (NIST) in Boulder, Colorado and had
a diameter of 1-2 nm. CB particles are typically sold as 80-800 nm aggregates clumped

together in agglomerates with a size of 0.1 to several micrometers.
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Figure 3.1: SEM image of Baytubes MWCNT

3.2 Filament Extrusion

The first step in manufacturing the FDM printed composite specimens is making composite
filament for input into the printer. First, the carbon nanomaterial is weighed and mixed with
ABS pellets. Weights are controlled to make the desired weight percentage. After mixing,
the composite mixture was extruded though a Filabot Wee (Barre, Vermont) single-screw
extruder with a screw speed of 43 RPM. The plastic expands after extrusion so the die
must be smaller than the desired filament. A circular die with a hole diameter of 2.15 mm
was used to extrude filament with a diameter of 2.85 mm. The addition of filler material
changes the thermal properties of the plastic, so slightly higher temperatures were needed to
maintain the same diameter of filament at higher loadings. The typical temperature range
was between 192°C to 204°C. Placing a fan near the die helps control the cooling rate of the
filament and reduces distortion of the hot, softened filament. Figure 3.2 shows the extruder
used and provides a schematic of the extrusion process. ABS pellets enter the machine from
through the hopper in the top of the machine. Gravity forces the material into the screw
drive. A DC motor turns the screw drive forcing the materials into a heater where the ABS is
melted. The rotation of the screw drive mixes the filler material and ABS together. Finally
the melted mixture passes through the die and emerges from the extruder in a continuous

filament.
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Figure 3.2: (a) Picture of Filabot Wee extruder, and (b) Diagram of extruder components

3.3 3D Printing

A TLulzbot Mini (Aleph Objects, Inc., Loveland, Colorado) printed specimens for tensile
testing and Electrochemical Impedence Spectroscopy (EIS). Cura Lulzbot Edtition 18.03
software was used as the slicing engine. The 0.5 wt% carbon black tensile ASTM D638-14
Type IV specimens were printed using a Airwolf 3DHD (Airwolf 3D printers, Costa Mesa,
California) printer with MatterControl 1.2 software. Processing parameters used in the
printing process are shown in Table3.1. Different printing settings were required for 15 wt%
MWCNT filament to avoid clogging. The setting changes made reduce the back pressure of
the nozzle, putting less strain on the extrusion gear. The filament we produced varied in
diameter from batch to batch and along its length, so the filament diameter setting was set
to the average diameter of the filament being used. This variation in diameter was partially
due to changing pressure in the extruder as the hopper emptied.

Tensile test specimens were manufactured to meet ASTM D638-14 Type IV or Type V
specimen standards.The majority of specimens were Type IV and had the dimensions shown
Figure 3.3b. Figure 3.3c compares the relative sizes of Type IV and Type V specimens. Part
rasters were oriented at 45° from the loading direction with layers perpendicular to the the

part thickness.

28



A
iy
U
U
v

! ()

Figure 3.3: (a) Lulzbot Mini: DC motors are used to control the position of the extruder
in along 3 axes; Tensile test specimens ( b) manufacturing parameters and dimensions of
ASTM D638-14 Type IV specimen (c)Comparison of Type IV and Type V specimens
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Table 3.1: Selected 3D printing settings for tensile test specimens

Parameter General 15 wt% MWCNT

Nozzle Size 0.5 mm same

Layer Height 0.21 mm 0.25 mm
Shell Thickness 0.45 mm same
Infill Density 100% same

Print speed 30 mm/s 20 mm/s
First layer thickness 42 mm 0 mm

First layer print speed 15 mm/s 10 mm/s
Travel speed 175 mm/s same
Printing temperature 240°C 255 °C
Bed temperature 115°C same
Filament Diameter varies varies

Most tensile specimens were tested as printed. As detailed in Chapter 3 , some specimens
received post-printing heat treatment according to the following procedure: Microwaved
specimens were microwaved in a Nitrogen atmosphere in a 900 Watt Emerson household
microwave for 3 seconds. Oven heated specimens were placed in an oven heated to 135°C for
1 hour. MWCNT oven specimens were microwaved prior to being placed in the oven, while
neat ABS specimens were placed directly in the oven.

The Lulzbot printer was used to print specimens for EIS. These specimens were 1 cm
diameter disks 100 microns thick. The general settings shown in Table 3.1 were used except
for the layer height which was reduced to 100 microns.The result was a one layer thick disk

of 3D printed composite. These disks were also used to collect XRD and Raman spectra.

3.4 Material Characterization

3.4.1 Thermogravimetric Analysis (TGA)

TGA was conducted at NIST using a TG 209 F1 Libra(NETZSCH, Selb, Germany). Pow-
dered Graphite, MWCNT, and CB were tested as well as chopped fragments of filament.
TGA was conducted in an air atmosphere with a temperature range from 30° to 800°. Tem-

perature increased at a rate of 10° per minute. Three samples of each material were tested.
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3.4.2 Raman Spectroscopy

Raman spectroscopy was conducted on 100 micron thick samples of 3D printed material.
Nanomaterial samples were powders mounted on a glass slide. A LabRAM ARMIS (HORIBA
Jobin Yvon, Edison, New Jersey) operated by the Bioengineering Research Center, Univer-

sity of Kansas, Lawrence, Kansas was used to collect the data.

3.4.3 X-Ray Diffraction

XRD was carried out using a Panalytical Empyrean(Almelo, Netherlands) X-ray Diffrac-
tometer with a Cu target X-ray source and a 45 kV and 40mA power output. The sample
stage rotated at 1/4 rev/sec. On the incident beam side a 0.04 rad soller slit was used, and
on the diffracted beam side was a 0.02 rad soller slit with a PIXcel3D medipix3 1x1 detector.
Powdered samples of graphite and MWCNT were analyzed along with 3D-printed samples
of composite plastics. Powdered MWCNT and Graphite samples were placed in a 27mm
sample holder and compacted to form as flat a surface as possible as shown in Figure 3.4.
The XRD used a divergent slit set to an irradiated length of 20 mm, a 15 mm mask, and
an anti-scatter slit of 4 degrees. 3D printed composite samples were 1 cm disks with 0.1mm
thickness. Samples tested were 5 wt% MWCNT and 1 wt% Graphite. They were placed on
a zero background detector. For these composite samples, the divergent slit was fixed at 1/8

degrees with an anti-scatter slit size of 1/4 degrees and a 10 mm mask.

3.5 Tensile Testing

Tensile tests were conducted with a Shimadzu (Kyoto, Japan) EZ-LX and TrapeziumX soft-
ware with a 5 kN load cell at a 5 mm/min crosshead speed and 65 mm initial crosshead
separation. An Epsilon(Jackson, Wyoming) Model 3542 extensometer with 50mm gage
length coupled with a a Shimadzu ESA-CU200 external sensor amplifier collected precise
strain data throughout the tensile test. Due to variations in the specimen dimensions, the

crossection of each individual test specimen measured before tensile testing. Five measure-
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Figure 3.4: XRD setup (a) graphite powder in sample holder (b) XRD X-ray source, sample
stage and detector.
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Figure 3.5: Type IV sample mounted in EZ-LZ with extensometer attached

ments were taken at three locations along the gage section and averaged together to find each
crossectional dimension. A few subsequent tests were conducted using ASTM D638-14 Type
V specimens at a 1 mm/min crosshead speed with a 25.4 mm initial crosshead seperation.
For these tests the initial crosshead separation was 25.4 mm and strain was calculated from

the crosshead displacement.

33



Copper Electrodes || Test Specimen

Test Specimen

EIS Lead Wires

Figure 3.6: Preparation of EIS samples (a) Sample disk placed on foil (b) disk sandwiched
between foil (c¢) setup connected to Electrochemical workstation

3.6 Electrochemical Impedance Spectroscopy

Thin disks were manufactured using EIS. After manufacturing, the disks were mounted
between between two pieces of copper foil. These foil pieces were sandwiched between two
glass slides, and pressure was applied to hold the setup together as shown in Figure 3.6.

A CHI 660E Electrochemical Workstation (CH intruments, Inc., Austin, Texas) was
used to conduct electrical impedance tests. Electrical Impedence Spectroscopy(EIS) of the

samples was conducted from 1 MHz to 100mHz with 20 mA voltage.

3.7 Fracture Surface Imaging

Images of the fracture surfaces of the tensile test specimens were taken with a optical mi-

croscope and a Scanning Electron Microscope(SEM). An 1/4-1/2 in long piece of the gage
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Figure 3.7: Leica DVM2500 digital Microscope

section containing the fracture surface was separated from the broken specimens using a
razor. This sample was mounted and imaged with the fracture surface perpendicular to the
incident beam. A Carl Zeiss(Jena, Germany) EVO MA10 Scanning Electron Microscope
(SEM) system with a SmartSEM software suite captured images of the fracture surfaces of
the dogbones.

Additional images of the fracture surface were gathered using a Leica (Wetzlar, Germany)
DVM2500 digital microscope with a VZ 700 C zoom lens. Samples were mounted glass slides

using clear tape.
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Chapter 4

Material Composition

After producing filament and 3D printed composite material, I verified the composition of

the material through XRD, Raman, and TGA.

4.1 X-ray Diffraction

X-ray Diffraction is a material characterization technique used for crystalline materials. It
measures the distance between crystal planes. These distances can be used to identify
unknown materials or the structure of known materials. Diffraction is a physical phenomena
that occurs when a wave interferes with interferes with itself after passing through a barrier.
When a wave passes through a single slit that is slightly larger than its wavelength, it
interferes with itself forming patterns of constructive and destructive interference. After,
interference the intensity of the light depends its angle relative to the incident.

X-ray light has wavelengths similar to the lattice distances in crystals. When X-rays
are incident on a crystalline material, the reflections from a similar diffraction pattern to
double and single slits experiments. These diffracted X-Rays form intense peaks at different
distances from the crystal. XRD records the intensity of X-Rays at various angles from the
sample surface. Peaks in intensity can be attributed to different crystal faces of the unit cell.

The d-spacing between the crystal planes can be estimated using Bragg’s Law:
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A
d= 2sin(0)

(4.1)

Powders of randomly ordered crystals diffract X-rays into of a circle of high intensity
X-rays that is centered around the direction of the incident light. However, a single crystal
or highly aligned crystals will diffract X-rays only into one single direction. These reflections
may be missed by the detector, which only captures a small segment of the cone. For this
reason powdered specimens are the preferred specimens for XRD. Single crystals or highly
aligned crystals such as carbon nanotube forests are more difficult to detect. Monochro-
matic X-rays are preferred for XRD tests, because any uncertainty in wavelength results in
uncertainty in d-spacing.

In XRD tests, the graphite powder showed a strong peak at 26.6 °20 as shown in Figure
4.1a. This peak is well known to be the (002) peak of graphite and corresponds to the
interlayer distance. From the (002) peak, the d-spacing is calculated to be 3.34 A. This value
matches the interlaying spacing of graphite, 3.34 A, confirming its crystalline structure. Since
CNT have a graphitic structure, we expect a similar profile for them. Figure 4.1b shows the
result of the XRD tests for MWCNT. This sample has a broad peak centered at 25.9 °26.
Using Braggs law, the d-spacing of nanotubes is calculated to be centered at 3.44 A. This
interlayer distance is the same as that of turbostratic carbon. Turbostratic carbon is similar
in structure to graphite, consisting of stacked layers of graphene. However, in graphite the
graphene layers have an ABAB stacking structure where the carbon atoms in A sheets are
vertically aligned with each other. The atoms in the B sheets are also vertically aligned
with each other and offset so that there is an atom in the center of each A sheet ring. This
alternating sheet crystal forms a very stable structure. In turbostratic carbon, the graphene
layers are rotated and translated away from the graphite structure resulting in a random
positioning of atoms in one sheet relative to atoms in another sheet. These deviations from
graphites structure are accompanied by an increase in interlayer distance® . This XRD data
indicates that the shells of the MWCNT are not aligned in a perfect graphite structure,

but have a turbostratic structure. This increased interlayer spacing is commonly found in
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Figure 4.1: XRD data for (a) graphite powder (b) MWCNT powder (c) 1.0% Graphite/ABS
composite (d)5.0% MWCNT/ABS composite

CNT?30,

The MWCNT (002) peak is weaker and broader than the graphite peak. This broad-
ening effect is caused by two major factors strain broadening and domain size broadening.
Turbostratic carbon has a random distribution of interlayer spacings, and each corresponds
to a slightly different angle. In addition the interlayer spacing decreases as the diameter of
the graphene shells increase, causing a natural broadening of the peak?%*” Broadening of the
peak due to a variety of interlayer spacings is called strain broadening.

The small size of carbon nanotube also contributes to peak broadening. Crystals under
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100 nm in size cause peak broadening in XRD. This effect is known as size broadening.

The graphite composite showed strong (002) peak at 26.7 °260 and a weak peak at 29.5
°26. These peaks correspond to d-spacings of 3.34 Aand 3.02 Arespectively. From this we
can conclude that XRD is detecting the graphite in the composite specimen. The MWCNT
composite specimen has very weak signal similar to an amorphous specimen. There is a
slight increase in signal intensity near 26 °26, that probably corresponds to the presence of
MWCNT in the specimen. As the signal is very weak, it could conceivably be part of the
background noise rather than due to the presence of MWCNT.

4.2 Raman Spectroscopy

Raman spectroscopy is useful for identifying and differentiating between carbon materials.
The unique structure of each material produces characteristic peaks, which identify the ma-
terial. During Raman spectroscopy, a single frequency laser is directed at the test specimen,
some of the light will interacts with the material and is scattered. Most of the scattered
light is at the same frequency as the incident light, but a small portion of it will be at other
frequencies. This light scattered at a new frequency is known as Raman scattering, or in-
elastic scattering, and light scattering at the original frequency is called Rayleigh scattering,
or elastic scattering. By detecting the intensity and frequency of the Raman scattering, the
material can be identified. Raman scattering can be analyzed both by classical theory, which
considers light to be a wave, and by quantum theory, which considers light to be a stream
of photons.

In classical theory, light is considered to be an electromagnetic wave. As it reaches
a molecule, the electric portion of the wave induces a fluctuating dipole moment on the

molecule. The strength can be mathematically described as,
P=aF (4.2)

where P is the strength of the dipole moment, « is the polarizability of the molecule, and F
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is the strength of the electric field induced by light. Since light is wave, F varies with time
according to the formula:

E = Eycos(2mut) (4.3)

Where Ej is the amplitude of the electromagnetic wave, v is the frequency of the incident
light, and ¢ is time. Equation 4.3 is a general formula for any light wave. The polarizabiliy
of the molecule is a measure of how easily a molecule is polarized and depends on many
factors such as the size and shape of the molecule, as well as the type of bonds holding the
molecule together. The polarizablity can also be affected by the movement of the molecule.

For a small movement d(), we can consider the polarizabilty to be

a =+ (g—g)o * dQ) (4.4)

where «q is the polarizabilty at some equilibrium position. d(@) is the displacement, and
(g—g)o is the rate of change of polarizability with respect to molecular position. The small
displacement d() is caused by vibration of the molecule, which occurs at a frequency v,,, and

can be modeled as

dQ = Qpcos(2muy,t) (4.5)

where () is the amplitude of molecular movement. By combining Eqns. 4.2-4.5, we find the

strength of the dipole to be

P = agEycos(2mvy) + %(%)OQOEO[COS(27T(VO + vm)t)cos((vy — v)t)] (4.6)

This oscillating dipole in turn produces light waves. The first term has the same frequency as
the incident electromagnetic wave and represents the Rayleigh scattering. The second term
represents both the Stokes and anti-Stokes Raman scattering, and is considered to be due to
the vibration of the molecule. Note that Raman scattering only occurs if the polarizability of
the molecule changes with respect to molecular position. So, Raman scattering only occurs

when molecular vibrations affect the polarizability of the molecule.
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Figure 4.2: Diagram of Rayleigh, Stokes, anti-Stokes and resonance processes. Copied from
[17]

Raman scattering can also be analyzed from a quantum mechanics standpoint, where
light is modeled as a stream of photons rather than a electromagnetic wave. The photon
carries a fixed energy determined by its frequency. At the same time, each type of molecular
has discrete energy levels. A molecule with excess energy will emit photons to return to
a stable molecular energy level. For example, in Rayleigh scattering, a molecule absorbs
a photon of light and moves to a higher energy state. Because the higher energy level is
unstable, the molecule returns to the original energy state and emits a photon. The frequency
of the photon is determined by its energy, and the same amount of energy enters and leaves
the molecule. So, the frequency of the incident and scattered light is the same, and it is
Rayleigh scattering.

However in Raman scattering processes, the molecule emits a different energy photon
than the one it absorbs. In the Stokes scatter process, a photon raises the molecule to a
higher energy level. However, rather than returning to the original state, the molecule returns
to a intermediate stable energy state as shown in Figure 4.2. As the molecules energy lowers,
it emits a photon with a smaller energy and frequency than the incident photon. In anti-
Stokes scattering, the molecule starts at an exited state, absorbs a photon, and transitions
to a higher energy level. Then the molecule emits a higher energy photon and falls down to

a lower energy state than the initial energy state. So, by quantum theory, Raman scattering
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composite and neat ABS sample

is modeled as photons emitted at different energies than they are absorbed due to molecular
energy changes.

The Raman spectrum of MWCNT shares two bands with Graphite, because they have
the same basic hexagonal molecular structure. The G band at is near 1580 cm ™!, which is
caused by in-plane vibration of the C—C bond. The D band is due to defects in the crystalline
structure. In MWCNT, the location of the D-band varies linearly depending on the laser
excitation energy used in the test. Values between 1300 and 1360 have been reported %39
In addition, CNT display another band at slightly less than double the wavelength of the D
band. This band is called the G’ band and considered to be an overtone of the D band. The
D band corresponds to one phonon scattering while the G’ band corresponds to two phonon
scattering. While the D band represents the defects in a crystalline structure, the G’ band
indicates long-range order in the system. Ramsn data for the materials tested is shown in
Figure 4.3.

As expected, Raman Spectra of MWCNT, SWCNT and Graphite show G and D bands
near 1580 and 1320 cm ™! as well as a G’ bear 2630 cm~—!. The height of the D band relative to
the G band in MWCNT and SWCNT indicates more defective graphtic structure compared
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to the graphite sample. CB does not show peaks in these locations because the carbon is
not bonded together in a graphitic structure. As shown in Fig. 4.3b, the neat ABS sample
also lacks the G and G’ band. However, the G band and D band are clearly present in the 15
wt% MWCNT composite, proving that the graphitic structure of the MWCNT is retained in
the composite. However, the G’ peak disappears in this sample, because the concentration

of MWCNT is not high enough to produce long range order.

4.3 TGA

Thermogravimetric Analysis(TGA) measures the decomposition of materials with increasing
heat. This test provides data about the thermal stability of materials. It can also be used
to calculate the composition of some materials. During TGA a small mass (1-50 mg) of the
material is placed on a high precision scale is heated at a constant rate. As the temperature
increases, the sample reacts with the atmosphere resulting in weight change. This data
indicates over which temperature ranges the material is stable, and how cold it must b e kept
to prevent reactions with the atmosphere. This lowest stable temperature is called the onset
temperature T, and can be estimated using the temperature at which the sample gains or
loses 5% of its weight. The TGA data can also be used to calculate a samples composition.
The purity of sample undergoing a known chemical reaction can be determine. When two
components of a sample react independently at different temperatures, their contribution
to the total mass can be analyzed, and the samples composition can be determined. TGA
measures the thermal stability of materials. When two materials with significantly different
decomposition temperatures are mixed, an estimate of the weight composition can be made.
The two components will interact affecting the TGA curve. The materials may decompose
in the same way that they do individually, or they may interact causing increased or reduced
thermal stability. If the materials in a mixture decompose similarly to their independent
behavior, and have significantly different T,,..s, and good estimate of the percentages of
individual components can be made. The composite curve is treated as the superposition

of the individual parts. When the composite material decomposes as a unit rather in stages
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corresponding to each material, weight percentages cannot be accurately determined.

The TGA data shows the composite materials degrading in two stages. ABS/CNT com-
posites have been documented to degrade in either one or two stages. Factors affecting
whether this decomposition occurs in one or two stages include the ABS composition, i.e.
ratios of acrylonitrile, butadiene, and styrene components, purging gas type, heating rate,
and sample mass*%4!,

The TGA shown in Figure 4.4, indicates all composites containing 2.0 wt% or less of filler
materials behave similarly to neat ABS. Differences between samples in this range are similar
to variances between different samples of the same material. The samples with under2.0 wt%
filler loading show an a T,,,,; around 380 °C following which they drop to an initial plateau
of 7-9 mass % around 500 °C. Nearly all of this mass is burned off between 560 °C and
630 °C. So the majority of the polymer decomposes between 380 °C and 500 °C, and the
remaining 7-9 % remains until 560 °C-630 °C.

As shown in Figure 4.4a Graphite loses than 5% of its mass in the temperature range
studied. Meanwhile MWCNT and CB have onset temperatures near 505°C and 685 °C
respectively. Addition of carbon fillers to ABS reduces the thermal stability, lowering T,,,¢:.
T, et decreases with increasing filler concentration reaching 350°C for 5-15 wt% MWCNT
and 360°C for 15-20% CB. Along with the shift T,,.;, the 5-15 wt% MWCNT composite
specimens show the second stable region or plateau shifted down to the 450-500°C range. A
similar shift occurs in 7.5-10 wt% CB samples. These CB samples do not have a constant
mass in the range, but do show a much slower rate of mass decrease in these regions. Samples
with 5 wt% and up of filler material show increasing amounts of material remaining at
this second plateau. These larger masses are attributed to the larger amounts of filler in
the composite, which do not react at this temperature. This indicates the presence of
more MWCNT or CB with increasing filler loading, but cannot be used to calculate the
percentage of filler present in the material. At 800°C, a majority of the filler mass is present.
However, the composite materials do not show significant increased mass retention at this
temperature. So, ABS interacting with the material causes the carbon fillers to decompose

at a lower temperature.
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Table 4.1: Summary of TGA data

Mass % at Plateau Difference between
Material Tanset ["C) Mass % at | Mass % at composite and neat at
500 °C 480 °C plateau (% mass)

MNeat ABS 382.9 7.2 10.9 -

MWCNT powder 504 95.5 97.8 -

0.5 % MWCNT 3811 6.9 - -0.3
1.0% MWCNT 373.6 9.1 - 1.9
1.5% MWCNT 376.2 9.2 - 2.1
2.0% MWCNT 375.7 2.0 - 1.8
5.0% MWCNT 348.7 - 19.6 8.7
7.5% MWCNT 348.5 - 22.2 11.3
15.0% MWCNT 355.5 - 25.2 14.3
0.5% SWCNT 383.1 7.0 - 0.4
1.5% SWCNT 3827 10.2 - 3

2.0% SWCNT 382.0 9.2 - 2

CB powder 686.0 58.3 - -

0.5% CB 380.9 7.9 - 0.7
1.0% CB 3E81.2 8.2 - 1

1.5% CB 382.0 8.4 - 1.2
2.0% CB 379.2 8.6 - 1.4
5.0% CB 378.9 9.6 - 2.4
7.5% CB 378.5 13.6 - 6.4
10.0% CB 368.6 - 18.3 7.4
15.0% CB a57.3 - 23.7 12.8
20.0% CB 364.4 - 27.2 16.3
Graphite powder =300 99.2 - -

0.5% Graphite 384.2 6.0 - -0.6
1.0% Graphite 382.9 8.1 - 0.9

Table 4.1 contains the onset temperature of sample at each wt%. It also shows the mass %
of this sample in the stable region and compares the mass of composites in the stable region
with the mass % of ABS at the same temperature. Based on the TGA data, the composite
degrades at lower temperatures with the addition of carbon fillers. Since T, is over 100°C
larger than the highest processing temperatures used in the material fabrication process, we
conclude that minimal heat damage to the material occurs during this 3D printing process.
The TGA data verifies that MWCNT and CB concentrations increase in the filament as
more MWCNT and CB are added to the base. However, exact composition of the composite

filament cannot be determined due to the interaction between the filler and ABS.
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Chapter 5

Tensile Results

5.1 Tensile Tests

5.1.1 Expected Results

Mixing a high modulus reinforcing material with a high modulus, high strength material
like carbon usually generates a material that is a hybrid of both properties. The interface
transfers stress from the modulus to the reinforcement. As the filler concentration increases
it contributes more of its properties to the composite. With increasing filler concentration,
the ductility of the composite should decrease. The stiffness and strength of the material
will increase as the filler concentration goes up and it carries more of the load. At filler
concentrations exceeding a critical value, the strength will begin to decrease again

Recent results published by Oak Ridge National Laboratory showed an increase in strength
of 5 MPa for 1.0 wt% CNT/ABS composites prepared using a twin-screw extruder. Increas-
ing the concentration to 2.0 wt% caused a reduction in strength back to the original neat

value®?.
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5.1.2 Results

Overall the results show decreasing ductility with increasing filler concentration as predicted.
However, the stiffness remains fairly constant while the strength generally decreases. Possible

causes for this behavior are discussed in Section 5.1.4.

Neat ABS data

Eight AMSE D638 type IV tensile specimens were used to measure the baseline strength of
FDM printed ABS. The ultimate tensile strength of the specimens clustered in two groups.
The majority of the specimens had strengths of around 40.0 MPa, but there was a smaller
cluster of samples with ulimate tensile strength at 43.9 MPa for an overall average of 40.1
MPa. The elastic modulus of the ABS ranged from 2.0 Gpa to 2.4 Gpa with an average
value of 2.2 GPa. The breaking strain of the neat specimens ranged from 3.7-7.6% with an

average of 5.1%.

CB tensile test data

Three ASME D638 type IV tensile test specimens with manufacture at CB filler concentra-
tions of 0.5 wt% and 2.0 wt%. Two specimens were fabricated and tested at 5.0 wt% and 7.5
wt% CB and one at 10 wt%. These filaments were originally fabricated to test changes in
conductivity with increasing filler concentration. For this reason, not enough material was
available to produce three tensile test specimens. The test results are shown in Figure 5.1.
The average elastic modulus of the composite specimens initially declined to 2.1 and 2.0
Gpa for 0.5 wt% and 2.0wt%. Then it increased to a maximum value of 2.5 Gpa for 5.0 wt%
and dipped to 2.3 GPa for both 7.5wt% and 10 wt% composite specimens. The ultimate
strength showed similar behavior with strengths of 40.0 Mpa, 38.6 Mpa, 43.1 Mpa, 37.0 Mpa
and 36.9 Mpa for 0.5 wt%, 2.0 wt%, 5.0 wt%, and 7.5 wt% CB specimens. The strain to
failure generally declined with increasing filler concentrations. It started at 3.5 % for 0.5
wt% OB and declined to 2.5% for 10 wt%. The 2.0, 5.0, and 7.5 wt% specimens had average

strain-to-falure points of 3.2%, 3.1% and 2.2% respectively.
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Figure 5.1: Graph comparing stress-strain curves of neat ABS and CB composite specimens

MWCNT tensile data

Three ASME D638 type IV tensile specimens were tested at MWCNT loadings of 0.5 wt%,
1.0 wt%, 1.5 wt%, 2.0 wt%, 5.0 wt%, and 7.5 wt%. Only one sample was fabricated at 15
wt% due to the small amount of material available. EIS data was the main focus for this 15
wt% composite material. The ultimate tensile strength of 0.5 wt% ranged from 32.3 MPa
to 41.0 Mpa resulting in an average value of 35.5 MPa for an overall reduction in strength
compared to the neat. The 1.0 wt% specimens improved to 35.7 MPa with a tighter range
from 34.3 to 37.1 MPa. The 1.5 wt% specimens improved to an average of 36.5 MPa with a
data range from 36.0 to 37.9 MPa. The average value reached a max at 2.0 wt% with a value
of 37.4 wt% and a range of 35.7 to 38.5 Mpa. The 5 wt% specimen shows similar behavior
with a range of 32.1 to 38.5 Mpa and average value of 35.9. Ultimate strength decreases
slightly to 34.9 MPa for the 7.5 wt% samples to an average value. The 15 wt% specimen was
extremely brittle with a ultimate strength of 17.6 Mpa. Two thirds of the specimens from

2.0 wt% to 7.5wt% have tensile strengths around 37-38 MPa, however the weakest specimen
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Figure 5.2: Graph comparing stress-strain curves of neat ABS and MWCNT composite
specimens

in each group decreases strength dramatically with increasing filler concentration resulting
in a significant reduction in average strength.

The elastic modulus of the MWCNT composite specimens initially dips with the addition
of MWCNT filler, but gradually stiffens as the filler concentration increases. From the neat
modulus of 2.2 GPa, the modulus drops to 2.0 GPa for 0.5 wt% and 1.0 wt%. The average
elastic moduli for 1.5 wt% to 5.0 wt% MWOCNT specimens similar to the neat ABS modulus
with values of 2.1 GPa, 2.2 GPa, and 2.2 GPa for 1.5 wt%, 2.0 wt%, and 5 wt% respectively.
The average value then increases to 2.3 GPa 7.5 wt% and 2.8 GPa for 15 wt% MWCNT
composite specimens. These two weight percentages show both higher average and maximum
elastic moduli compared to the neat specimens. So it is possible to increase the stiffness of
FDM printed ABS plastic.

This improvement in elastic modulus comes with a substantial decrease in ductility as the
strain to failure decreases with increasing filler concentration. Starting with at an average

value of 5% for the neat specimens, the strain to failure decreases to 2.9% for 0.5 wt%
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MWCNT and to 3.0% for 1.0 wt% MWCNT. THe downward trend continues with average
strain to failures of 2.7%, 2.6%, 2.1%, 1.8%, and 0.66% for 1.5 wt%, 2.0 wt%, 5.0 wt%, 7.5
wt%, and 15.0 wt% MWCNT composite specimens respectively. From this data it is clear
that the addition of even a small amount MWCNT filler significantly reduces the ductility of
the polymer matrix. This effect is more pronounced with the inclusion of more filler material.

As shown in Fig. 5.2 the neat ABS samples display ductile behavior. This gradually

transitions to more brittle behavior until by 7.5 wt% typical brittle behavior is observed.

5.1.3 Oven and microwave data

An additional two tensile specimens were fabricated at MWCNT loadings of 0.5 wt%, 1.0
wt%, 1.5 wt%, 2.0 wt%, 5.0 wt%, and 7.5 wt%. Before testing, these specimens were
microwaved for 3 seconds. The motivation for this treatment was CNT’s high microwave
absorptivity. The goal was to cause localized melting in the part to bond the rasters together
and create better interlayer bonding. The results of these tests are shown in Figure 5.3a
andb.3b

The initial tensile tests of the microwaved specimens showed no improvement from the
unheated specimens. So, an additional heat treatment was applied to the 1.5 wt% and 2.0
wt% specimens as an effort to improve strength and ductility. These specimens were placed
in a oven at 135 °C for 1 hr. This treatment caused the specimen to become soft but was
sufficiently below the Tj to avoid melting. Minimal warping at the edge of the specimens was
observed, but the gage section was not affected. The goal of this heat treatment was to cause
the rasters to fuse together. Neat ABS specimens were subjected to both heat treatments

to isolate the role of CNT in the heating process.

ASME D638 type V specimens

After testing the Type IV results, several type V specimens were tested. The smaller size of
these test samples affords less opportunity for large defects. So, these specimens might show

better properties than their larger counterparts. Three neat ABS specimens were tested
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Figure 5.3: Stress-strain curves comparing (a) untreated neat ABS specimens with oven
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untreated and oven-treated composite specimens.
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Figure 5.4: Graph comparing stress-strain curves of neat ABS and MWCNT D638 Type V
composite specimens

to form a baseline. Then, three 0.5 wt% MWCNT and three 1.0 wt% MWOCNT type V
samples were compared resulting in the graph in Figure 5.4. For neat ABS, the average
elastic modulus was 1.3 Gpa, the average ultimate strength was 38.1 MPa, and the average
strain to failure was 7.8%. The 0.5 wt% MWCNT elastic modulus varied from 1.1 Gpa to
1.4 Gpa with an average value of 1.2 Gpa, and the ultimate strength varied from 25.6 Mpa
to 38.7 Mpa. Meanwhile the strain to failure ranged from 3.2 %to 5.9% with an average of
4.9%. One of the specimens significantly underperformed the rest of the specimens in all of
these areas, possibly due to poor printing. As shown in Figure 5.4, the 0.5wt% MWCNT
specimen shows much less strain hardening than the ABS specimen. A similar ultimate
strength was achieved around 2 % strain lower than for the neat ABS. So, this composite
will deform less under load than neat ABS. The 1.0 wt% MWCNT had a elastic modulus of
1.2 Gpa, an ultimate tensile strength of 34.6 MPa, and a strain to failure of 4.4 %.

So for the smaller type V test specimens, the elastic modulus gradually decreased with

increasing filler concentration while the strain to failure declines. Although the 0.5 wt%
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Figure 5.5: Graph comparing stress-strain curves of neat ABS and SWCNT composite D638
type IV specimens

MWCNT had a similar range of tensile strength to the neat ABS, the stregth declined
for the 1.0wt% composite. The most significant result was the reduced strain to ultimate

strength observed in the 0.5 wt% MWCNT composite.

SWCNT tensile data

Three 2.0wt% and two 1.5 wt% and 1.0 wt% tensile test specimens were tested. The resulting
data is shown in Fig. 5.5. The SWCNT composite specimens showed a trend in decreasing
ductility. The 0.5 wt% SWCNT composite had 27% reduction in breaking strain compared
to neat ABS. This increased to 46% and 49% reduction for 1.5 wt% and 2.0 wt% respectively.
The ultimate strength was 39.5 MPa for 0.5 wt% SWCNT and reduced to 36.3 Mpa for 2.0
wt% SWCNT. The 1.5 wt% SWCNT composite specimens had similar ultimate strength to
the neat ABS specimens at 39.5 MPa. The 1.5 wt% and 2.0wt% composites showed similar

elastic moduli to neat ABS while the 0.5% SWCNT composite material’s modulus decreased.
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5.1.4 Discussion

For filler properties to be transferred to the composite, good interfacial adhesion and dis-
persion are required. If the interfacial adhesion between the phases is low, the filler material
induces stress concentrations by acting as holes or nanostructured flaws??. This can be
improved by increasing the surface area of the particle to transmit more shear forces or
by improving the bonding between filler materials and the polymer matrix?%%3. Interfacial

adhesion arises through the following mechanisms:

e Flectrostatic and van der Walls interactions between the filler and the matrix. These
occur in the absence of chemical bonding and are the primary load transfer mechanism

for CNT /polymer composites 24344,

e Micromechanical interlocking due to surface roughness at the interface. Since CN'T are

smooth, these are minimal for CNT /polymer composites??.

e Chemical bonding between filler materials and matrix. This is the strongest, but is

not guaranteed to be present.?

Agglomerated carbon nanofillers are held together by weak Van der Waals forces. When
agglomerates are present, separation of the agglomerated bundle can be the failure mecha-
nism rather than failure of the filler material. When this happens, the composites strength
is greatly reduced??4*. For MWCNT, concentric shells may slip against each other resulting
in a telescope-like elongation. This also has the potential to reduce mechanical properties.
Agglomeration effects can be reduced by improving the dispersion of nanoparticles in the
matrix. Cross-linking MWCNT shells or nanofiller bundles together reduces the amount
of slipping occurring in the filler material. However, crosslinking of graphitic materials in-
troduces defects into the crystalline structure, which will negatively impact the mechanical

properties of the individual molecules??.
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Figure 5.6: Fracture surface images of neat ABS specimens (a)Optical microscope image (b)
SEM image

5.2 Fracture Surface Images

Fracture surface images can provide information about the cause and type of failure in a
material. It can be used to identify voids or crack initiation points. In composites, pictures
of broken fibers in the matrix provide information about the interface strength. If they pull
out from the matrix rather than breaking flush with it, this indicates that the interface is
not strong enough to transfer the load to the fibers.

Pictures of neat specimen in Figure 5.6 reveal that the rasters were well fused together
by the FDM printing process. The sides have more defined rasters than the interior of the
part, probably due to faster cooling during the printing process. Voids are evident in the
fracture surface images.

Figure 5.7 compares the fracture surface a of 0.5% graphite specimen with those of the 2.0
wt% CB, MWCNT, and SWCNT specimens. The graphite specimen in Figure 5.7a shows
a large chunk of graphite in the lower left corner. All of the composite specimens show
contain specks of dark material not observed in the neat specimens. Presumably these are
due high concentrations of ller material in these areas. These inhomogeneous areas suggest
that the filler material is agglomerating in those locations, thereby weakening the material.
However the MWCNT and SWCNT specimens display large dark areas which span several

rasters. This suggests that they were formed after extrusion from the printer nozzle, rather
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(d)

Figure 5.7: Optical Microscope images of (a)0.5 % Graphite (b) 2.0% CB (c) 2.0%MWCNT
and (d) 2.0% SWCNT

than being defects contained in the filament. More study is required to determine if they
are in fact agglomerations of nanomaterials or optically dark by another mechanism. The
composite ABS material is black after printing, but turns white at areas of high stress. So, it
could also be possible that the optically dark spots visible in the microscope represent unequal
stress throughout the cross-section. If the printing process is depositing large agglomerations
across multiple rasters, identifying and eliminating the process by which this occurs would
be imperative for further material development.

While the composite specimens in Figure 5.7 specimens lack the larger voids noticed in the
neat specimens, they do contain small voids at the intersections of the rasters. The MWCNT

and CB specimen show a flatter surface than neat and 0.5% MWCNT specimens suggesting
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a more brittle fracture. The SWCNT specimen in Figure 5.7d shows a unique region of
high roughness on the right side which could indicate ductile behavior on the microscale or
rapid fracture in this area. This surface is significantly different from the fracture surfaces
observed in all other specimens.

Figure 5.8 shows fracture surface images of higher weight percentage specimens. Figure
5.8c and 5.8f are good examples of the small voids between adjacent rasters present to some
extent in all the composite samples. In these two samples, lines marking the separation can
be observed in the cross-section. This indicates that the layers were not well bonded in these
two samples. Metallic reflections and discolorations in the optical microscope images can be
attributed to the presence of carbon fillers. The flat fracture surface is consistent with the
brittle failure observed in the tensile tests.

Figure5.9 shows the fracture surface of the some heat treated specimens. These fracture
surfaces are similar to the untreated specimens. The oven ABS specimen shows some voids
attributed to under-extrusion in the manufacturing process towards the top of the image.

The oven 2.0 % MWOCNT shows fewer and smaller dark spots than the untreated specimen.

5.3 Electrical Impedance Spectroscopy

Graphite and MWCNT specimens were tested at all weight percentages. Specimens under 5
wt% showed test results very similar to neat ABS. The real part,o, of the complex electrical
conductivity of these materials is frequency dependent. Below a critical frequency, w,, the
conductivity is constant. This frequency independent value is the DC conductivity, o4c. The
definition of the critical frequency was proposed by Kilbride et al.*® to be o(w.) = 1.1o4c.
Above w,, the conductivity increases exponentially with increasing frequency.

e

In Figure 5.10, the 7.5 wt% MWCNT shows this typical material behavior. For other
sepcimens, the frequency range tested shows only a segments of the frequency responce.
Lower weight percentages show only the exponentially increasing conductivity and 15 wt%

MWCNT composite data shows mainly the constant conductivity region. The AC conduc-
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Figure 5.8: Fracture surface images of high weight percentage specimens (a)Optical micro-
scope and (b)SEM images of 5.0% MWCNT (c)Optical microscope and (d)SEM images of

7.5% MWCNT (e) Optical microscope image of 10.0%CB (f) Optical microscope image of
15.0%MWCNT
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Figure 5.9: Optical microscope images of (a) microwaved ABS specimen (b) oven ABS
specimen (¢) microwaved 5.0%MWCNT/ABS composite specimen and (d) oven 2.0%
MWCNT/ABS composite specimen

tivity’s dependence on frequency can be modeled with the equation

0(w) = wgc + Aw® (5.1)

where A and s are constants. Curve fitting of the collected data gives the values of A, s and
oqc shown in Table 5.1. Note that the conductivity of polymers is affected by temperature
as well as frequency. A slight increase in the conductivity of the 15 wt% sample at high
frequencies indicates that the critical frequency is 1.1210° rad/s or 180 kHz. With such a
high critical frequency the exponential portion of the curve more difficult to observe than

the other specimens. The 0.5 wt% Graphite, 1.0 wt% Graphite, and 0.5-2 wt% MWCNT
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Figure 5.10: AC conductivity data for MWCNT composites.

specimens all showed similar behavior to the neat ABS sample shown in Figure 5.10. For all
materials tested under 5.0 wt%, the frequency independent stage occurs at lower frequencies
than studied. In the frequency independent range, the material acts as a resistor while at
higher frequencies it acts like a capacitor. The results of the impedance testing show that o4c
and w, increase with increasing wt% of MWCNT. This increase of conductivity is expected
due to the presence of nanotubes in the filler.

Conduction in the frequency independent region is due to direct contact between MWCNT.
Higher values correspond to a more extensive network of MWCNT#6. Conduction due to
tunneling electrons between particles increases with increasing frequency and accounts for
part of the frequency dependent component of the conductivity. Reduced charge buildup
from space charges occurrs with increasing frequency and also contributes to the increasing
conductivity*". Based on the data aquired, the MWCNT forms a better network at higher
weight percentages, causing an increase in the DC conductivity. Composites tested below

5 wt% showed very little difference from neat ABS in the regions studied. 7.5 wt% and 15
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Table 5.1: Summary of EIS data

Waterial o4 (Sfcm) w, (rad/s) 5 A (S/cm)
Meat ABS 1.1 gx 108
5.0 wi% MWCNT - - 1.0 2x 104
7.5 wit MWCNT 3.2 % 10° 437 1.13 2 x 108
15 wi%s MWCNT 8.7 x10°F 1.1x 107 0.81 1% 10

wt% MWCNT specimens show increased conductivity. 15 wt% has DC conductivity in the

semi-conducting range.
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Chapter 6

Conclusions and Recommendations

The purpose of this research was to determine the effect of carbon fillers on mechanical and
electrical properties of FDM printed ABS composite materials. SEM was used to characterize
the nanomaterials, and XRD, TGA, and Raman were used to confirm the presence of filler
material in the composite materials. Tensile testing showed improvement in tensile strength
for 5.0 wt% Carbon Black Specimen and 0.5 % MWCNT Type V specimen. Fracture surface
images showed good adherence between layers and rasters. Small voids were present at
the interface of rasters. Microwave and oven heat treatments were applied in an effort to
promote fusion of rasters and improve the mechanical properties of the material. Fracture
surface images showed little improvement, but stiffness increased due to oven treatment.
EIS data shows strong improvement in electrical conductivity of MWCNT/ABS composite
material with increasing weight percentage. The 15 wt% MWCNT had a DC conductivity
of 8.74x1076 S/cmcompared to the neat ABS conductivity of < 10712 S/cm. Graphite
and MWCNT composites containing 2.0 wt% or less of filler material had similar electrical
properties to neat ABS Recommendation for further research on carbon filler FDM printed

composites include:

e Take high magnification images of the composite material. These images could help
determine the level of dispersion or agglomeration of filler materials in the sample.

Gaining more insight into the materials structure would help engineer solutions.
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e Work to improve filler material dispersion. Use higher shear mixing process or func-

tionalize nanomaterials to facilitate dispersion in the matrix.

e Vary matrix material to find optimal. Make specimens at a low weight percentage
of the same nanomaterial in each of the common FDM stock materials to determine

which bonds best with the material.

e Vary the aspect ratio of the nanomaterials used. If the material is below its critical
length, increasing the aspect ratio will improve load transfer from the matrix to the
filler. Also, higher aspect ratios are more expensive and more likely to break during

processing, so determining the most effective length would result in cost savings.
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