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ABSTRACT
The current research focused on dispersion of different types of nanoscale materials
through mechanical and chemical dispersion methods. Nanoparticles are used in multiple
applications because nanoparticles exhibit different properties than the bulk of the materials.
Materials made with nanoparticles can be stronger and more efficient than materials made with
larger particles because nanoparticles provide materials with fewer voids. Investigation into
novel dispersion and passivation techniques for nanoparticles is important to produce systems of
well-dispersed nanoparticles that do not degrade in air.
The current research investigated three separate dispersion systems. The first
investigation focused on the effects of mechanical dispersion of nanoparticles through ultrasonic
dispersion of nanoparticle systems. The second investigation compared the effects of
electrostatic and steric dispersion methods for the dispersion of copper nanoparticles. The third
investigation focused on electrostatic dispersion of nanoparticles and the formation of covalent
bonds between the nanoparticles and carbon fibers.
The current research demonstrated that ultrasonication is not a valid method for
nanoparticle dispersion because the force of the collision between the nanoparticles irreparably
alters the size and physical structure of nanoparticles. Three material systems were investigated:
ceramic oxide nanoparticles, diamond nanoparticles, and metal nanoparticles. The size
distribution of the particles was measured as a function of sonication time using dynamic light
scattering. The morphology of the particles was observed with transmission electron microscopy
and field emission scanning electron microscopy. The ceramic oxide material that was
ultrasonically treated was alumina whiskers and platelets. Ceramic oxide materials are brittle, so
the alumina platelets fractured into smaller particles. The γ-alumina whiskers were less
thermodynamically stable than the platelets and underwent a morphology change in the
sonicating solution. Steric dispersion with Darvan CN and electrostatic dispersion with ionic
species did not prevent re-agglomeration after the sonication procedure. The diamond
nanoparticles fractured during the ultrasonic treatment and re-agglomerated to two specific
particle size distributions regardless of the sonication procedure. Steric dispersion with Darvan
CN and electrostatic dispersion with ionic species did not prevent the particles from reagglomerating after the sonicating procedure. The metal nanoparticles were colloidal gold
nanoparticles. The gold nanoparticles irreversibly agglomerated and underwent bridging and
sintering as a result of the heat generated from the collisions between the particles.
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Copper nanoparticles were prepared as a material in a metallic ink for use in a threedimensional printer. Well-dispersed copper nanoparticles were necessary to pack into the final
printed copper device with few voids, otherwise the printed device would be brittle. Passivated
copper nanoparticles were needed to prevent corrosion of the nanoparticles during the printing
procedure. Templated copper nanoparticles were synthesized using a previously established
method. The copper nanoparticles were dispersed using electrosteric dispersion with citric acid
and steric dispersion with polyvinylpyrrolidone (PVP). The size distribution of the copper
particles was observed using dynamic light scattering. The surface charge of the copper particles
as a function of dispersant was measured with zeta potential. The morphology and the dispersion
of the copper particles was observed using field emission scanning electron microscopy. When
the dispersant solution contained 10-3 M citric acid adjusted to solution pH 8.5, the particles were
well-dispersed but degraded in air within an hour. When the dispersant solution contained 10-3 M
PVP, the copper particles were stable in solution for more than two months and stable in air for
more than 24 hours. Steric dispersion with PVP provided more disperse particles and less
corrosion of particles.
A well-known deficiency of currently produced laminated carbon fiber tow reinforced
polymer composites is low strength in the material when compressive force is applied to the
material. Carbon fiber tows weakly bond with the polymer, so the fiber tows delaminate from the
polymer upon impact and the overall strength of the composite decreases as a result of
compressive failure in the composite. One solution for reducing delamination in carbon fiber
reinforced polymer composites utilizes the addition of nano-sized reinforcement to the surface of
the fibers through chemical vapor deposition (CVD), but CVD is a high temperature process that
damages carbon fibers. The current study utilized a low temperature bioconjugation process to
covalently attach nanofillers (silicon carbide whiskers, carbon nanofibers) to the surface of
carbon fibers. The surface chemistry of the carbon fibers and the nanofillers was altered by
oxidizing the surface of the fibers and nanofillers with nitric acid or water. The carbon
nanofibers were de-agglomerated using an ultrasonic horn, and the surface chemistry of the
oxidized nanofillers was altered by condensation of (3-aminopropyl)trimethoxysilane (APTMS)
to the surface of the nanofillers. A modified conjugation method was utilized with 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) and the stabilizing agent Sulfo-NHS to covalently
bond nanofillers to the carbon fibers at room temperature. The change in the surface chemistry of
the carbon fibers and the CNF was confirmed using zeta potential determinations. The coupling
of the CNF to the carbon fibers was confirmed using optical microscopy and field emission
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scanning electron microscopy. Mechanical testing of the tow tension and failure strength of the
carbon fibers did not show an increased strength observed for the carbon fibers with covalentlybound nanofillers.
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Chapter 1
Introduction

1. Background
Nanoscale metallic and inorganic nanoparticles have become more prevalent in the
formation of small devices and composite materials over the past 30 years. Metallic
nanoparticles are used in application such as multi-layer capacitors, 1,2 carbon fiber composite
materials, 3,4 and biomimetic composite materials that replace human tissue and bone. 5,6
Nanoparticles are useful in composite devices because nanoparticles exhibit different properties
than the bulk of the material, such as increased electrical and thermal conductivity in metallic
nanoparticles.2 Nanoparticles are desirable materials in the miniaturization of devices because
exploration in fields from electronics to computers to biomedical has lead to the possibility of
additional miniaturization in electronics 7,8 and medical devices. 9-11 Well-dispersed
nanoparticles can produce stronger and more efficient devices. 9-12
Even though nanoparticles have become so ubiquitous in the scientific world, there are
still new applications emerging. Knowledge of the properties of nanoparticles and composites
made from nanoparticles are still incomplete. Nanoparticles with higher surface energy relative
to micron-sized particles are beneficial in catalyst materials because of a higher reactivity with
nanoparticle catalysts than with micron-sized catalysts. 13,14 In contrast, such nanoparticles have
a higher surface reactivity in air than micron-sized particles and metallic nanoparticles are more
likely to deleteriously corrode in the atmosphere than micron-sized metallic particles.
Nanoparticles require different dispersion techniques than micron-sized particles due to the
smaller size and higher surface energy. Nanoparticles are more likely to agglomerate in a bulk
liquid than micron-sized particles, and agglomerated metallic nanoparticles will begin to sinter
due to the high surface energy. 15 The creation of novel dispersion and passivation techniques for
nanoparticles is important to produce systems14,16-21 of well-dispersed nanoparticles that do not
degrade in the presence of air. 13,16-21
The separation of particles in liquid suspensions is categorized into three basic states: the
dispersed state, the weakly flocculated state, and the strongly flocculated state. 15,22 The schematic
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in Figure 1-1 illustrates the relative distance between particles in each of the three dispersion
states. Particles in the dispersed state retain their individual independence, but particles in
flocculated systems adhere to one another and can sinter. 22 An example of flocculated
nanoparticles that agglomerated and sintered is shown in Figure 1-2. The arrows in Figure 1-2
point to solid bridges that formed between two silica nanoparticles when the flocculated particles
sintered during the synthesis dispersion procedure. 14

Figure 1-1 A schematic diagram of the three main types of particle dispersion
states: the dispersed state, the weakly flocculated state, and the strongly
flocculated state. This image was modified from Lewis 23 and Yuan 21.
The dispersed state of a nanoparticle suspension is dependent upon the interaction energy
between the particles in the system. A dispersed system is simplified by looking at the
relationship between two particles in a suspension. When two particles approach one another, the
particles are either attracted to one another or repelled from one another. The typical way to
display the various forces is the interaction energy as a function of separation distance for a two
particle interaction. There are three main types of forces that control the interaction energy
between two particles: the London-van der Waals attractive force, the Columbic force associated
with the charged particles that can be repulsive but is usually attractive, and the repulsive force
between particles resulting from adsorbed layers on the surface of the particles. Calculating the
force of the interaction between the two particles determines the state of the dispersion and the
degree of stability of a dispersion.15
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50 nm
Figure 1-2: Surfactant-templated nanometer-sized silica particles
sintered during synthesis, dispersion, and washing. Solid bridges
between the particles are indicated by the arrows on the image.
The solid bridges between the particles lead to irreversible
aggregation of the silica particles during the dispersion process.14

1.1. van der Waals attraction between particles
The attractive force between two spherical like charged particles using the long-range van
der Waals interactions and the electrostatic interactions is described by the Derjaguin-LandauVerwey-Overbeek (DVLO) theory.15,22 The magnitude of the van der Waals forces between the
particles is dependent upon the quantum mechanical polarity mechanism from the particle
materials and the distance between the two particles. When charged particles approach one
another in the reaction solution, the magnitude of the van der Waals attraction increases and the
particles irreversibly aggregate (Figure 1-3a). 15,22
The calculation for the attractive van der Waals forces between two particles was initially
articulated proposed by Hamaker. 24 The Hamaker approach assumed additivity by integrating
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across all of the attractive forces between each atom or molecule in the two particles to yield the
total attractive force between the particles. The total energy of attraction between two particles,
VA(D), is calculated by utilizing the Hamaker constant (A131) for a particle, 1, in a medium, 3, and
integrating over the potential energy of attraction for each atomic or molecular interaction within
the particles as a function of the separation distance of the center of the two particles, giving: 25
(1-1)
where D is the separation distance between the two particles. As the value of the Hamaker
constant increases, the van der Waals forces between the two particles increases.
There are two basic theories to calculate the Hamaker constant between two solid
particles in a suspension, the microscopic approach and the macroscopic approach.

26-29

The

microscopic approach for calculating the Hamaker constant, developed by Hamaker, assumes
additivity by integrating over the van der Waals forces between each pair of atoms or molecules
in the two particles.27,28 The macroscopic approach, developed by Lifshitz, utilizes the dispersion
of the dielectric constant of the two particles and the dielectric constant of the medium to
calculate the attractive force between two particles. 26,29 The macroscopic approach is more
utilitarian than the microscopic approach. There are two methods that are used to calculate the
Hamaker constant for two like-charged particles through the macroscopic approach. The Gregory
approximation breaks up the Hamaker constant into the interaction between the two particles, A 11,
the medium with itself, A33, and the particles with the medium, A13: 24
(1-2)
The literature values of the Hamaker constant for each relationship (particle-particle, mediummedium, particle-medium) is used to approximate the Hamaker constant for the system. 24 The
Gregory constant can be used to experimentally determine the Hamaker constant of a system.
The Hamaker constant between two different materials is calculated using the characteristic
dispersion frequency of each material, ω1 and ω3 for the particle and the dispersant:24,30
(1-3)
where ħ is Planck’s constant and ε1 and ε3 are the dielectric constant of the particle and the
dispersing medium. The relationship between two identical materials is simplified to: 24,30
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(1-4)
where ε1 (or ε3) is the dielectric constant of the material and ω1 (or ω3) is the characteristic
dispersion frequency of the material. The Tabor-Winderton Approach takes into account the
interaction between the two identical particles, 1, across the medium, 3: 31
(1-5)

where ε1 and ε3 are the dielectric constants of the particles and the medium, n1 and n3 are the
refractive indexes of the particles and the medium, and ϖe is electronic relaxation frequency,
usually about 3 x 1016 for dielectric materials.

1.2. Electrostatic dispersion
Electrostatic forces are only present when charged species are dispersed in an ionic
liquid.

23,32

The charged species around a single particle in an ionic solution are illustrated in

Figure 1-4. When a particle is added to an ionic solution, the charged species on the surface of
the particle attract counter-ions from the liquid. The counter-ions chemically bind to the surface
of the particle to form a layer of charge called the Stern layer. The ions in the Stern layer more
weakly attract oppositely-charged ions from the bulk liquid to form a layer of diffuse, weakly
bound ions surrounding the Stern layer of the particle, called the Gouy-Chapman layer. The
system containing the Stern layer and the Gouy-Chapman layer is called the electrical double
layer. The interface between Gouy-Chapman layer and the Stern layer is called the Stern plane.
The electrical potential at the Stern plane, called the Stern potential (ϛ), has been shown
by Lyklema33 to be equal to the electrokinetic, experimentally determined, zeta potential. The
magnitude of the zeta potential is a measure of the magnitude of the repulsive forces between the
two particles. The zeta potential of the suspension is controlled by adding ionic species to the
liquid. The ionic species adsorb to the Stern layer, which increases the amount of charged
counter-ions in the Gouy-Chapman layer and increases the potential in the Stern layer. 32,33
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(a) Interaction Energies Between Two Particles
with van der Waals Attraction

(b) Interaction Energy Between Two Particles
with Electrostatic Dispersion

(b) Interaction Energy Between Two Particles
During Aggregation

(d) Interaction Energy Between Two Particles with
Polyelectrolyte Stabilization

Figure 1-3: Schematic representation of multiple interaction energy and separation distance schemes between two particles. The dark blue
lines represent the van der Waals interactions, the green lines represent the total energy with repulsive energy, and the blue lines represent
the separation distance between the particles. (a) The van der Waals interactions between two particles cause agglomeration. (b) Similarlycharged particles agglomerate when the surface energy is overcome by van der Waals interactions. (c) Similarly-charged particles do not
agglomerate when the repulsive energy of charged species adsorbed to the surface of the particles overcomes the van der Waals interactions.
(d) Similarly-charged particles do not agglomerate when the repulsive energy of charged polymers adsorbed to the surface of the particles
overcomes the van der Waals interactions. Prepared by Adair in 2008.

Figure 1-4: Schematic of the electric double layer of a positivelycharged particle in an ionic solution. The layer of negative
charge adsorbed onto the surface of the particle is the Stern
layer. The diffuse layer of charged species around the particle is
the Gouy-Chapman layer. The zeta potential of the particle is
the potential energy of the particle at the Stern plane, which is
the plane between the Stern layer and the Gouy-Chapman layer.
The potential of the van der Waals forces from the particle
decrease as the distance from the particle decreases. 1
The relationship between two similarly-charged particles in an ionic suspension is shown
in Figure 1-5. As the particles approach one another in the ionic suspension, the Gouy-Chapman
layers overlap. The interaction energy between two particles in an electrosteric system as a
function of separation distance is outlined in Figure 1-3b.1 Electrostatic repulsion arises from
overlap of the Gouy-Chapman layers. When the magnitude of the charge on the Stern layer is
relatively small, the magnitude of the Gouy-Chapman layer is small and the layer does not extend
far from the particle. When the particles approach, the ions in the Gouy-Chapman layer displace
and the particles come close enough for the attractive forces to pull the particles together and
agglomerate. When ionic species are added to the system, the species adsorb onto the Stern layer
of the particle which causes the magnitude of charge and diameter of the Gouy-Chapman layer to
increase. Particles are electrostatically dispersed when the magnitude of the repulsion between
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the Gouy-Chapman layers prevents the particles from coming close enough that the particles
agglomerate. Instead, the particles will move away from one another as a result of the
electrosteric repulsion. 1,2 The diagram in Figure 1-5 shows two particles that are dispersed in an
electrostatic system.

Figure 1-5: Schematic representation of the electrical double
layers of two similarly-charged particles overlapped in the
electrosteric dispersion system. The amount of charge in the
Stern layer on the particles dictates the repulsion in the GouyChapman layer and the separation distance between the particles.
The electrical potential of the particle system decreases by a factor of 1/e, where e is for
the inverse Debye-length, or double layer thickness, indicated by κ -1. The magnitude of the
double layer thickness is dependent upon the valence and concentration of the individual ion
species in the solution:

1,3,4

(1-6)
where ε is the relative dielectric constant of the liquid, εo is the permittivity of vacuum, k is the
Boltzmann constant, T is the temperature, e is the electronic charge, and I is the ionic strength of
the solution. When positively or negatively charged species are added to the bulk solution, the
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ionic strength (I) of the solution increases or decreases, and the Stern layer adsorbs charge. The
ionic strength was calculated by Horn: 1,4,5
(1-7)
where ci and zi are the concentration and the valence, respectively, of the ionic species i. The
particles are more likely to aggregate as I increases because when the ionic strength in the bulk
system increases the amount of charge on the surface of the Stern layer increases. In turn, the
Gouy-Chapman layer extends further into the solution and κ -1 increases. 5

1.3. Steric Dispersion
Steric stabilization describes the surface states created by addition of polymeric
adsorbates to a dispersing solution to stabilize a suspension of particles. 1 A schematic of steric
stabilization is displayed in Figure 1-3c. The adsorbed polymer that is used in the steric
stabilization of particles must be long enough to prevent the attractive forces between the
particles from dominating the interaction energy. The concentration of the polymer added to the
dispersing solution must be high enough to cover the entire surface of the particle. 1 There are
usually two blocks in commercial polymers that are used in steric dispersion, an insoluble anchor
group and a soluble stabilizing group. The anchor group anchors the polymer onto the surface of
the particles and keeps the stabilizing groups from moving away from one another when two
particles with similar stabilizing groups are approaching one another. The area where the
electrostatic attractive force between the two particles overcomes the interaction energy between
the polymers is called the interaction zone. The ideal polymer will provide enough repulsive
force to the system that the particles will not agglomerate. 6
The interaction energy between polymer layers in steric dispersion (WR-steric) is given by
the Napper equation: 1,7
(1-8)
where

is the partial molar volume of the polymer (m3),

is the volume fraction of the chains

in the adsorbed layer, χ is the polymer-solvent interaction parameter, δ is the polymer layer
thickness, a is the particle radius, and D is the distance between the center of the particles.
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Particles are well-dispersed when the polymer-solvent interaction parameter is less than 0.5 and
the steric interaction energy is greater than zero.
The steric repulsion between two sterically stabilized colloidal particles can also be
described using the length of the polymer from the surface of the particle, L, and the minimum
distance between two particles at a specific time in the system, d. The length of the polymer
should be one-half the distance between the center of the particles at any point in time, so the
distance between the center of the particles, D, is equal to 2L. When d ≥ 2L the polymers on the
surface of the particles do not interact because the distance between the particles is greater than
the length of the polymers. The polymer chains on the surface of the particles compress and
interact with the surface of the opposite particle when d < L, which causes the particles to
flocculate. Ideal dispersion occurs when the polymers on the surface of two opposing particles
begin to interpenetrate with only some compression between the polymer layers. The ideal
dispersion occurs when L ≤ d < 2L. 6,8 The surface of the particles must be completely coated
with the polymer to ensure that the polymer layer is “rigid.” If the polymer layer is not rigid the
polymers will move laterally across the surface of the particle as the polymer layers begin to
interpenetrate, which leaves a gap the polymer layer where the second particle will approach the
surface of the particle and the particles will flocculate. 15,26

1.4. Electrosteric stabilization of particles
The electrosteric stabilization of particles, illustrated in Figure 1-3d, is a combination of
the electrostatic stabilization and steric stabilization methods. Polymers containing ionized
groups on the stabilizing end of the polymer are adsorbed to the surface of the particles in the
bulk liquid. 9,10 Then, polyelectrolytes are added to the bulk liquid which interact with the surface
of the particles based on the chemical and physical properties of the particles and the amount of
polymer that adsorbs to the surface of the particles. Polyelectrolytes that carry an opposite
charge compared to the particle layer will be drawn into the polymer layers around the particles. 9
Flocculation occurs when the concentration of the adsorbed polymers is too low to coat the
particles and stabilize the system or if the polyelectrolytes form a bridge between more than one
polymer layer. 10
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2. Objectives and Overview
The long-term goals of the reported research are to use current knowledge of dispersion
of nano-sized and macro-sized particles to increase the dispersion of different metal and inorganic
particle systems and to prepare unique nanoparticle systems. The well-dispersed metallic
particles will be the basis for a copper nanoparticle ink that will be used in the formation of three
dimensional-printed devices. The inorganic nanoparticles will be used to increase the toughness
of carbon fiber tows that will be used to create stronger carbon fiber-reinforced resin composites.
The exploration into the effects of sonication of nanoparticles will prove that some macroscale
dispersion methods cannot be used to disperse nanoparticles. The devices that are made with the
metal and inorganic particles will ideally have increased thermal and electrical conductivity when
compared to similar devices made with micron-sized materials.
The specific objectives of the current research were three-fold. The objective of Chapter
2 was to disprove the current belief that sonication is a valid dispersion technique for nano-sized
particles. Chapter 2 focuses on the effects of sonication on various types of nanoparticles.
Sonication is a common method that is used for dispersing nanoparticles. The research proves
that sonication can affect the morphology of nanoparticles in a number of ways, through
morphology changes, fracturing, and sintering. The research also proves that sonicated particles
will re-agglomerate immediately after the particles are ultrasonically treated.
The objective of Chapter 3 was to synthesize well-dispersed copper nanoplatelets that do
not corrode in air. Chapter 3 outlines the templated synthesis of copper nanoplatelets from a
copper ion source. The morphology of the copper nanoplatelets was controlled by reducing the
copper ion source to copper metal in a lamellar bilayer system. The copper nanoplatelets were
dispersed using electrostatic dispersion with citric acid or steric dispersion with
polyvinylpyrrolidone. The copper nanoparticles dispersed with each method were compared to
the other method to determine which solution provided the best dispersion and which dispersion
method protected the copper particles from corrosion in air.
The objective of Chapter 4 was to disperse as-received carbon nanofibers and silicon
carbide whiskers to evenly decorate carbon fibers to make carbon fiber reinforced polymer
composites that do not delaminate upon impact with a compressive force. Chapter 4 outlines the
covalent conjugation between nanofillers, silicon carbide whiskers and carbon nanofibers, and
carbon fibers to improve the tensile strength of carbon fiber reinforced polymer composites and
eliminate delamination between carbon fiber tows in the composite. The nanofillers were
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dispersed using electrostatic dispersion and physical dispersion methods before the nanofillers
were covalently bonded to the surface of the carbon fibers. The strength of the cured
nanofiller/carbon fiber-resin composites was measured through tow tension and failure strength
tests.
The reported research is summarized in Chapter 5, and suggestions for future researchers
are outlined in Chapter 5.
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Chapter 2
Changes in Particle Size Distribution through Ultrasonication of Nanoparticle
Suspensions

1. Introduction

1.1. Background
One chronic challenge that has plagued researchers since before the discovery of
nanoparticles is the dispersion of particles in liquids. As shown in Chapter 1, there are wellknown but sometimes experimentally challenging dispersion schemes. Nanoparticles in
particular have a higher surface energy than micron and submicron particles and agglomerate
during and after the preparation of the particles. Agglomerated nanoparticles can be impossible
to disperse because agglomerated nanoparticles sinter at low temperatures to achieve a more
thermodynamically favorable surface energy resulting in solid bonds between the particles that
are not easily overcome.1 Currently, when a dispersion method is chosen for a nanoparticle
suspension, the dispersion method is usually identical to a method that is used to disperse
macroscopic materials. However, macroscale methods should not be used to disperse
nanoparticles because nanoparticles have different physical and chemical properties than the
macroscale counterparts, and nanoparticles will not disperse in the same manner as their
macroscale counterparts. 2 Many researchers utilize ultrasonication and acoustic cavitation as a
dispersion method for nanoparticles. Often, even without dispersant addition, ultrasonic
disruption approaches are used to “disperse” particles. 3,4 The current research will demonstrate
that ultrasonication and acoustic cavitation is not a valid method for nanoparticle dispersion
because the physical structures of nanoparticles are affected irreparably by ultrasonic treatment.
Irreversible agglomeration between silica nanoparticles is indicated by the bridging between the
particles in Figure 2-1. The bridging between the particles indicates that the nanoparticles
sintered during the synthesis and washing of the particles. 5
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50 nm
Figure 2-1: Surfactant-templated nanometer-sized silica particles sintered during
synthesis, dispersion, and washing. Solid bridges between the particles are
indicated by the arrows on the image. The solid bridges between the particles
lead to irreversible aggregation of the silica particles during the dispersion
process.5
Physical damage brought about by ultrasonication and cavitation was first observed in
1895. Bubble formation and severe vibration accompanied by a tea kettle noise were observed
after speed tests of the propellers of the H.M.S. Daring, the first modern destroyer. There was
visible surface damage on the propellers as an effect of the tests. 6 This phenomenon was first
studied by Lord Rayleigh 7 and later by Richards and Loomis. 8 Lord Rayleigh described the first
mathematical model for the collapse of cavities that are formed in incompressible liquids, and
Richards and Loomis reported the first chemical and biological effects of ultrasonic waves.

6-8

Ultrasonication is used in a number of synthesis and dispersion applications, including
crystallization of solid materials from an aqueous solution9,10 and dispersion of nanoparticles in a
suspension. 4,11

1.2. Intrinsic relationship between ultrasonication and cavitation
Ultrasonication and acoustic cavitation is the process through which ultrasonic sound
waves applied to a liquid sample causes micro bubbles to nucleate and burst in the liquid.
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Ultrasonication is the application of high frequency sound waves, called ultrasonic waves, to a
liquid. Ultrasonic sound waves are characterized by frequencies that are greater 16 kHz.

12

When

the ultrasonic sound waves are applied to a liquid, the ultrasonic energy from the sound waves is
transferred to the liquid and micro bubbles form in the liquid. Acoustic cavitation is the process
through which bubbles form, grow, and burst in a liquid as a result of the application of ultrasonic
energy. 6,12

Figure 2-2: Schematic of the formation, growth, and explosion of a bubble that forms in a
liquid when ultrasonic energy induces alternating expansion (rarefaction) and
compression (adiabatic compression) of the liquid. Adapted from Nieves-Soto et. al.13
When ultrasonic energy is applied to a liquid, the ultrasonic waves produce alternating
waves of movement in the bulk of the liquid, adiabatic compression of the liquid as a result of
increased pressure in the liquid and rarefaction, or “stretching,” of the liquid as a result of reduced
pressure in the liquid. 12,14 A schematic of the formation and ultimate eruption of the bubbles that
are formed during acoustic cavitation can be seen in Figure 2-2. 13 Adiabatic compression of the
liquid occurs at the highest point of the ultrasonic wave and rarefaction of the liquid occurs at the
lowest point of the ultrasonic wave. During rarefaction the molecules in the liquid move away
from one another and micro voids or weak spots appear in the liquid. The individual voids in the
liquid fill with air that is adsorbed in the liquid, which causes bubbles to form in the liquid.

6,12

The bubbles grow and shrink as a result of the compression and the expansion of the liquid.
Eventually the bubbles reach a size where the bubbles can efficiently absorb energy from the
ultrasonic waves and become in phase with the ultrasonic waves. 12,14 During the next expansion
cycle, the bubbles grow rapidly and the surface tension of the liquid is overcome by the energy in
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the bubbles (Figure 2-2). The liquid from the bulk solution rushes into the bubbles, and the air in
the bubbles is displaced throughout the bulk liquid. 6,12 The force of the displacement of the air
from the burst bubbles sends shockwaves through the sample. The gas inside of the bubble
releases thermal energy throughout the sample. The force of the liquid displacing the air in the
bubbles forms miniature eddies in the sample.

6

The amount of energy that is released when each

bubble collapses is dependent upon on the frequency of the ultrasonic waves and the viscosity of
the sonicated liquid. 12

1.3. Generation of ultrasonic waves
Ultrasonic waves are introduced into a suspension through one of two methods, direct
sonication or indirect sonication. In direct sonication, ultrasonic waves are introduced to a
suspension by way of an ultrasonic probe, commonly called a horn, which is immersed into the
suspension. Ultrasonic energy is generated by a transducer at the top of the ultrasonic horn
apparatus and sent to the tip of the ultrasonic horn. The ultrasonic energy leaves the ultrasonic
horn at the vibrating tip of the ultrasonic horn and propagates throughout the suspension.

11,15

A

schematic of the application of ultrasonic energy to a particle dispersion with an ultrasonic horn is
displayed in Figure 2-3.

Figure 2-3: Schematic representation of direct sonication with an ultrasonic horn.
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In indirect sonication, the sample container is placed into a bath filled with some liquid
medium. The ultrasonic energy is generated by a transducer below the ultrasonic bath, and the
ultrasonic waves pass through the bath into the sample. The ultrasonic energy that ultimately
reaches a sample that is indirectly sonicated is not as strong as the ultrasonic energy that reaches a
sample that is directly sonication because the ultrasonic waves must travel through the liquid
medium and the wall of the sample container before the waves interact with the sample. 11 The
current research utilized an ultrasonic horn.

1.4. Ultrasonic energy
The amount of energy that is introduced into the sonicated solution affects the rate of
cavitation in the dispersed solution. The total amount of energy (E) that is introduced into the
sonicated solution is calculated: 11
(2-1)
where P is the applied power from the ultrasonic device, in Watts, and t is the total amount of
time that the suspension was sonicated, in seconds. The amount of energy contained in a sound
wave is directly proportional to the frequency of a sound wave, so when the frequency of the
ultrasonic wave increases, the energy of the wave increases and rate of bubble formation will
increase. The energy and frequency of the ultrasonic waves also increase as the power that is put
into the system increases. When the energy is increased, the bubbles collapse with more force
because the maximum radii of bubbles increase. If too much ultrasonic energy is added to the
system, the bubbles do not have enough time to grow during the oscillation of the ultrasonic
waves and the bubbles do not collapse. 12
Acoustic cavitation of a liquid promotes two types of mixing in a liquid, mixing from an
outward force and mixing from an inward force. 6,12 The mixing from the outward force comes
about when the gas in the bubbles moves rapidly away from the location of the bubble when the
bubble explodes. The outward force of the gas sends shockwaves through the liquid medium and
produces microstreams within the bulk liquid that transport molecules and particles throughout
the liquid. The mixing from the inward force comes about when the liquid rushes into the bubble
and displaces the gas molecules. The inward force of the liquid forms miniature eddies in the
liquid that pull molecules and particles into the void left by the bubbles. 12 The rapid
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transportation of the molecules and particles causes the molecules and particles to collide in the
liquid. The number of collisions in a suspension is affected by the energy of the ultrasonic waves
and the concentration of molecules or particles in the suspension. Some evidence has been found
that collisions between rigid particles as a result of ultrasonication can cause enhanced particle
breakage because of the force of the impact between particles. Other evidence has been found
that collisions between malleable particles as a result of ultrasonication can cause enhanced
particle agglomeration. 11 However, more research is needed into this phenomenon.
In this chapter, the effect of sonication on the dispersion of three distinct material systems
was investigated to determine whether or not sonication in aqueous solutions is a viable method
for dispersion of nanoparticles. The three distinct material systems that were studied were
ceramic oxide nanoparticles, diamond nanoparticles, and metal nanoparticles, with the first being
brittle, the second capable of intra-granular cleavage, and the third capable of sintering.
Ceramic oxide nanoparticles are widely used as a support for heterogeneous catalysts in
drug delivery, 16 adsorption materials, 17-19 and biological indicators. 20,21 Oxide materials are
relatively hard compared to other materials. Oxide materials are brittle and too much force
applied onto an oxide material can cause the material to cleave along a crystal plane. 10 The
ceramic oxide materials that were used in the current investigation were γ-alumina nanowhiskers
and α-alumina nanoplatelets. The γ-alumina nanowhiskers could exhibit more cleavage than the
α-alumina nanoplatelets during the ultrasonic treatment because the diameter of the nanowhiskers
was smaller than the diameter of the nanoplatelets.
Diamond nanoparticles are used as abrasive agents in high-precision polishing and as
solid lubricants.3 Past dispersion methods for diamond nanoparticles include chemical and
mechanical methods, such as the addition of dispersants into the diamond suspension or the
mechanical milling of diamond powder with a bead mill, but the methods did not provide stable
dispersions of diamond. 3 Ultrasonication methods have been used to disperse diamond particles,
but the sonication caused the surface chemistry of the particles to change. 3,4 The diamond
nanoparticles were expected to fracture due to anisotropic cleavage when subjected to ultrasonic
treatment. 10
Metal nanoparticles are currently used in numerous applications, including multi-layer
ceramic capacitors, 22,23 biochemical sensing and imaging, 24 and in catalysis. 25-27 Metallic
nanoparticles were chosen for the current experiment because metallic materials are malleable
and relatively soft, especially when compared to ceramic oxide and diamond particles. Many
synthesis techniques report sonication to disperse metal nanoparticles, but the current research
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showed that sonication is a poor dispersion technique because heat that is generated through
sonication causes metal nanoparticles to agglomerate and sinter. 6,9
When performing the experiments in this chapter, the ceramic oxide nanoparticles,
diamond powder, or metal nanoparticles were suspended in deionized water with and without
electrostatic or steric dispersing agents. Ultrasonic waves were applied to the suspensions using
an ultrasonic horn. The particle size distributions of the nanoparticles before and after the
sonication procedure were compared.

2. Experimental Details (Materials and Methods)

2.1. Sonication of alumina nanoparticles

2.1.1. Sonication of γ-alumina whiskers in deionized water
Gamma-alumina whiskers (3.5 weight percent, Al2O3, Sigma-Aldrich Co. LLC, St. Louis,
MO) were dispersed in neat deionized water. The size distribution of the γ-alumina whiskers was
measured using dynamic light scattering (DLS, Brookhaven ZetaPlus, Brookhaven Instruments,
Holtsville, NY). The suspension was subjected to ultrasonic treatment with an ultrasonic horn
(Branson Sonifier 450 Sonic Horn, Emerson Industrial Automation, Danbury, CT) for up to five
minutes. The ultrasonic energy added to the sample was calibrated through sonication of water at
60 W for various times. The temperature change was measured and the heat capacity of water
was used to estimate the amount of power that dissipated throughout the sonicating solution. The
amount of energy that was added to the sonicated suspension after five minutes was 18 kJ.
Samples were taken from the sonicating suspension at 15, 30, 45, 60, and 120 seconds. The size
distribution of the sonicated γ-alumina samples was measured using DLS.

2.1.2. Sonication of γ-alumina whiskers dispersed in 1.5 weight percent Darvan CN in water
Gamma alumina whiskers (3.5 weight percent) were dispersed in an aqueous solution of
1.5 weight percent Darvan CN (Vanderbilt Materials, LLC, Worthington, OH). The size
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distribution of the γ-alumina whiskers was measured using DLS. The γ-alumina whisker
suspension was subjected to ultrasonic treatment with an ultrasonic horn as described in 2.1.1.
Samples were taken from the sonicating solution at 15, 30, 45, 60, 120, and 300 seconds. The
size distribution of the sonicated γ-alumina whisker samples were measured using DLS.

2.1.3. Sonication of α-alumina platelets in deionized water at solution pH 10.5
Crystalline α-alumina platelets (3.5 weight percent, prepared by Kumar following
procedures described by Bell et al 28,29) were dispersed in deionized water adjusted to solution pH
10.5. The size distribution of the dispersed α-alumina platelets was measured using DLS. The αalumina platelets were subjected to ultrasonic treatment identical to the ultrasonic treatment in
2.1.1. Samples were taken from the sonicating solution at 15, 30, 45, 60, 120, and 300 seconds.
The size distribution of the sonicated α-alumina platelet samples were measured using DLS
immediately after the ultrasonication treatment and after a holding time of 10 minutes.

2.2. Sonication of diamond powder

2.2.1. Sonication of diamond powder in deionized water
Industrial grade diamond powder (3.5 weight percent, GE Industrial Grade Diamond, GE
Superabrasives USA, Fairfield, CT) was dispersed in deionized water. The size distribution of
the dispersed diamond powder was measured using DLS. The diamond powder was subject to
ultrasonic treatment with an ultrasonic horn for five minutes (18 kJ). The size distribution of the
sonicated powder was measured using DLS immediately after the ultrasonic treatment and after a
holding time of 48 hours.

2.2.2. Extended sonication of diamond in water
Industrial grade diamond powder (3.5 weight percent) was dispersed in deionized water.
The size distribution of the dispersed diamond powder was measured using DLS. The diamond
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powder was subjected to ultrasonic treatment with an ultrasonic horn for 30 minutes (108 kJ).
The size distribution of the sonicated diamond powder was measured using DLS immediately
after the ultrasonic treatment and after a holding time of 20 minutes.

2.2.3. Sonication of diamond powder water with 1.5 w% Darvan CN
Industrial grade diamond powder (3.5 weight percent) was dispersed in deionized water.
The size distribution of the dispersed diamond powder was measured using DLS. The diamond
powder was subjected to ultrasonic treatment with an ultrasonic horn for 45 minutes (162 kJ).
Darvan CN was added to the sonicated solution at a concentration of 1.5 weight percent. The size
distribution of the sonicated diamond powder with 1.5 weight percent Darvan CN was measured
using DLS.

2.2.4. Sonication of diamond powder in solution pH 3 water
Industrial grade diamond powder (3.5 weight percent) was dispersed in deionized water
that was adjusted to solution pH 3 with nitric acid (≥ 90%, Sigma-Aldrich Co. LLC, St. Louis,
MO). The size distribution of the dispersed diamond powder was measured using DLS. The
diamond powder was subjected to ultrasonic treatment with an ultrasonic horn for five minutes
(18 kJ). The size distribution of the sonicated diamond powder was measured using DLS.

2.3. Sonication of gold nanoparticles

2.3.1. Sonication of gold nanoparticles in hexane
Gold nanoparticles (3.5 weight percent) were dispersed in hexane (Anhydrous, 95%,
Sigma-Aldrich Co. LLC, St. Louis, MO). The size distribution of the dispersed gold
nanoparticles was measured using DLS. The gold nanoparticle suspension was subjected to
ultrasonic treatment with an ultrasonic horn for five minutes. Samples were taken from the
sonicating solution at 15, 30, 45, 60, and 120 seconds. The size distribution of the sonicated
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samples was measured using DLS. The sonicated samples were imaged using transmission
electron microscopy (TEM), and the separation distance of the sonicated gold nanoparticles was
measured from the TEM images using ImageJ® (National Institutes of Health, Bethesda, MD).

2.4. Comprehensive list of samples
Table 2-1: Comprehensive list of the samples used to study the effects of sonication on
nanoparticles.
Sample
ID
AW-1(1-6)
AW2(1-7)
AP1(1-7)
DP1(1-2)
DP2(1-2)
DP3
DP4(1,2)
GN1(1-7)

Section
2.1.1
2.1.2
2.1.3
2.2.1
2.2.2
2.2.3
2.2.4
2.3.1

Material

Dispersant

Details

Alumina
whiskers
Alumina
whiskers
Alumina
platelets
Diamond
powder
Diamond
powder
Diamond
powder
Diamond
powder
Gold
nanoparticle

DI water,
neutral
1.5 w% Darvan
CN
DI water, pH
10.5
DI water,
neutral
DI water,
neutral
Water, 1.5 w%
Darvan CN

Sonicated for 120 s, Samples 1-6 removed
at 0, 15, 30, 45, 60, 120 s
Sonicated for 300 s, Samples 1-7 removed
at 0, 15, 30, 45, 60, 120, 300 s
Sonicated for 300 s, Samples 1-7 removed
at 0, 15, 30, 45, 60, 120, 300 s
(1) Sonicated for 5 minutes, (2) Held for
48 h
(1) Sonicated for 30 minutes, (2) Held for
20 minutes
Sonicated in water for 45 minutes, Darvan
CN added
Sonicated for 300 s, samples taken at 0,
300 s
Sonicated for 300 s, Samples 1-7 removed
at 0, 15, 30, 45, 60, 120, 300 s

DI water, pH 3
Hexane

3. Results and Discussion

3.1. Sonication of alumina
The effects of ultrasonic treatment of aluminum oxide (alumina) nanoparticles were
determined using two morphologies of alumina nanoparticles, γ-alumina whiskers and α-alumina
platelets. The initial morphology of the γ-alumina whiskers was observed using TEM (Figure
2-4a). The γ-alumina whiskers were reported to have an average length of 50 nm. The initial
morphology of the α-alumina platelets was measured using FESEM (Figure 2-4b). The αalumina platelets were reported to have an average diameter of 6-10 μm.
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(a)

(b)

20 μm
Figure 2-4: The two morphologies of alumina that were sonicated in the current
experiment were whiskers and platelets. (a) The morphology of the as-received γalumina whiskers was observed using TEM (Sigma Aldrich). The γ-alumina
whiskers appeared to be 50 nm long. (b) The morphology of the as-received αalumina platelets was observed using FESEM. The platelet morphology and size
was not uniform (Julie Anderson).
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3.1.1. Sonication of γ-alumina whiskers in deionized water
The γ-alumina whiskers were dispersed in neat deionized water and the size distribution
of the γ-alumina whiskers was determined using DLS (Figure 2-5). The primary particle size of
the γ-alumina whiskers was 560 nm and the agglomerated particle size was 4810 nm. The γalumina whiskers were severely agglomerated in deionized water because the reported length of
the γ-alumina whiskers, 50 nm, was supported by the TEM image provided by the manufacturer
(Figure 2-4a).
The γ-alumina whiskers that were dispersed in deionized water were subjected to
ultrasonic treatment for a total of 300 seconds, with representative samples taken from the
solution at 15, 30, 45, 60, and 120 seconds. The values taken from the particle size distributions
are listed in Table 2-2 and the average diameter as a function of sonication time is presented in
Figure 2-6.
Every sonicated alumina sample, less the 60 second sample, exhibited a trimodal
distribution when the particle size was measured using DLS. The largest peaks (Diameter Peak
3) represent agglomerated γ-alumina whiskers that became more agglomerated during the
dispersion, but the medium-sized peaks represent γ-alumina whiskers that were becoming deagglomerated as a result of the ultrasonic treatment. The primary particle size of the sonicated

Volume

alumina samples oscillated around 20-35 nm.
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20
10
0

Size Distribution of γ-alumina
Whiskers Dispersed in Deionized
Water
4810 nm
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Figure 2-5: The relative size distribution of the as-received γ-alumina whiskers
that were dispersed in deionized water was measured using DLS. The primary
particle size of the γ-alumina whiskers dispersed in water was 560 nm and the
agglomerated size was 4810 nm.
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Table 2-2: The size distribution of the sonicated γ-alumina whiskers as a function
of sonication time. The primary particle size was 20-35 nm. Agglomerated γalumina whiskers were represented in the diameter peaks two and three.
Time (s)
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Diameter
Peak 1 (nm)
560
30
20
30
n/a
40

0
15
30
45
60
120

Diameter
Peak 2 (nm)
4810
979
420
480
480
480

Diameter
Peak 3 (nm)
n/a
7510
6480
6550
8010
2280

Average Diameter (nm)

Size Distribution of γ-Alumina Whiskers Sonicated
in DI Water as a Function of Sonication Time
Peak 1
8000

Peak 2
Peak 3

6000
4000
2000
0
0

30

60
Time (s)

90

120

Figure 2-6: The average diameter from the γ-alumina whisker size
distribution as a function of sonication time. More detailed particle size data
is reported in Table 2-2.

The size distribution of the γ-alumina whiskers that were sonicated for 120 seconds is
evident in Figure 2-7. The primary particle size of the γ-alumina whiskers was 40 nm, with
agglomerated whiskers at 480 nm and 2280 nm. The relative intensity of the primary particle size
compared to the agglomerated particle size is evident in all of the sonicated samples taken from
15 seconds to 120 seconds. The decrease in the primary particle is smaller than the particle size
that was reported by the manufacturer. The fact that the primary particle size fluctuates without
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any real trend during the 120 seconds of sonication suggests that the γ-alumina whiskers
underwent a morphology change at 40 nm.

Volume

Size Distribution of γ-alumina Whiskers
Sonicated in Distilled Water for 120 S
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Figure 2-7: The distribution of γ-alumina whiskers sonicated in deionized water
for 120 seconds, measured using DLS. The relative distribution between the
three particle sizes was representative of the relative distribution between the
three particles for the other samples taken from the solution (See Table 2-2). The
primary particle of the sonicated alumina was 40 nm and two agglomerated
particle peaks were at 480 and 2280 nm.

3.1.2. Sonication of γ-alumina whiskers in aqueous 1.5 w% Darvan CN
Darvan CN was added to the distilled water to coat the surface of the γ-alumina whiskers
to act as a steric barrier to agglomeration. Darvan CN is an anionic dispersion agent that is
typically used to disperse mineral pigments and extenders in water-borne paints and coatings.30
Darvan CN was chosen to disperse γ-alumina whiskers because alumina is commonly used as a
mineral pigment in water-borne paints and has an anionic surface.31,32 The surface of crystalline
α-alumina exhibits an anionic charge as a result of hydrated aluminum ions on the surface of the
whiskers (Figure 2-8). When alumina is added to water under ambient solutions the surface
remains anionic because water molecules dissociate over the surface of the alumina and the
surface becomes hydroxylated with singly, doubly, and/or triply coordinated surface hydroxyl
Mx-OH groups (Figure 2-9). 33-35
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Figure 2-8: Schematic of the outer layer of aluminum and oxygen molecules on
the surface of crystalline alumina. The surface is negatively charged because of
the hydration on the oxygen molecules.28
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Figure 2-9: Schematic representation of the singly (primary), doubly (secondary),
and triply (tertiary) hydroxylated M-OH groups that can form on the surface of
crystalline alumina in water under ambient conditions. 34,35

The γ-alumina whiskers were initially more dispersed in aqueous 1.5 weight percent
Darvan CN than in only deionized water. The primary particle size of the γ-alumina whiskers
dispersed in aqueous 1.5 weight percent Darvan CN was 990 nm (Figure 2-10). A small amount
of agglomerated γ-alumina whiskers existed at 7750 nm. However, the γ-alumina whiskers do
not completely disperse in the Darvan CN because the primary particle size is 20 times larger
than the particle size reported by the manufacturer.
The size distribution of the γ-alumina whiskers sonicated in aqueous 1.5 weight percent
Darvan CN as a function of time is presented in Table 2-3 and Figure 2-11. The majority of the
sonicated samples exhibited two particle sizes. The primary particle size and the agglomerated
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particle size fluctuated without any real trend as a function of sonication time. The primary
particle size did decrease overall after 300 seconds of sonication. The smallest primary particle
size was 42 nm at 60 seconds of sonication, but the average primary particle size ranged between
120-220 nm. The average primary particle size of the γ-alumina whiskers in the Darvan CN was
almost three times larger than average primary particle size of the alumina in deionized water.
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Figure 2-10: The particle size of as-received γ-alumina whiskers dispersed in
aqueous 1.5 weight percent Darvan CN was measured DLS. The primary
particle size of the γ-alumina whiskers was 990 nm with a small concentration of
agglomerated γ-alumina whiskers at 7750 nm.

Table 2-3: The particle size distribution of γ-alumina whiskers sonicated in
aqueous 1.5 weight percent Darvan CN as a function of sonication time. The
primary particle size and the agglomerated particle size of the γ-alumina
whiskers decreased as a function of sonication time.
Time (s)
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7

0
15
30
45
60
120
300

Diameter
Peak 1 (nm)
990
220
180
220
40
150
130

Diameter
Peak 2 (nm)
7750
820
900
870
220
640
560

Diameter
Peak 3 (nm)
n/a
n/a
n/a
n/a
1030
n/a
n/a
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Average Diameter (nm)

Size Distribution of γ-Alumina Whiskers
Sonicated in Aqueous 1.5 w% Darvan CN
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Figure 2-11: The average particle diameter for each representative peak in the
DLS data (Table 2-3) as a function of sonication time for γ-alumina whiskers
sonicated in aqueous 1.5 weight percent Darvan CN for 300 seconds.
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Figure 2-12: Gamma-alumina whiskers were sonicated in aqueous 1.5 weight
percent Darvan CN for 300 seconds and the particle size distribution was
measured using DLS. The primary particle size of the sonicated γ-alumina
whiskers was 130 nm, but the majority of the γ-alumina whiskers were
agglomerated at 560 nm.

The final primary particle size of the γ-alumina whiskers sonicated in aqueous Darvan
CN was 130 nm with an agglomerate peak at 560 nm (Figure 2-12). The larger concentration of
agglomerated particles shows that any particle larger than a micron was de-agglomerated, but any
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particle size larger than a micron did not de-agglomerate. Darvan CN is a high molecular weight
polymer, which means that it is a long polymer. Each Darvan CN molecule could coat more than
one γ-alumina whisker at a time, which could cause the γ-alumina whiskers to agglomerate. A
lower molecular weight dispersant, such as Darvan 821A, that has a shorter length Darvan CN
could provide more efficient dispersion because the molecules would not hold more than one γalumina whisker together.

3.1.3. Sonication of α-alumina platelets in deionized water adjusted to solution pH 10.5
Crystalline α-alumina platelets that were synthesized in the lab were dispersed in a
solution of deionized water adjusted to solution pH 10.5 to provide electrostatic dispersion of the
α-alumina platelets. The particle size morphology and distribution of the as-received α-alumina
platelets was imaged using FESEM (Figure 2-4b). The α-alumina platelets were monodispersed
in the solution pH 10.5 deionized water, with a primary particle size of 1910 nm (Figure 2-13).
The reported particle size of the α-alumina platelets, 6-10 μm, was supported by the FESEM
image of the platelets (Figure 2-4b), but the primary particle measured using DLS was lower than
the reported primary particle size (Figure 2-13).
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Figure 2-13: The particle size distribution of α-alumina platelets dispersed in
deionized water adjusted to solution pH 10.5 was measured using DLS. The
particle size of the α-alumina platelets was 1900 nm.
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Table 2-4: The particle size of α-alumina platelets sonicated in deionized water
adjusted to solution pH 10.5 water was measured using DLS. The diameter of
the primary α-alumina platelet size decreased as a function of sonication time.
Time (s)
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7

0
15
30
45
60
120
300

Diameter Peak
1 (nm)
1900
1020
920
1000
870
710
780

Diameter Peak
2 (nm)
n/a
n/a
n/a
n/a
3200
2950
n/a

Size Distribution of Alumina Platelets Sonicated
in DI Water as a Function of Sonication Time
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Figure 2-14: The size distribution of α-alumina platelets sonicated in DI water
was measured as a function of sonication time. The α-alumina platelets were
generally the same size during the sonication procedure, except for some
agglomerates between 60 and 120 seconds of sonication.
The particle size distribution of the α-alumina nanoplatelets sonicated in water adjusted
to solution pH 10.5 as a function of sonication time is presented in Table 2-4. The average
particle diameter as a function of sonication time is presented graphically in Figure 2-14. Most of
the sonicated α-alumina platelets were well-dispersed, but the α-alumina platelet size dispersion
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exhibited an agglomerate peak after 60 and 120 seconds of sonication. Overall, the primary
particle size of the α-alumina platelets decreased as the sonication time increased. The particle
size of the α-alumina platelets decreased by about one-half after the 15 seconds of the ultrasonic
treatment, remained at generally the same size after 30 and 45 seconds of ultrasonic treatment,
and decreased slowly after 45 seconds of ultrasonic treatment. The particle size of the α-alumina
platelets after five minutes of ultrasonic treatment was 775 nm (Table 2-4, Figure 2-15). The αalumina platelets remained electrostatically dispersed even after 300 seconds of sonication.
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Figure 2-15: The particle size distribution of α-alumina platelets sonicated in
deionized water adjusted to solution pH 10.5 for 300 seconds was measured
using DLS. The particle size of the sonicated α-alumina platelets was 780 nm.

3.1.4. Re-agglomeration of α-alumina platelets
The α-alumina platelets that were sonicated in deionized water adjusted to solution pH
10.5 (See 3.2.3) were held for 10 minutes after the DLS measurement and the particle sizes
distribution of the sonicated α-alumina platelets were re-measured (Table 2-5). The α-alumina
platelets all re-agglomerated to one primary particle size with no other agglomerates, but there
was but there was no trend in the α-alumina platelet agglomerate particle size as a function of
sonication time. Some of the agglomerated α-alumina platelets agglomerates were larger particle
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size than the α-alumina platelets before sonication (1900 nm) and some of the agglomerated αalumina platelets were smaller than the α-alumina platelets before sonication. The particle size
distribution of the α-alumina platelets that were sonicated for 300 seconds and held for 10
minutes is seen in Figure 2-16.
Table 2-5: The particle size distributions of α-alumina platelets that were
sonicated in water adjusted to solution pH 10.5 for the indicated amount time and
held for 10 minutes after sonication. All of the α-alumina platelets reagglomerated but there was no trend in the agglomeration as a function of
sonication time.

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Time (s)
15
30
45
60
120
300

Diameter (nm)
1740
2440
1730
2030
1600
1720
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Figure 2-16: The particle size distribution of α-alumina platelets that had been
sonicated in deionized water adjusted to solution pH 8.5 for 300 seconds and held
for 10 minutes was re-measured using DLS. The primary particle size of the αalumina platelets was 1720 nm.
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3.2. Sonication of Diamond Powder
The manufacturer reported that the diameter range for the nanoparticles in the diamond
powder was zero to 500 nm. The morphology and the agglomeration of the diamond powder in
from the bulk material were studied using SEM (Figure 2-17). The diamond powder consisted
primarily of spherical diamond nanoparticles, but with a few octahedron-shaped nanoparticles.

Figure 2-17: A representative sample of the diamond powder was imaged using
SEM. The majority of the diamond particles in the SEM appear to be 50 nm in
diameter with a small number of diamond particles that are 250 nm in diameter.

3.2.1. Diamond powder sonicated in water
The primary particle size of diamond powder dispersed in deionized water was 70 nm,
but the majority of the diamond was agglomerated at 750 nm (Figure 2-18). The diamond
powder underwent ultrasonic treatment in deionized water for 300 seconds and the particle size
was measured immediately after sonication (Figure 2-19). The primary particle size of the
sonicated diamond powder was 60 nm with larger particles at 260 nm. The particles at 60 nm
were likely the spherical diamond particles and the particles at 260 nm were likely the columnar
and octahedral-shaped nanoparticles that were observed in the SEM image.
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Figure 2-18: The particle size distribution of diamond powder dispersed in
deionized water was measured using DLS. The primary particle size of the
diamond powder was 70 nm, but most of the diamond powder was agglomerated
at 750 nm.
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Figure 2-19: The particle size distribution of diamond powder sonicated in water
for 300 seconds was measured using DLS directly after the ultrasonic treatment
of the particle. The primary particle size of the diamond powder decreased to 60
nm. The 260 nm particles were likely the larger particles in the diamond powder
rather than agglomerated diamond particles.
The diamond powder that was ultrasonically treated in water was allowed to rest for 48
hours before the size distribution of the suspension was re-measured using DLS (Figure 2-20).
The diamond powder re-agglomerated after 48 hours but did not re-agglomerate to the
agglomerate size that was present in the suspension before ultrasonic treatment. The smaller

33
agglomerate size, 110 nm, was double the particle size of the primary diamond particles measured
immediately after ultrasonic treatment (Figure 2-19). The larger agglomerate size, 320 nm, was
about 60 nm larger than the primary particles that were measured immediately after ultrasonic
treatment. The primary particles likely agglomerated with one another and with the larger
particles during the 48 hour period. The 250 nm particles did not agglomerate with one another.
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Figure 2-20: The particle size distribution of diamond powder sonicated in water
for 300 seconds and rested for 48 hours was measured using DLS. The primary
particle size of the rested diamond powder was two times the size of the
sonicated primary particle. The agglomerated particle size of the rested diamond
powder was the size of one smaller particle plus one larger sonicated particle.

3.2.2. Extended sonication of diamond powder in water
The particle size distribution of diamond powder sonicated in deionized water for 30
minutes was measured to determine if an extended sonication time would further decrease the
size distribution of the diamond powder (Figure 2-21). The extended sonication time did not
have any effect on the size distribution of the diamond powder. The size distribution of the
diamond powder that was sonicated for 30 minutes was almost identical to the size distribution of
the diamond powder that was sonicated for five minutes (Figure 2-19). The diamond powder that
underwent 30 minutes of sonication was held for 20 minutes after sonication to determine if
diamond particles agglomerated less with a smaller hold time, but the hold time had no effect on
the re-agglomeration. The particle distribution of the diamond powder that was held for 20
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minutes (Figure 2-22) was almost identical to the particle distribution of the diamond powder that
was held for 48 hours (Figure 2-20). The diamond nanoparticles agglomerated immediately after
the ultrasonic treatment, to the sonicated diamond solution was not thermodynamically stable.
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Figure 2-21: The particle size distribution of diamond powder dispersed in
deionized water and sonicated for 30 minutes, measured using DLS, was almost
identical to the particle size distribution of the diamond powder dispersed in
deionized water and sonicated for five minutes (Figure 2-19).

Volume

Size Distribution of Diamond Powder
Sonicated in Water (30 min), Held for 20 min
100
90
80
70
60
50
40
30
20
10
0

120nm
310 nm

30

300
Diameter (nm)

Figure 2-22: The particle size distribution of diamond powder dispersed in water,
sonicated for 30 minutes, and held for 20 minutes was almost identical to the
particle size distribution of the diamond powder that was dispersed in water,
sonicated for five minutes, and held for 48 hours (Figure 2-20)
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3.2.3. Sonication of diamond powder in water, 1.5 w% Darvan CN added to suspension
Diamond powder was dispersed in deionized water and sonicated for 45 minutes, and
then 1.5 weight percent Darvan CN was added to the sonicated sample. The primary particle size
of the diamond particles was 41 nm, with larger particles at 270 nm (Figure 2-23). The dominant
particle size was 41 nm, which was smaller than the diamond particles measured using the SEM
image. The small concentration of larger nanoparticles suggests that the larger particles in the
solution broke up in the suspension as a result of the 45 minutes of sonication.
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Figure 2-23: The particle size distribution of diamond powder sonicated in water
for 45 minutes with 1.5 weight percent Darvan CN added after sonication,
measured using DLS. The smaller particle size, 41 nm, is smaller than the
particle size of the diamond powder sonicated in water without Darvan CN. The
larger particle size, 270 nm, is larger than the larger particle size of the diamond
powder sonicated in water without Darvan CN.

3.2.4. Diamond powder sonicated in nitric acid
The diamond powder was dispersed in deionized water adjusted to solution pH 3 with
nitric acid to study the electrostatic dispersion of diamond powder in a cationic liquid. The
suspension was sonicated for 300 seconds and the particle size distribution was measured using
DLS (Figure 2-24). The primary particle size peak, 60-70, that was observed in the other
diamond powder sonication experiments was not present in Figure 2-24. Instead, the particle size
distribution of the diamond powder sonicated in solution pH 3 water was almost identical to the
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particle size distributions of the diamond powder measured the suspension was held for 20
minutes and 48 hours. Therefore, the most thermodynamically stable suspension of sonicated
diamond powder must be when there are equal concentrations of nanoparticles with particle sizes
around 110 nm and 340 nm, even though the majority of the nanoparticles in the bulk sample
appear to have diameters of 50 nm (Figure 2-17). The most stable suspension of the diamond
powder can be achieved through electrosteric dispersion of the sonicated solution in deionized
water adjusted to solution pH 3 with nitric acid.
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Figure 2-24: The particle size distribution of diamond powder sonicated in
deionized adjusted to solution pH three with nitric acid for 300 seconds,
measured using DLS. The particle size distribution was almost identical to the
particle size distribution of the diamond powder sonicated in water and held for
20 minutes.

3.3. Sonication of Gold Nanoparticles
The gold colloid that was used in the current experiment was reported to have a particle
diameter of 11-15 nm in hexanes. The stock solution of the gold colloid was dispersed in hexane
oxylamine and the particle size of the gold colloid was measured using DLS (Figure 2-25). The
as-received gold nanoparticles exhibited two different particle sizes. The primary particle size,
15 nm, was identical to the reported particle size of the as-received gold nanoparticles and the
less prominent diameter, 45 nm, was aggregated gold nanoparticles.
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Figure 2-25: The particle size distribution of gold nanoparticles that were
dispersed in hexane, measured using DLS. The primary particle size of the gold
particles was 10 nm and the agglomerated particles were 40 nm in diameter.
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Figure 2-26: The particle size distribution of the aggregated gold nanoparticles
sonicated in hexane for 300 seconds, measured using DLS. The primary particle
size of the sonicated gold nanoparticles remained at 10 nm, but the majority of
the sonicated gold nanoparticles agglomerated to 110 nm.

The particle size distribution of the gold nanoparticles was re-measured after the
suspension was sonicated in hexane for 300 seconds (Figure 2-26). There was still a small
concentration of 15 nm primary gold nanoparticles present in the solution after 300 seconds of
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sonication, but the majority of the gold nanoparticles exhibited an agglomerated diameter of 100
nm. The seven-fold increase in the particle size of the gold nanoparticles before and after the
sonication procedure shows that ultrasonic treatment of gold nanoparticles causes the metallic
nanoparticles to agglomerate rather than disperse.
Gold nanoparticle samples were taken from the sonicating solution at 15, 60, 120, and
240 seconds of sonication. The distribution of the gold nanoparticles at each time point was
characterized using TEM (Figure 2-27).

(a)

(b)

50 nm

(c)

50 nm

(d)

50 nm

50 nm

Figure 2-27: TEM images of gold nanoparticles as a function of sonication time. The
gold nanoparticles were imaged after (1) 15 seconds, (2) 60 seconds, (3) 120 seconds,
and (4) 240 seconds of ultrasonic treatment.

In a well-dispersed system, there are clear boundaries between nanoparticles when
viewed using TEM. In a poorly dispersed system, nanoparticles will be closer to one another in
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the TEM image and will overlap. Sintering of particles is determined using TEM when the
crystal planes of two particles begin to merge. The TEM images of the sonicated gold
nanoparticles showed that the separation distance between the gold nanoparticles decreased as the
sonication time increased (Figure 2-27). The separation distance between the gold nanoparticles
was measured from the TEM images using ImageJ (Figure 2-28). The TEM images clearly
showed that the gold nanoparticles that were sonicated for 15 seconds remained separated. The
gold nanoparticles that were sonicated for 60 seconds remained mostly dispersed, but there was
contact between some of the gold nanoparticles. After 120 seconds, there were domains of welldispersed gold nanoparticles and overlapped gold nanoparticles. The gold nanoparticles that were
sonicated for 240 seconds showed the most agglomeration in the TEM image (Figure 2-27). The
majority of the gold nanoparticles that were sonicated for 240 seconds either touched or
overlapped with at least one other nanoparticle. The measurement of the separation distance of
the gold nanoparticles as a function of sonication time shows that nanoparticles agglomerate at a
faster rate in the first 60 seconds of sonication than in the second 60 seconds of sonication.
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Figure 2-28: The average separation distance between the gold nanoparticles in
an aqueous solution as a function of sonication time was measured from the TEM
images using ImageJ. The separation distance between the gold nanoparticles
decreased by about 2.5 times.

The gold nanoparticles sintered in the sonication solution because sonication causes the
temperature in the overall reaction solution to rise. The temperature of the gold nanoparticle
dispersion was measured as a function of sonication time (Figure 2-29). The temperature of the
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gold nanoparticle dispersion increased as the sonication time increased about 10 °C after 240
seconds of sonication. The heat energy in the suspension as a function of the ultrasonic energy
that was applied into the suspension over time was calculated using the specific heat of the
dispersant, hexane:
(2-2)
where cp is the specific heat capacity of hexane (265.2 J/mol*K), m is the mass of the liquid, and
ΔT is the change in temperature in the suspension. The heat energy in the liquid increased as a
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Figure 2-29: The temperature of the gold nanoparticle suspension was measured
as a function of sonication time. There was an overall increase of almost 10 °C
after five minutes of sonication. The heat energy increased as a function of
sonication time.
An increase in the bulk liquid is an intrinsic result of cavitation that occurs when
ultrasonic energy is applied to a liquid. 10,15 When the size of the bubbles decreases during the
compression stage of cavitation (Figure 2-2), the gas inside of the bubble is also compressed. The
friction between the gas molecules causes heat to generate in the bubbles, which creates a shortlived, localized hot spot within each bubble in the sonication liquid. The temperature of the gas
inside of the bubble at the moment that the bubble bursts is directly related to the pressure inside
of the bubble and the vapor pressure of the liquid medium: 12
(2-3)
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where To is the ambient temperature of the bulk solution, Pv is the pressure in the bubble at the
maximum size (the vapor pressure of the liquid), Pa is the pressure of the bubble at the moment of
collapse, and γ is the polytropic index of cavity medium, aka heat capacity ratio of the gas that is
in the bubble (CP/Cv). 12 When the bubbles burst, the heat energy travels along the microstreams
that are formed in the liquid, and the heat energy is rapidly sent throughout the bulk liquid. 14 The
transfer of the heat from the burst bubbles throughout the sonication solution causes the solution
to self-mix and leads to an increase in the temperature of the bulk material. Excessive bulk
heating is common and can cause liquid to evaporate from the sonication solution. 10,15
Interestingly enough, the increase in the temperature of the liquid in the suspension does
not cause the particles to sinter. The heat generated in each micro bubble is extreme, but there is
only a small amount of gas in the micro bubble compared to the bulk solution and the heat does
not stay concentrated in a specific area. 10,15 When the bubbles burst and form the microstreams
in the liquids, shockwaves from the explosion of the bubble cause the nanoparticles to collide at
speeds that are sufficient enough to cause intense localized heating, plastic deformation, spotwelding, or melting of metals at the interface of the collision. 10,36,37 The heat that was generated
as a result of force of the particle collisions was high enough to melt the nanoparticles at the
interface of the collision. The liquid immediately cooled the suspension and prevented the
separation of the particles, which caused the particles to sinter at the interface. 36,37

4. Conclusions and Future Work

4.1. Conclusions
The focus of the current research was to study the effect of ultrasonic treatment on three
distinct nanoparticle systems: ceramic oxides, diamond, and metal. The results showed that
nanoparticles treated with sonication will become dispersed in the reaction solution, but the
nanoparticles will re-agglomerate immediately after the ultrasonic treatment. Ceramic oxide
materials and diamond will fracture during the ultrasonic treatment as a result of the force of the
collision between the nanoparticles during the ultrasonic treatment. There was no apparent trend
in the primary particle size of the γ-alumina whiskers as a function of sonication time, which
indicated that the γ-alumina whiskers fractured or underwent a morphology change in the
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sonication solution. Steric dispersion of the γ-alumina whiskers with Darvan CN caused the
whiskers to agglomerate rather than disperse. The sonicated α-alumina platelets fractured and reagglomerated in the reaction solution. Electrostatic dispersion did not prevent re-agglomeration of
the α-alumina platelets. The nanoparticles in the diamond powder consistently dispersed into
nanoparticles that were a specific particle size during the sonication procedure and agglomerated
to the same particle size, regardless of the sonication and hold times. Electrostatic and steric
dispersion did not affect the particle size of the re-agglomerated diamond powder. Metal
nanoparticles will sinter during the ultrasonic treatment as a result of the heat generated during
the collision of the nanoparticles during the ultrasonic treatment.

4.2. Future Work
Future work into the dispersion of nanoparticles should focus on de-agglomeration and
dispersion methods that do not affect the particle size and morphology of nanoparticles. The best
dispersion methods are be steric or electrosteric dispersion. 38 If polymers are added to a
suspension of nanoparticles immediately after the nanoparticles are synthesized, the polymers
should coat the surface of the nanoparticles and prevent agglomeration of the nanoparticles.
Careful considerations must be made to ensure that the length of the polymer is not much longer
than the diameter of the nanoparticles, or the polymer will cause the nanoparticles to flocculate
rather than disperse. For example, the current research utilized the Darvan CN polymer in an
attempt to disperse the γ-alumina whiskers and diamond nanoparticles in the sonication solution.
The Darvan CN likely caused the γ-alumina whiskers and the diamond nanoparticles to
agglomerate because the length of the Darvan CN molecule is greater than the γ-alumina whisker
and diamond powder primary particle size. A lower molecular weight polymer, such as Darvan
821 A, would be a better polymer to add to a dispersion of nanoparticles. Future studies could
also investigate the nanoparticle shape and crystal structure as a function of reaction time to
determine if the heat of ultrasonication causes a morphology change in any of the nanoparticle
systems.
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Chapter 3
Synthesis of mono-dispersed copper nanoparticles for the production of 3D
printed two part devices

1. Introduction

1.1 Background
The preparation of nano-sized particles has been investigated for the miniaturization of
electrical and mechanical devices by several groups.1-3 Nanoparticles are of interest because the
particles exhibit unique optical, electrical, and magnetic properties compared to the bulk
material.4-8 Research into the synthesis of templated particles has become more popular because
the size, shape, and structure of the particles are just as important as the chemical composition of
the particles when making miniaturized devices. Particle morphology control is a popular area of
research because the alteration of the particle synthesis conditions can control the size, shape, and
structure of the particles.9-14
Copper nanoparticles are currently used in a number of applications, including electronics
and optics, because copper nanoparticles exhibit high thermal and electrical conductivity.

15

Various copper nanoparticle synthesis approaches are established, including the reduction of
copper nanoparticles in aqueous solutions, the reduction of copper nanoparticles in surfactant
solutions, and the reduction of copper nanoparticles in surfactant solutions with additional
species.9,15,16 Research into the synthesis of copper nanospheres and nanorods with varied
particle sizes has been successful, but the challenge to completely control the shape and size of
the copper nanoparticles remains.16 Additionally, research into the control of the stability and the
reactivity of the copper nanoparticles in air has been largely unsuccessful.13,15,17-19 The copper
nanoparticles oxidize readily in air compared to similar metallic nanoparticles such as Au and Ag
nanoparticles.15

48
1.2 Particle morphology control
The morphology of synthesized nanoparticles is dependent upon the particle that is
synthesized and the other species that are in the synthesis. Four different particle synthesis
methods are represented in Figure 3-1. Figure 3-1a illustrates the precipitation of particles from
solution. When particles are precipitated from the solution, the particles generally achieve the
Gibbs-Wulff equilibrium shape with the most thermodynamically stable surface energy. The
diameter of particles can be controlled by a catalyst when the particle is formed by vapor-liquidsolid deposition (Figure 3-1b). The shape and size of a particle can be templated using a selfassembled bilayer system, as illustrated in Figure 3-1c. Figure 3-1d shows that agglomerates can
also be templated in bilayer self-assembly systems. 9,16

Chemical Synthesis of Anisotropically-Shaped Particles
(a)

(c) Templated Particles in Bilayer

Precipitation from Solution
Generally Achieve Gibbs-Wulff
Equilibrium Shape

Self-Assembly Systems

Metals
Amine Layer
Aqueous Phase

100 nm

(b) Vapor-Liquid-Solid Dictated by Catalyst
Particle Diameter

(d) Templated Agglomerates in Bilayer
Self-Assembly Systems

Fe nanoparticle

Amine Layer

CdS
Silica

Aqueous Phase

Si nanowire

1mm

Figure 3-1: There are a number of methods to synthesize anisotropically-shaped particles that
provide different particle sizes, including: (a) precipitation of the particle from solution, (b)
vapor-liquid-solid precipitation dictated by catalyst particle diameter, (c) templated particles
in bilayer self-assembly systems, and (d) templated agglomerates in bilayer self-assembly
systems.
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The goal of the current research was to synthesize well-dispersed copper nanoplatelets
with little to no reactivity in air. The copper nanoplatelet synthesis was based off of a silver
nanoplatelet synthesis that was established by Yener et al. 9 The copper nanoplatelets will
eventually be utilized to create a metallic “ink” for an ultrasonic three dimensional printer.
Devices that are printed with an ultrasonic printer are exposed to air during the printing process,
so it is important for the copper nanoplatelets to remain stable in air. The copper nanoparticles
were synthesized using a lamellar bilayer system to control direct the formation of copper
nanoplatelets as shown in Figure 3-1. 9,13,15-21

1.3 Surfactant-directed synthesis of copper particles
Template-directed synthesis of copper particles is directed by the self-orientation of the
surfactant molecules in the water and surfactant solution. Surfactant molecules consist of polar
hydrophilic head groups and hydrophobic carbon chains. When surfactants are added to water,
the hydrocarbon chains on the surfactant molecules will self-associate to minimize contact with
the water molecules. The self-associated surfactant molecules are often called aggregates. 17 The
orientation of the surfactant molecules is dependent upon the concentration of the surfactant in a
water and surfactant mixture and the temperature of the reaction solution. The ratio between the
molar concentration of water and the molar concentration of a surfactant in a water/surfactant
mixture is described by the R value. The R value can be converted to the weight percent of
surfactant in the water and surfactant mixture. The R value that was used in the current
experiment, 13.4, was determined by previous syntheses of surfactant-directed copper
nanoplatelets. An R value of 13.4 is equivalent to a 60 weight percent POE solution.

16

Figure 3-2 is a phase diagram of the orientation of the polyoxyethylene molecules in the
water/POE system as a function of POE concentration and temperature. 16 When the
concentration of POE is low (W), the POE molecules do not self-assemble because the solution is
too dilute for the POE molecules to come into contact with one another. When the concentration
of POE is high (S and L2) the concentration of water is too low to dissolve the POE molecules.
The POE molecules arrange in a spherical orientation (micellular, L1) when there is zero to 50
weight percent POE below room temperature. The POE molecules arrange into a layered
orientation (lamellar, Lα) from 25 to 85 weight percent POE from room temperature to 70
°C.13,17,20,21 The concentration of salt in the reaction solution can also affect the morphology of
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the lamellar phase. The concentration of the copper source was established by previous syntheses
of copper nanoplatelets. The lamellar bilayer phase looks like a Maltese cross when viewed with
a polarized light microscope, and a lamellar phase that is disrupted with the aqueous metal cations
disrupts the Maltese cross structures in the image. 16

Figure 3-2: The phase diagram of the POE/water system outlines the
orientation of the POE molecules as a function of POE concentration.
Ordered orientations of POE molecules are indicated by Lx (micellular
solution, L1, surfactant liquid, L2, and lamellar phase, L). Non-ordered
surfactant systems are indicated by S (solid), W (water), and W+L α. The
molar ratio used in the current experiment, R=13.4 [water]/[POE], was
equivalent to 60 weight percent POE.16

The lamellar phase was used to direct the synthesis of copper nanoplatelets in the current
research. The lamellar bilayer consists of planar alternating layers of surfactant bilayers
separated by layers of water. The surfactant molecules arrange into layers in the lamellar bilayer
phase because the hydrophobic ends of the surfactant molecules are attracted to one another and
the hydrophilic ends of the surfactant molecules associate with one another to form the planar
bilayers. The water molecules associate with the hydrophobic heads of the surfactant molecules
to form the planar water layers (Figure 3-2).9,22 The aqueous layers in the lamellar bilayers act as
the template for the metallic particles because the Cu2+ ions associate with the polar heads of the
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surfactant molecules. 13,17,21,23,24 When the Cu2+ ions were reduced by the N2H4, the copper
particles nucleated and grew in the planar direction of the lamellar bilayers to ultimately form
platelet-shaped particles. 9,16,22,25 The lamellar phase of the water/surfactant solution was
observed using polar microscopy because the lamellar phase is birefringent in polar light. 16 The
phase diagram for the water/POE system (Figure 3-2) shows that the lamellar phase that is
produced with 60 weight percent POE is present at room temperature and at 55 °C, so the
water/POE system will not undergo a phase transition during the synthesis preparation or during
the synthesis.
The concentration of surfactant also controls the aspect ratio of the copper particles. As
the concentration of water relative to POE increases, the R value will increase and the particle
aspect ratio will increase. 18-20 The R value that was used in the current synthesis was established
in former syntheses to synthesize copper nanoparticles that were 60 nm in diameter.

1.4 Packing density of particles
Well-dispersed copper platelets were chosen for the ink formulation for the three
dimensional ink instead of spherical copper nanoparticles because materials made with plateletshaped particles contain fewer voids than materials made with spherical particles. The orientation
of a system of spherical particles and a system of platelet-shaped particles are illustrated in Figure
3-3. Platelets pack more efficiently than spheres into a given volume with fewer voids among
individual platelet particles than spherical particles in a given material. The packing efficiency of
spherical particles is approximately 60 percent of the total volume, and the packing efficiency of
platelets is approximately 80 percent of the total volume. As a result, printed devices made with
platelet-shaped particles have fewer voids within the device and on the surface of the device than
printed devices made with spherical particles. A high packing efficiency is especially important
in small devices because a void within a smaller device causes a larger decrease in the material
properties of the device than a equally-sized void in a larger device. Platelets also lay down and
arrange on a surface more efficiently than spheres because the platelets will readily pack on top of
one another, but spheres must settle into the cavities on the previous layer.9,16 Devices made with
agglomerated platelets will have more voids than devices made with well-dispersed spherical
particles, so it is important to establish a well-dispersed copper platelet system.
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Figure 3-3: Representations of the arrangement of spherical
particles (top) and platelet-shaped particles (bottom).
Nanoplatelets have fewer voids between each particle than
spherical nanoparticles.
In this chapter copper nanoplatelets were synthesized through chemical reduction in a
lamellar bilayer template. The copper nanoplatelets were dispersed using two different dispersant
solutions, one based on electrosteric dispersion and one based on steric dispersion. The size,
shape, and dispersion of the copper particles were compared to determine which synthesis and
dispersion parameters for the copper nanoparticles resulted in the most stable dispersion.

1.5 Reduction of copper chloride with hydrazine hydrate
Metal ions are reduced by the transfer of electrons from a reducing agent to the metal ion
to form metallic species.26 The reduction is driven by the redox potentials of the two half cell
reactions, Ecell°. The difference between the redox potentials of the reducing agent and the
oxidizing agent, ΔE°, affects the overall reactivity of the reaction, which is the Gibbs free energy
of the reaction, ΔG°, (ΔG° = -nFΔE°). An increase in the ΔE° for the reaction leads to an
increase in the ΔG° of the reaction, and in turn increases the rate of the redox reaction. 26,27
The Pourbaix diagram, or the Eh-pH diagram, for the copper-water system represents the
species of copper that are present in the system, displayed in Figure 3-4. The species of copper is
dependent upon the voltage potential of the reaction system relative to the standard hydrogen
potential as a function of solution pH. The copper species transitions that are dependent upon pH
are represented by vertical lines on the diagram, and the copper species transitions that are
dependent upon pH and the transfer of electrons are represented by diagonal lines on the diagram.
The transitions that are only dependent upon electron transfer are represented by horizontal lines
on the diagram.
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Figure 3-4: The Pourbaix diagram (Eh-pH diagram) for the stable phase of the
copper ions in an aqueous system as a function of solution pH at room
temperature (25 °C, top) and at the temperature of the synthesis (55 °C, bottom).
The Eh value is the voltage potential of the system relative to the standard
hydrogen electrode, calculated using the Nernst equation. The Cu atoms change
species based off of the solution pH and the electrical potential of the reaction.
The small numbers represent the phase as a function of the concentration of
copper in the system. The thermodynamic data used in plotting the Pourbaix
diagrams were generated by HSC Chemistry®.
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The voltage value, Eh, of the aqueous copper system is calculated using the Nernst equation.
When the transfer between species is dependent upon the transfer of electrons, the voltage is
calculated using the following variation of the Nernst equation:
(3-1)
where R is the universal gas constant, T is the temperature (K), n is the number of electrons
transferred, and F is Faraday’s constant. The equilibrium constant, K, represents the oxidation of
copper ions, K = Mn+, when the metal cation is formed is the standard oxidation reaction:
M → Mn+ + ne-

(3-2)

where M is the metal species, Mn+ is the metal ion, and e- is the electrons that are transferred
between the metal and the metal ion. The standard reduction potential of the reaction, Eo, is
calculated by:
(3-3)
where ΔG°r is the Gibbs free energy change for the reaction:
(3-4)
When the potential of the species is dependent upon the pH of the reaction system, the
voltage is calculated using the Nernst equation described in Equation
(3-1, Gibbs free energy change in the reaction is:
(3-5)
When the potential of the species is dependent upon both the pH of the reaction system
and the transfer of electrons, the voltage is calculated using the equilibrium constant for the
n

reduction of the metal, K = [H+] :
(3-6)
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In the current reaction, the copper ion (Cu2+) source was copper chloride and the reducing
agent was hydrazine hydrate. The chemical reduction of copper followed the following format: 21
2Cu2+ (aq) + N2H4 (aq) + 4OH¯ ↔ 2Cu°(s) + N2(g) + 4H2O

(33-7)

The conversion of Cu2+ to copper metal was evident when the reaction solution changed from a
light blue color to a copper color. The reduction was also indicated by the presence of foam in
the reaction solution due to the formation of nitrogen gas.
The reduction of the copper ions at 55 °C was dependent upon the transfer of the
electrons and the pH of the reaction system. 26,27 The reduction potential of the reduction of Cu2+
is constant, but the reduction potential of hydrazine hydrate is dictated by the solution pH of the
reaction solution. The effect of solution pH on hydrazine hydrate was outlined by Goia et. al: 26,27
N2H4 (aq) + 4OH¯ ↔ N2(g) + 4H2O + 4e¯

(3-8)

When the reaction solution has a basic regime, the E° of hydrazine hydrate is -1.16 V. When the
reaction solution has an acidic regime, the E° of hydrazine hydrate is -0.21 V- almost six times
less than the reduction potential of the hydrazine hydrate in an alkaline regime. 26 If the reaction
solution is acidic, the hydrazine hydrate will form the intermediate copper oxide (Cu2O) rather
than copper metal, as shown in the bottom of Figure 3-4. Copper oxide is indicated by the
presence of a black solid in the reaction solution. If the reaction solution is basic, the reduction
potential is more negative and the copper metal product is favored, as shown in the bottom of
Figure 3-4. The copper metal ions were reduced at 55 °C rather than 25 °C to increase the
potential of the reduction. A large excess of hydrazine hydrate has favors disk-shaped copper
particles over spherical copper particles. Hydrazine hydrate is a basic reagent, so a large excess
of hydrazine hydrate will establish a basic regime in the reaction solution. 16,17,20

2 Experimental Details (Materials and Methods)

2.1 Reagent Details for Copper Synthesis
The copper nanoparticles were synthesized through the reduction of copper chloride
(CuCl2·xH2O, 99%, Aldrich Chemical Co, St. Louis, MO) to copper metal. A surfactant,
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polyoxyethylene, (POE, C12H25(OCH2CH2)4OH, Brij 30; 99%, Aldrich Chemical Co., St. Louis,
MO), was used to establish the a lamellar bilayer solution to control the morphology of the
copper particles. The copper ions were reduced to copper metal using hydrazine hydrate
(N2H4·xH2O, reagent grade, Sigma-Aldrich Co. LLC, St. Louis, MO). Sodium borohydride
(NaBH4) is a more common reducing agent because of its reactivity, but reduction with sodium
borohydride leaves solid contaminants in the reaction solution. The product of metal ion
reduction with hydrazine hydrate is only metal, nitrogen gas, and water. 9,16 The basic dispersant
solution consisted of a mixture of 70:30 ethanol:CO 2-free distilled water (Ethanol, 200 proof,
Anhydrous KOPTEC USP, Multicompendial, VWR International LLC, Randor, PA). Nitrogen
gas was flowed through distilled water with gas dispersion tube to remove adsorbed CO2. The
removal of CO2 from the distilled water reduced the likelihood that basic copper oxide
(Cu(OH)x(CO3)y) was formed during the synthesis. To the dispersant solution was added either
citric acid (HCit, HOC(COOH)(CH2COOH)2 · H2O, ACS Reagent, ≥99%, Sigma-Aldrich Co.
LLC, St. Louis, MO) adjusted to solution pH 8.5 with tetraethylammonium hydroxide (TEAOH,
35 w% in water, Sigma-Aldrich Co. LLC, St. Louis, MO) or polyvinylpyrrolidone (PVP, K-30,
40,000 MW, Sigma-Aldrich Co. LLC, St. Louis, MO).

2.2 Copper Particles dispersed using Citric Acid

2.2.1 Template-directed copper nanoparticle synthesis, citric acid dispersant
The general copper nanoparticle synthesis is outlined in Figure 3-5. The experiment was
consistently covered with nitrogen gas to inhibit re-introduction of carbon dioxide into the
reaction solution.
An aqueous solution of 0.5 M CuCl2 was prepared using CO2-free water. The aqueous
solution was a light blue color when the CuCl 2 was fully dissolved. The CuCl2 solution was
filtered with 0.22 μm Millipore filter (Darmstadt, Germany). The appropriate amount of CuCl2
was slowly added to POE to achieve a water-surfactant solution with a molar ratio of R=13.4
([water]/[POE]). The mixture was stirred with an immersion stirrer at room temperature for 2
minutes at 120 RPM to align the bilayer phase. The Cu2+-surfactant solution was an opaque but
still light blue solution. Hydrazine hydrate (two times molar excess) was mixed with a small
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volume of CO2-free water and slowly added to the water-surfactant solution. The mixture was
stirred with an immersion stirrer at room temperature at 120 RPM until the entire reaction
solution changed from light blue to a copper color and gas evolved from the reaction solution,
indicated by the production of foam in the reaction vessel. The reaction proceeded for one hour
in a water bath at 55 °C.

Copper Chloride
Solution

Polyoxyethylene
R=13.4

Stirred at 120 RPM for 2 min
Self-Assembly Bilayer Phase
Reduced by N2H4·xH2O
55C Thermal Bath, 1 hour
Washed in Dispersant Solution
Cu Nanoplatelets
Characterization
Figure 3-5: The flow sheet illustrates the general procedure that was utilized to
synthesize, wash, and disperse copper nanoplatelets using a templated surfactant
(POE) lamellar bilayer system.

When the reaction was complete, the POE bilayer was dissolved using a 10:1 volume
excess of a dispersant solution compared to the volume of the POE. The dispersant solution was
a mixture of 70:30 ethanol:CO2-free water with 10-2, 10-3, or 10-4 M citric acid and adjusted to
solution pH 8.5 using 1 M TEAOH. The reaction solution was foamy and had a black or copper
color. The solution turned clear and colorless with a visible copper-colored solid after the bilayer
was dissolved with the dispersant solution. The copper particles were washed using
centrifugation cycles at 3000 RPM for 5 minutes per cycle, and the copper particles were
redispersed using the appropriate dispersant solution (70:30 ethanol:CO 2-free water with 10-2, 10-
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3

, or 10-4 M citric acid and adjusted to solution pH 8.5 using 1 M TEAOH). The end of the

washing procedure was determined by a plateau in the conductivity of the supernatant of the
copper particles.
The particle size of the copper particles was characterized using dynamic light scattering
(DLS, Brookhaven ZetaPlus, Brookhaven Instruments, Holtsville, NY). The zeta potential values
of the copper products were characterized using the Brookhaven ZetaPlus. The morphology of
the copper particles was determined through field emission scanning electron microscopy
(FESEM, FEI Nova NanoSEM, 630, FEI, Hillsboro, OR).

2.2.2 Non-templated copper particle synthesis, citric acid dispersant.
The copper particles were synthesized without the surfactant to compare the morphology
of non-templated copper particles to the morphology of copper particles templated with a lamellar
bilayer. The procedure was identical to the procedure outlined in Figure 3-5, except that the POE
was not added to the copper chloride solution. The copper nanoparticles were washed
centrifugation cycles at 3000 RPM for five minutes and the copper nanoparticles were
redispersed with 70:30 ethanol:CO2-free water with 10-3 M citric acid, adjusted to solution pH 8.5
with 1 M TEAOH. The end of the washing procedure was determined by a plateau in the
conductivity of the supernatant of the copper particle solution. The products were characterized
using DLS, zeta potential, and FESEM.

2.3 Copper particles dispersed with polyvinylpyrrolidone

2.3.1 Templated copper particles, polyvinylpyrrolidone dispersant
The ideal concentration of PVP in the reaction solution and the dispersant solution was
determined by the addition a range of PVP concentrations to both the reaction solution and to the
dispersant solution. Polyvinylpyrrolidone was added to the reaction solution to determine if the
PVP would affect the morphology of the copper particles. The synthesis procedure, which is
outlined in
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Figure 3-6, was identical to the procedure outlined in 2.2.1 except that PVP was added to
the reaction solution. The amounts of PVP that were added to the reaction solution were zero, 50,
100, 500, 1000, 2000 weight percent PVP relative to the weight of copper. The dispersant
solution consisted of 70:30 ethanol:CO2-free distilled water with varying concentrations of PVP.
The concentrations of PVP in the dispersant solutions were identical to the weight percents of
PVP that were added to the reaction solutions. The products were characterized using DLS, zeta
potential, and FESEM.

vCopper Chloride
Solution

PVP, K-30

Polyoxyethylene
R = 13.4

Stirred at 120 RPM for 2 min
Self-Assembly Bilayer Phase
Reduced by N2H4·xH2O
55C Thermal Bath, 1 hour
Washed in Dispersant Solution
Cu Nanoplatelets
Characterization
Figure 3-6: Flow sheet illustrates the synthesis of copper particles using
polyvinylpyrrolidone as a dispersant in the reaction solution and the dispersant
solution. This procedure was modified from an existing procedure that did not
use any dispersion agent during the synthesis of the copper particles and used
citric acid rather than polyvinylpyrrolidone in the dispersant solution.

2.3.2 Templated copper particle synthesis, polyvinylpyrrolidone dispersant
The templated copper particle synthesis was identical to the procedure outlined in 2.2.1.
The reaction solution consisted of only aqueous CuCl2 and POE. Hydrazine hydrate was added at
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10 times molar excess rather than two times molar excess to increase the rate of the reduction of
the copper ions. The copper nanoparticles dispersed using 70:30 ethanol:CO2-free distilled water
with 1000 w% PVP relative to the mass of copper (2.1 x 10-3 M PVP). The dispersion and the
corrosion of the copper nanoparticles dispersed using PVP was compared to the copper
nanoparticles dispersed using citric acid. The products were characterized using DLS, zeta
potential, and FESEM.

2.4 Comprehensive list of samples
Table 3-1: A comprehensive list of copper nanoparticle samples that were
synthesized in the current research.
Sample ID

Section

Dispersant

Cu1-(1-3)

2.2.1

Citric acid

Cu2

2.2.2

Citric acid

Cu3-(1-6)

2.3.1

PVP

Cu4

2.3.2

PVP

Details
Templated copper particles, 10-2, 10-3,
10-4 M citric acid dispersant
Non-templated copper particles, 10_3 M
citric acid dispersant
Templated copper particles synthesized
and dispersed with 0, 50, 100, 500, 1000,
2000 w% PVP relative to copper
Templated copper particles dispersed
with 1000 w% PVP relative to copper

3. Results and Discussion

3.1 Physical observations during copper reduction
The effect of the solution pH of the reaction solution on the efficiency of the hydrazine
hydrate reduction was evident in the current experiment. When concentrated N 2H4 was added to
the reaction solution, the Cu2+/POE solution immediately turned a copper color, indicating the
formation of copper metal. The reaction solution immediately began to foam from the nitrogen
produced in the reaction, but the reaction rate was too fast for the N 2H4 to be homogenized
throughout the reaction solution before the reaction vessel overflowed. The supernatant of the
copper product had a blue tint because not all of the Cu2+ ions were reduced by the N2H4. When a
two times molar excess of N2H4 was diluted by one-third in CO2-free DI water, the reaction
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solution did not change color until after the N2H4 was homogenized in the reaction solution.
However, the solution pH of the reaction solution with dilute N 2H4 was not basic enough because
the product was black (Cu2O). When a 10 times molar excess of N2H4 was diluted by one-third in
CO2-free water and added to the reaction solution, the reaction immediately turned brown and the
reaction rate was slower than the reaction rate of the concentrated N 2H4. The N2H4 was
completely homogenized in the reaction solution and the product was copper colored.

3.2 Copper synthesis with citric acid dispersant
Varied concentrations of citric acid were added to the 70:30 ethanol:CO 2-free water
dispersant solution, and the dispersant solutions were adjusted to solution pH 8.5 using TEAOH.
The citric acid exhibits three pka values: 3.2, 4.8, and 6.4. 28 When a citric acid molecule is in a
solution with a pH that is less than 3.2, the citric acid molecule is fully protonated (Figure 3-7,
reagent). As the solution pH is increased, the each citric acid molecule will lose one H+ ion for
every pka value that is crossed. As the pH becomes more alkaline and the solution pH is
increased beyond 6.4, the citric acid molecules are fully deprotonated. The dispersant solution
was adjusted to solution pH 8.5 to fully deprotonate the citric acid molecules and provide more
charge on the surface of the copper particles.
O
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Figure 3-7: When an aqueous solution with citric acid is adjusted to a solution pH
that is greater than 6.4, the hydrogens from the carbonyl groups will deprotonate
from the negatively-charged citrate ion.

The copper nanoparticles were attracted to one another due to the van der Waals forces
between the copper particles.23 Copper nanoparticles are more attracted to one another than
macro-sized copper particles because nanoparticles have higher high surface area and particle
shape anisotropy. As the size of a particle decreases, the surface area of the particles increase
and the attractive energy between particles increases. Agglomerated metal nanoparticles will and
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form larger metal particles. Dispersants, commonly small organic adsorbates, are added to metal
nanoparticle suspensions to prevent agglomeration. 23 Citric acid was used in the current
experiment because citric acid is a small organic adsorbate. When the citric acid dispersant
solution was added to the copper nanoparticle suspension, the citrate ions bonded to the surface of
the copper nanoparticles and coated the surface of the particles with a layer of negative charge
(Figure 3-8). Theoretically, if the particles were saturated with citrate the particles would repel
one another rather than agglomerate. In an ideal dispersant solution, the repulsive energy
between the copper nanoparticles prevents agglomeration and the fine copper nanoparticles
remain in the dispersant solution due to Brownian motion. 3,23,29,30

Figure 3-8: Citric acid was added to the copper nanoparticle dispersant solution
so that the citric acid molecules would coat the copper particles with a layer of
negatively-charged citrate ions.3,13,23,29,30

3.2.1 Template-directed copper nanoparticle synthesis, citric acid dispersant
The particle size of the copper nanoparticles that were dispersed with 70:30 ethanol:CO 2free distilled water with 10-2 M, 10-3 M, or 10-4 M citric acid and adjusted to solution pH 8.5 with
TEAOH was measured using DLS (Figure 3-9). The copper nanoparticles that were dispersed
with 10-3 M or 10-4 M citric acid exhibited similar particle sizes (750 nm and 780 nm,
respectively). The copper nanoparticles that were dispersed with 10 -2 M citric acid exhibited
three separate particle sizes (20, 110, and 460 nm) that were significantly smaller than the copper
particles that were dispersed with 10-3 M or 10-4 M citric acid.
The supernatant of the solutions with the copper particles dispersed with 10 -3 M and 10-4
M citric acid were clear and colorless with copper colored solids. The supernatant of the solution
with the copper particles dispersed with 10 -2 M citric acid were clear and tinted green with copper
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colored solids. The green color in the supernatant of the copper particles dispersed with 10-2 M
citric acid was because the copper particles were largely dissolved in the high concentration of
citrate. The copper particles dissolved when the copper-citrate metal ligands formed in the
dispersant solution.
The zeta potential of the copper nanoparticles that were dispersed with varied
concentrations of citric acid was measured at solution pH 8.5, the solution pH of the dispersant
solution (Figure 3-10). The zeta potential of the copper particles decreased as the concentration
of citric acid in the dispersant solution decreased. The 10 -2 M citric acid sample had a much
larger zeta potential because the sample contained fewer particles than the other samples because
the copper particles were dissolved in the reaction solution.
The morphology of the copper particles was observed using FESEM. The surface of the
copper particles dispersed using 10-3 M citric acid is presented in Figure 3-11. The copper
particles had a platelet-like morphology, mixed with hard porous spheres. The porous structures
were characteristic of oxidation on the surface of a copper material. In this experiment, the
copper particles were well-dispersed but were not stable in the atmosphere so the citric acid did
not inhibit the corrosion of the copper particles in air.
An identical copper particle synthesis was performed where the copper particles were
dispersed with a solution with 10-3 M citric acid. The morphology of the particles was observed
using FESEM (Figure 3-12). The copper particles had a platelet shape and did not immediately
oxidize in air, but the platelets were not free from agglomeration. The sample consisted of welldispersed copper platelets (Figure 3-12b) with large copper platelet agglomerates (Figure 3-12a).
The platelets in the agglomerates (Figure 3-12) were in the range of 65-200 nm in diameter
(measured using SEM software). The copper particles were generally well-dispersed, but the
copper particles were not stable in air for more than 24 hours. Therefore, the copper particles
would not be useful in a three dimensional ink formulation with the citric acid dispersant.
The copper nanoparticles that were synthesized with the POE lamellar phase and
dispersed with varied concentrations of citric acid were well-dispersed in the citric acid solution
but were not resistant to corrosion in air. The copper nanoparticles remained in suspension in the
citric acid dispersant solution for about 24 hours. After 24 hours the particles began to
agglomerate and the copper colored particles began to turn green. The copper particles turned
green because carbon dioxide and oxygen from the atmosphere dissolved the copper particles in
the dispersant solution. Therefore, citric acid while effective for dispersion of copper
nanoparticles does not provide protection.

64

Relative Distribution

100

Size Distribution for Cu Nanoplatelets Dispersed
20 nm with Varying Concentrations of HCit
10-2 M HCit
10-3 M HCit
10-4 M HCit

80

780 nm

750 nm

60
40

460 nm

20
110 nm
0
0

200

400
600
Diameter (nm)

800

1000

Figure 3-9: The size distribution of copper nanoparticles dispersed with 70:30
ethanol:CO2-free water with varied concentrations of citric acid (10 -2, 10-3, and
10-4 M HCit) and adjusted to solution pH 8.5, measured using DLS. The copper
nanoparticles dispersed with 10 -3 and 10-4 M citric acid were monodisperse,
where the copper nanoparticles dispersed with 10-2 M citric acid were not.

ZP vs. HCit Concentration for Cu
Nanoparticles Dispersed with Varying [HCit]
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Figure 3-10: The zeta potential values of the copper nanoparticles that were
dispersed using varied concentrations of citric acid, measured at solution pH 8.5.
The zeta potential values of the copper nanoparticle solutions decreased as the
concentration of citric acid in the dispersant solution decreased .
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Figure 3-11: The surface of the copper particles dispersed with
10-3 M citric acid was imaged using FESEM. The particles seem
to have platelet shapes, but the surface of the structures in the
image are dominated by porous spheres, which are indicative of
oxidation on the surface of the copper particles.
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Figure 3-12: Copper particles dispersed with 10 -3 M citric acid
were imaged using FESEM. (a) The copper particles were
highly agglomerated but seemed to be platelet shaped. (b) The
general population of the copper particles consisted of both
smaller and larger agglomerates.
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3.2.2 Non-templated copper particle synthesis, citric acid dispersant
The non-templated copper nanoparticles were synthesized without the POE bilayer to
confirm the effect of the POE bilayer on the size and the shape of the copper nanoparticles. The
copper nanoparticles were dispersed using 70:30 ethanol:CO 2-free water with 10-3 M citric acid,
adjusted to solution pH 8.5 with 1 M TEAOH. The particle size of the non-templated copper
nanoparticles was measured using DLS. The particle sizes of the templated copper nanoparticles
(POE, 750 nm) and the non-templated copper nanoparticles (No POE, 450 nm) are compared in
Figure 3-13. The templated and non-templated copper particles exhibited monomodal particle
size distributions, but the particle size of the templated copper particles was larger than the
particle size of the non-templated copper particles. The particle size data obtained from the DLS
demonstrates that the presence of the POE bilayer affects the average particle size of the
synthesized copper particles.

Particle Size Distribution for Cu Synthesized
Without POE
Relative Distribution

100

450 nm

80

750 nm
No POE

60

POE

40
20
0
0

500
1000
Effective Diameter (nm)

1500

Figure 3-13: The particle size distributions of templated copper nanoparticles and
non-templated copper nanoparticles were measured using DLS. The templated
and the non-templated copper nanoparticles were dispersed using 70:30
ethanol:CO2-free water with 10-3 M citric acid, adjusted to solution pH 8.5 with 1
M TEAOH.
The zeta potential values of the templated copper nanoparticles and the non-templated
nanoparticles, measured at solution pH 8.5, are compared in Figure 3-14. The zeta potential of
the non-templated copper nanoparticles was significantly more negative than the zeta potential of
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the templated copper nanoparticles. Therefore, the isoelectric point (IEP) of the non-templated
copper particles was lower than the isoelectric point of the templated copper particles. Because
the IEP of the non-templated copper particles was lower, there was a higher amount of negative
charge on the surface of the non-templated copper nanoparticles. The non-templated copper
nanoparticles had a higher magnitude of negative surface charge than the templated copper
nanoparticles, because the non-templated copper nanoparticles had a smaller particle diameter.
The “No POE” sample had large error bars because there was a wide distribution of amounts of
negative surface charge on the different particles in the dispersant solution.

Zeta Potential Data for Cu Synthesis with POE
vs. Cu Synthesis Without POE (10-3 M HCit
Dispersant)

Zeta Poential (mV)

POE

No POE
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-10
-20
-30
-40
-50
-60
-70
-80
-90

Figure 3-14: The zeta potential of templated copper nanoparticles and nontemplated nanoparticles dispersed using 70:30 ethanol:CO 2-free water with 10-3
M citric acid, adjusted to solution pH 8.5 with 1 M TEAOH.
The morphology of the non-templated copper nanoparticles was observed using FESEM
(Figure 3-15). The porous features on the surface of the sample are indicative of oxidation on the
surface of the copper nanoparticles. There are some platelet shapes present in Figure 3-15b, but
the majority of the nanoparticles are spherical. The average particle size of the spheres in Figure
3-15 was 450 nm (measured using FESEM software), which was identical to the particle size of
the spheres that was measured using DLS (Figure 3-13). Spheres were the dominant morphology
of the non-templated copper nanoparticles because the particle sizes of the spheres measured
using DLS and FESEM were identical. The non-templated copper synthesis confirms that a POE
lamellar system with R=13.4 will produce control the morphology of the copper nanoplatelets.
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Figure 3-15: The copper nanoparticles that were synthesized
without POE bilayer were imaged using FESEM. The sample
primarily exists of porous spheres (Figure 3-15a, b), but there are
some platelet-like morphologies present in the sample (Figure
3-15b).
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3.3. Copper nanoparticles dispersed with polyvinylpyrrolidone
The second type of dispersant that was used to synthesize copper particles was steric
dispersion with polyvinylpyrrolidone (PVP). The molecular structure of the PVP molecule is
shown in Figure 3-16. The PVP molecule passivated and dispersed the copper nanoparticles.
Particles are passivated by dissolving sparingly soluble species into the dispersing solution
(Figure 3-17). The sparingly soluble PVP molecules readily dissolved in the aqueous solution
and adsorbed onto the surface of the copper particles. The network of PVP molecules on the
surface of the copper particles prevented oxidation and dissolution of the copper particles in the
dispersion solution. 29,31 The PVP molecules boded to the surface of the copper particles through
the nitrogen atom. The three N-C bonds and one lone pair arrange around the nitrogen atom on
the PVP molecule in a trigonal pyramidal geometry. The lone pair on the nitrogen atom bonded
with copper sites on the surface of the copper particles but did not dissolve the copper particles.

O

N

n

Figure 3-16: Molecular structure of polyvinylpyrrolidone.

Figure 3-17: Polyvinylpyrrolidone was added to the copper
nanoparticle dispersant solution so that the PVP molecules
would coat the surface of the copper particles.

32
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Two separate experiments were performed using PVP as a dispersant. In the first
experiment, PVP was added to the reaction solution and to the dispersant solution to observe the
effect of the PVP molecules on the shape and size of the copper nanoparticles. In the second
experiment, PVP was not added to the reaction solution, but PVP was still added to the dispersant
solution to observe the effect of the PVP molecules on the dispersion of the copper particles.

3.3.1 Templated copper particle synthesis with PVP in reaction solution and PVP dispersant
Templated copper nanoparticles were synthesized with PVP in the reaction solution and
the dispersant to determine how PVP affects the shape and the size of templated copper
nanoparticles. The copper nanoparticles that were synthesized with PVP were dispersed using
70:30 ethanol:CO2-free water with the same concentration of PVP that was added into the
reaction solution. The copper nanoparticle samples were analyzed 24 hours after dispersion. The
color and the dispersion of the copper nanoparticles after 24 hours are evident in Figure 3-18.
The copper nanoparticles that were synthesized with zero and 50 weight percent PVP turned
green after 24 hours, so the PVP did not provide coverage on all of the copper reactive sites and
did not prevent corrosion on the surface of the copper nanoparticles. The copper nanoparticles
that were synthesized with 100 and 500 weight percent PVP did not oxidize after 24 hours, but
some of the copper nanoparticles agglomerated out of the dispersant solution after 24 hours. The
best passivation and dispersion of copper nanoparticles was the copper nanoparticles dispersed
with 1000 and 2000 weight percent PVP. The copper nanoparticles dispersed with 1000 and
2000 weight percent PVP remained suspended in the reaction solution after 24 hours and did not
dissolve over the course of 24 hours.
The particle sizes of the templated copper particles that were synthesized using various
concentrations of PVP were measured using DLS (Figure 3-19, Figure 3-20). The particle size
distribution of the copper particles as a function of PVP concentration is compared in
Table 3-2. The copper nanoparticles that were synthesized with zero and 50 weight
percent PVP corroded after 24 hours, so the DLS data measures the corroded copper particles
rather than the synthesized copper particles. There was no specific trend for the particle size of
the copper nanoparticles as a function of PVP concentration. The majority of the copper
nanoparticles exhibit an average particle size distribution between 300 nm and 500 nm. The
copper nanoparticles that were synthesized with 500 weight percent PVP were about three times
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larger than the copper nanoparticles synthesized with the other concentrations of PVP (Figure
3-20). Based off of the observation of the dispersion of the copper nanoparticles and the particle
size measurements of the copper nanoparticles, the best copper nanoparticle dispersion was 1000
weight percent PVP. The copper nanoparticles that were synthesized using 1000 weight percent
PVP were 400 nm in diameter and were stable in the reaction solution for more than 2 months.

Figure 3-18: Systems of copper nanoplatelets that were synthesized using
the indicated weight percent of PVP, then washed using 70:30
ethanol:CO2-free water with the labeled concentration of PVP, 24 hours
after dispersion.

Table 3-2: Average particle size distribution values for copper
nanoparticles dispersed using varying concentrations of PVP in
the dispersant solution, measured using DLS.
Amount PVP (w%)
0
50
100
500
1000
2000

Diameter 1 (nm)
50
510
20
1000
150
350

Diameter 2 (nm)
350
1450420
450-
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Figure 3-19: Particle size measurements of templated copper nanoparticles that
were synthesized with 0, 50, 100, 1000, and 2000 weight percent PVP and were
dispersed using 70:30 ethanol:CO2-free water with the appropriate concentration
of PVP (DLS).
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Figure 3-20: Particle size measurements of templated copper nanoparticles that
were synthesized with 500 weight percent PVP and were dispersed using 70:30
ethanol:CO2-free water with the appropriate concentration of PVP (DLS).
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Figure 3-21: FESEM image of copper nanoparticles synthesized using 2.1 x 10 -3
M PVP in the reaction solution with the copper chloride aqueous solution.
The morphology of the templated copper nanoparticles that were synthesized and
dispersed using 2.1 x 10-3 M PVP (1000 weight percent PVP) was determined using FESEM
(Figure 3-21). The templated copper nanoparticles were slightly corroded, but the amount of
corrosion was smaller than the corrosion on the surface of the copper particles dispersed using
citric acid. The copper nanoparticles were highly agglomerated. The copper nanoparticles
exhibited a pyramidal morphology rather than a platelet-like morphology or a spherical
morphology that was seen in syntheses that only had copper ions and POE in the lamellar bilayer
system. The copper nanoparticles were not as well-dispersed as the DLS data suggested and the
copper nanoparticles were not immune to corrosion in air.
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3.3.2 Templated copper particle synthesis, polyvinylpyrrolidone dispersant
Templated copper nanoparticles were dispersed using 70:30 ethanol:CO 2-free water with
2.1 x 10-3 M PVP. Polyvinylpyrrolidone was not added to the reaction solution. The particle size
of the copper nanoparticles was measured using DLS (Figure 3-22). The particle size of the
templated copper nanoparticles dispersed using PVP was equivalent to the particle size of the
templated copper particles that were dispersed using a citric acid dispersant (Figure 3-9). The
templated copper nanoparticles were larger than the templated copper nanoparticles with PVP in
the reaction solution (Figure 3-19).
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Figure 3-22 The particle size distribution of templated copper
particles that were dispersed using 70:30 ethanol:CO 2-free water
with 2.1 x 10-3 M PVP (DLS).
The morphology of the templated copper nanoparticles that were dispersed using 70:30
ethanol:CO2-free water with 2.1 x 10-3 M PVP was determined with FESEM (Figure 3-23). The
copper nanoparticle agglomerates in the FESEM images were larger than the copper
nanoparticles that were measured using DLS. Therefore, the copper nanoparticles agglomerated
during the FESEM sample preparation. There was no sign of oxidation on the surface of the
copper nanoparticles in the FESEM image, and there was no sign of oxidation in the copper
nanoparticle sample after one month. The copper nanoparticles remained dispersed in the
suspension after one month of observation
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Figure 3-23: FESEM images of templated copper nanoparticles
that were dispersed using 70:30 ethanol:CO 2-free water with 2.1
x 10-3 M PVP. There is no sign of oxidation on the surface of
the copper nanoparticles.

77
4. Conclusion
Templated copper nanoparticles were successfully synthesized through the reduction of
aqueous copper chloride to copper nanoparticles in a POE lamellar bilayer using hydrazine
hydrate. The copper nanoparticles were dispersed using solutions with 70:30 ethanol:CO 2-free
water with varied concentrations of citric acid or PVP. Both the citric acid and the PVP allowed
dispersion of the copper particles when the correct concentration of citric acid or PVP was added
to the reaction solution. The ideal concentration of citric acid for the dispersion in solution was
10-3 M citric acid adjusted to solution pH 8.5. The ideal concentration of PVP in the dispersant
solution was 2.1 x 10-3 M PVP (1000 w% PVP).
The templated copper nanoparticles that were dispersed using citric acid produced
platelets with diameters of 750 nm measured using DLS and diameters of 65-200 nm using the
FESEM software. The templated copper nanoparticles that were dispersed using citric acid
corroded and agglomerated in the dispersant solution within 24 hours. The non-templated copper
nanoparticles that were dispersed using citric acid were spherical particles with a diameter of 450
nm. The non-templated copper nanoparticles oxidized in the reaction solution within 24 hours.
The templated copper nanoparticles that were synthesized with PVP in the reaction and
the dispersant solutions produced triangular-shaped copper nanoparticles with average diameters
of 300-500 nm measured using DLS. Triangular particles will not lie down onto a surface or
pack into a given volume as efficiently as platelets, so the triangular copper nanoparticles are not
desirable for a copper ink for a three dimensional printer. The templated copper nanoparticles
that were dispersed using PVP were copper nanoplatelets with diameters of 760 nm measured
using DLS. The templated copper nanoplatelets dispersed using PVP did not corrode in the
reaction solution for at least two months and the copper nanoplatelets did not corrode in air for at
least 24 hours.
The copper nanoplatelets dispersed citric acid were less agglomerated on the FESEM
samples than the copper nanoplatelets dispersed with PVP, but the agglomerates were artifacts
from the sample drying process. The PVP dispersant solution was ideal for use in a three
dimensional printer because the particles dispersed using PVP did not corrode in the dispersant
solution for more than two months and did not corrode in air for more than 24 hours.
Future work into the synthesis and dispersion of templated copper nanoplatelets will
focus on optimization of the PVP dispersant solution to create a formulation for the copper
nanoparticle ink. Preliminary studies into the formulation of the copper nanoparticle ink has
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shown that copper nanoplatelets that were dispersed using PVP will stay stable in the atmosphere
for up to three weeks before the particles are sintered. The concentration of PVP in the dispersant
solution could be increased to determine the ideal viscosity of the copper nanoparticle solution in
the copper ink formulation. When the devices are printed, the laydown efficiency of the copper
nanoparticles will be analyzed using various methods, including as FESEM and surface area
measurements.
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Chapter 4
Attachment of Silicon Carbide Whiskers and Carbon Nanofibers to Carbon
Fiber Tows for Enhanced Thermal Conductivity and Tensile Strength in
Fiber Reinforced Polymer Materials

1. Introduction
Carbon fiber reinforced polymer materials consist of layers carbon fiber tows laminated
with a polymer material. The first step in laminating carbon fibers is to draw the carbon fibers
through a resin and curative mixture to coat the surface of the carbon fibers with the polymer
mixture composed of a resin and curing agent to polymerize and cross-link the polymer. Next the
layers of the coated carbon fibers are laid on top of one another to make several layers, or plies,
of carbon fiber layers. 1 A schematic of the lamination process is found in Figure 4-1. The
carbon fiber-polymer material is treated in a hot press to laminate and bond the plies of carbon
fibers. The hot press compresses the layers of the fibers to a specific pressure to remove voids
from the material and heats the polymer mixture to crosslink the polymer and the curative agent.
The carbon fiber reinforced polymer composite is laminated when the polymer material is finally
cured.

Figure 4-1: Schematic of a cross-section of a carbon fiber reinforced composite. Carbon
fiber tows are coated in a polymer mixture containing a resin and a curative and laid down
in layers, or plies. The plies are cured and compressed in a hot press to crosslink the
polymer materials between layers of carbon fibers. The process through which layers of a
material coated in a polymer are crosslinked using heat and pressure is called lamination.
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Carbon fiber reinforced polymer composites that are produced with lamination are used
because the carbon fiber reinforced polymer composites exhibit improved strength and stiffness
over conventional monolithic materials and generally with a lower density. 2,3 Carbon fiber
reinforced polymer composites are used to fabricate aerospace structures including airplane wings
and helicopter rotors because of the strength and stiffness of the material. 3,4 The carbon fibers
reinforce the polymer composite material because when a load is placed on the carbon fiber
reinforced polymer composite, mechanical load is transferred from the resin matrix to the carbon
fiber rather than being supported solely by the relatively weak and low elastic modulus resin
matrix.4 However, due to the nature of the lamination process, current carbon fiber materials
undergo delamination during impact stress and elongation of the material. 2

Figure 4-2: Schematic of delamination and failure of a carbon fiber reinforced polymer
composite as a result of impact stress. When stress is applied onto a carbon fiber
reinforced polymer composite, the force of the stress can overcome the strength and
create delamination between piled layers in the composite material.
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When a carbon fiber reinforced polymer composite undergoes stress through impact or
elongation, the composite can become damaged in a number of ways. One common way that
carbon fiber polymer composites (CFC) become damaged is through delamination. 1
Delamination occurs when the carbon fiber separates from the polymer matrix and cracks form in
the material along the length of the carbon fiber tows (Figure 4-2). The cracks propagate along
the length of the fiber tows throughout the entire material. When the composite is delaminated,
the carbon fiber tows are not held as rigid by the polymer material because of the gaps in the
material. Further stress on the CFC can cause cracks in the carbon fibers because the strength of
the material is reduced by delamination. 1,5,6 Delamination occurs between plies because of
weaker bonding at the interface between the plies of CFCs. 2 Reduced bond strength between the
plies can also be created by residual voids in the cured composite. 2,5
Improving the mechanical properties of CFCs, including the tensile and the transverse
strength and fracture toughness of CFC materials is of interest to improve performance in critical
applications such as airframes and aerospace structures. If the delamination of the CFC goes
undetected, cracking between plied layers can lead to catastrophic failure throughout the bulk
composite material. 7,8 The failure illustrated in Figure 4-2 is relatively minor compared to the
catastrophic failure within a CFC that was presented by Dost et al in Figure 4-3.8

Figure 4-3: The laminated plies within a CFC became delaminated due to
compressive strength of an impact. The delaminated layers fractured because of
the decrease in the strength within each ply of the CFC, causing catastrophic
failure within the CFC. 8

There are a number of nanoscale reinforcement methods that have been explored to
improve the strength between layers in CFCs, including the dispersion of nanoscale fillers in the
matrix material and the growth of single wall carbon nanotubes (SWCNT) on the surface of glass
fibers by chemical vapor deposition. 1,9-11 Both methods can lead to a four to five times increase
in the interlaminar fracture toughness of the composite material, but each method has limitations.
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The concentration of nanoscale fillers that can be dispersed in the resin matrix material is limited
by viscosity of the resin because the viscosity increases with increased concentration of filler
material in the resin. Nanoscale fillers increase the strength among the carbon fiber tows in a
single layer, but the increase in strength is small because the nanoscale fillers are not directly
bonded between layers. Growing SWCNT on the surface of the carbon fibers using CVD
increases strength among the individual carbon fibers, but the CVD process causes a decrease in
the overall strength of the material because the high temperatures required to grow the SWCNT
on the surface of the carbon fibers degrades the fibers. 10
The current research focused on increasing the strength among the carbon fiber tows by
modifying the surface chemistry of nanofillers and carbon fiber tows and using a conjugation
method with a silane coupling agent to form a covalent bond between the carbon fiber tows and
the nanofillers. The nanofillers that were utilized in the current research were silicon carbide
whiskers and carbon nanofibers. A covalent bond between a nanofiller and two or more carbon
fibers will increase the strength of the CFC more than simply dispersing the nanofillers within the
resin matrix. Covalently bonding the nanofillers between two or more carbon fibers tows
decreases the likelihood of delamination in the CFC upon impact. The conjugation method that
was used in the current research could be ideal because the method is a common conjugation
method that is performed without the use of high temperatures that damage the carbon fibers.
The strength of the as-received carbon fiber tows and the treated carbon fiber tows was compared
using tow tension strength measurements and failure strength tests.
Preliminary studies have demonstrated that the conjugation method that was used in the
current research was successful when the conjugation was performed in diluted phosphate
buffered saline at room temperature. The field emission scanning electron microscopy images in
Figure 4-4 show the decoration of the silicon carbide whiskers on the surface of the carbon fibers.
The silicon carbide whiskers did disperse across the surface of the carbon fibers, seen in Figure
4-4a, but the silicon carbide whiskers did not coat the surface of the carbon fibers. An example of
a silicon carbide whisker bonded between two carbon fibers is displayed in Figure 4-4b. The
majority of the silicon carbide whiskers were not bonded between two or more carbon fibers.
The current research used water instead of phosphate buffered saline because the phosphate
buffered saline added phosphate, sodium, and chlorine ions into the dispersing solution that will
bond with the surface of the silicon carbide whiskers and the carbon fiber tows as contaminants.
The current research also focused on increasing the amount of silicon carbide whiskers that were
bonded to the surface of the carbon fibers for increased decoration of the carbon fibers.
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Figure 4-4: In preliminary studies, silicon carbide whiskers were
bonded to the surface of carbon fibers using phosphate buffered
saline. (a) Covalently bonded silicon carbide whiskers dispersed
across the surface of the carbon fibers but did not completely
cover the carbon fibers. (b) Some silicon carbide whiskers
formed covalent bonds with two carbon fibers.
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2. Materials and Methods
Carbon fibers (CF) that were used in the current experiment were HexTow® fibers
manufactured by Hexcel®, type AS4D-GP-12K (Hexcel, Stamford, CT). The “AS4D” in the
carbon fiber tow type means that the carbon fibers originate as a polyacrylonitrile material that is
oxidized and carbonized into graphene under extremely high temperatures. The “AS4D” carbon
fibers have a tensile strength of 4826 MPa and a tensile modulus of 248 GPa. The type of sizing,
“GP,” that is on the surface of the carbon fiber tow is not revealed by the manufacturer, but
manufacturer does indicate that the sizing is a polymer that is compatible with epoxy resins. The
carbon fiber tows are impregnated with an epoxy resin during the strength tests later in the
experiment with which the carbon fibers are impregnated during the winding process. The
carbon fiber tow contains 12,000 carbon fibers, indicated by “12K”. 12
Silicon carbide whiskers (SiCw) that were used the current experiments were SI-TUFF
Performance Ceramic Additives SC-050 silicon carbide whiskers (Advanced Composite
Materials, Greer, SC). The as-received SiCw were long, rigid rod nanotubes that were not
functionalized. The SiCw were in the beta (i.e., cubic) phase for the SiC. The average diameter
of the silicon carbide whiskers is 0.65 μm and the average length of the silicon carbide whiskers
is 10 to 12 μm. 13
Carbon nanofibers (CNF) were Pyrograf®-III PR-24-XT-HHT, distributed by Pyrograf
Products, Inc (Applied Sciences, Inc, Cedarville, OH). The “Pyrograf®-III” indicates that the
CNF are fine and tubular. The type “PR-24” indicates that the CNF have a minimal CVD carbon
overcoat and a diameter of about 100 nm. The length of the fibers ranges from 50-200 μm. The
CNF become entangled in a mesh-like configuration during the growth in the vapor phase, so
“XT” indicates that the CNF are de-bulked by the manufacturer. The “HHT” label indicates that
the CNF were heat-treated up to 3000 °C, so the CVD carbon overcoat on the CNF was
graphitized and the iron catalyst from the CVD process was reduced to very low levels. Carbon
nanofibers were chosen over SWCNTs because CNF have a low cost when compared to single
wall carbon nanotubes.14 Carbon nanofibers that were previously oxidized were also obtained
from the manufacturer (CNF-OX, Pyrograf-III PR-24-XT-HHT-OX Pyrograf Products, Inc).
The properties of the CNF-OX are identical to the properties of the CNF except that the CNF-OX
already have carbonyl groups on the surface.
Sizing was stripped from the surface of carbon fiber tows using acetone (capillary GC
grade, ≥99.9%, Sigma-Aldrich Co. LLC, St. Louis, MO). The carbon fibers and carbon
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nanofibers were oxidized using nitric acid (70 %, Sigma-Aldrich Co. LLC, St. Louis, MO). The
saline coupling agent that was bonded to the surface of the CNF and the SiCw was
aminopropyltrimethoxysilane (APTMS, 97%, Sigma-Aldrich Co. LLC, St. Louis, MO). The
conjugation between the nanofillers and the carbon fibers was carried out using 1-Ethyl-3-(3dimethylaminopropyl)carbodiimide hydrochloride (EDC, Thermo Scientific Pierce, Rockford, IL)
with N-hydroxysulfosuccinimide (Sulfo-NHS, Thermo Scientific Pierce, Rockford, IL) to
stabilize the intermediates formed in the reaction. The solution pH of the reaction solutions was
adjusted using dilute nitric acid and potassium hydroxide (85% KOH basis, pellets, white, SigmaAldrich Co. LLC, St. Louis, MO). The CNF-OX were dispersed using ethanol (200 proof,
Anhydrous KOPTEC USP, Multicompendial, VWR International LLC, Randor, PA).
The CFCs were made by coating the carbon fiber tows in a mixture of EPON TM Resin
862 (EponTM 862, Hexion Specialty Chemicals, Columbus, OH), a diglycidl ether of bisphenol F,
and Curative W (Momentive Specialty Chemicals, Columbus, OH), ), a non-MDA aromatic
amine curing agent.

2.1. Surface modification of carbon fibers

2.1.1. Acetone treatment of carbon fibers
As-received carbon fiber tows were soaked in acetone at room temperature for 15
hours to strip the sizing from the surface of the carbon fiber tows. The acetone-stripped carbon
fiber tows were rinsed with deionized water with conductivity of the deionized water measured
after each washing cycle. The carbon fiber tows were completely washed when the conductivity
of the deionized water was constant for three successive washing cycles. 15

2.1.2. Nitric acid treatment of carbon fibers
As-received and acetone-stripped carbon fiber tows were soaked in nitric acid
(70 %, Sigma-Aldrich Co. LLC, St. Louis, MO) diluted to 10 -3M in deionized water for 15 hours
to oxidize the surface of the carbon fiber tows. The nitric acid treatment of the as-received
carbon fibers oxidized the sizing on the carbon fiber tows. In contrast, the acetone-stripped
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carbon fiber tows did not have any sizing, so the nitric acid treatment directly oxidized the
surface of the carbon fibers. The carbon fiber tows were rinsed with deionized water and the
conductivity of the deionized water measured after each washing cycle. The carbon fiber tows
were completely washed when the conductivity of the deionized water was constant for three
successive washing cycles. 15 The surface charge of the as-received carbon fibers and the oxidized
carbon fibers was characterized using a ZetaSpin zeta potential analyzer (ZetaMetrix, Pittsburgh,
PA).

2.2. Attachment of silicon carbide whiskers to carbon fibers

2.2.1. Treatment of silicon carbide whiskers
Silicon carbide whiskers (10 w %) were soaked in DI water for 15 hours to form silanol
groups the surface of the SiCw (an oxidation process). An amine terminated silane coupling
agent, APTMS, was added to the SiCw in water (0.35 weight percent APTMS relative to SiCw).
The chemical structure of APTMS is presented in Figure 4-5. After two hours with light stirring,
the APTMS-treated SiCw (SiCw-APTMS) were washed through centrifugation and redispersion
with DI water. The conductivity of each supernatant was measured. The silicon carbide whiskers
were completely washed when the conductivity of the supernatant was consistent for three
successive washing cycles. The surface charge of the as-received SiCw, the oxidized SiCw, and
the SiCw-APTMS was measured using a Brookhaven ZetaPlus zeta potential analyzer. The
atomic content of the surface of the as-received SiCw, the oxidized SiCw, and the APTMStreated SiCw was measured using X-ray photoelectron spectroscopy (XPS). 16

Figure 4-5: The chemical structure of APTMS.
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2.2.2. Attachment of silicon carbide whiskers to nitric acid treated carbon fibers using EDC
and Sulfo-NHS coupling agents
The oxidized carbon fibers (1.17 g) and the SiCw-APTMS (5 g) were suspended in
separate deionized water solutions adjusted to solution pH 7 using nitric acid and potassium
hydroxide at 0.1 M in deionized water to adjust solution pH. The stepwise conjugation process is
displayed in Scheme 1.
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An aqueous solution of EDC (7.6 x 10-6 M EDC) was slowly added to the carbon fiber
solution. The carbon atoms between the nitrogen atoms in the EDC molecules bonded with the
oxygen molecules of carboxylic groups on the surface of the carbon fibers to form o-acylisourea
active intermediates. The o-acylisourea intermediates are only stable in aqueous solutions for
about one hour, so an aqueous solution of Sulfo-NHS (1.2 x 10-2 M) was slowly added to the
carbon fiber solution (2.1x 10-5 M Sulfo-NHS) to extend the amount of time that the intermediate
structures on the surface of the carbon fibers remained stable. The Sulfo-NHS molecules
replaced the EDC molecules on the surface of the carbon fibers and formed Sulfo-NHS esters
with the oxygen atoms from the carboxylic acid groups on the surface of the carbon fibers. The
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intermediates between the Sulfo-NHS molecules and the surface of the carbon fibers were stable
for 24 hours in aqueous solution. The carbon fiber solution was adjusted to solution pH 7 and the
SiCw-APTMS were added to the carbon fiber solution. The reaction solution was lightly agitated
on a shaker table for two hours to allow the amide bond to form between the carbonyl groups on
the surface of the oxidized carbon fibers and the nitrogen atoms on the surface of the SiCwAPTMS as shown in Scheme 1. 17 The final product was allowed to dry in air at room
temperature overnight. The surface of the carbon fiber-SiCw material was analyzed using optical
microscopy and field emission scanning electron microscopy (FESEM).

2.2.3. Attachment of silicon carbide whiskers to acetone treated carbon fibers using EDC and
Sulfo-NHS coupling agents
Carbon fiber tows were treated with acetone and then nitric acid as described in
2.1.1 and 2.1.2. The surface charge of the treated fibers was characterized using ZetaSpin. The
SiCw were oxidized and treated with APTMS (See 2.2.1). The SiCw-APTMS were covalently
bonded to the carbon fibers as described in 2.2.2. The surface of the carbon fiber-SiCw material
was analyzed using optical microscopy and FESEM.

2.2.4. Attachment of sieved silicon carbide whiskers to carbon fibers using EDC and SulfoNHS coupling agents
Carbon fibers were treated with nitric acid as described in 2.1.2. Silicon carbide whisker
agglomerates were separated from the bulk SiCw by passing the SiCw through series of mesh
sieves. The SiCw were dispersed in DI water before the SiCw were passed through a 120 mesh
sieve (125 μm) and a 500 mesh sieve (25 μm). The mesh size of the sieve indicates the number
of openings along one lineal inch of the screen. The micron measurement describes the diameter
of the openings in the sieve. The mesh size is inversely proportional to the size of each opening.
18

The sieved SiCw were oxidized and coated with APTMS (See 2.2.1). The SiCw-APTMS were

bonded to the surface of the carbon fibers (See 2.2.2). The surface of the SiCw-coated carbon
fibers was analyzed using FESEM.
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2.3. Attachment of carbon nanofibers to carbon fibers

2.3.1. Covalent attachment of carbon nanofibers to carbon fibers using EDC and Sulfo-NHS
The surface of the tangled as-received CNF was oxidized by soaking the CNF in dilute
nitric acid (10-3 M) for 15 hours. The oxidized CNF (CNF-COOH) was washed through
centrifugation and redispersion with deionized water. The conductivity of the supernatant was
measured, and the washing procedure finished when the conductivity was consistent for three
successive washing cycles. A suspension of 10 weight percent CNF was dispersed in deionized
water. The CNF was treated with APTMS for two hours, and then the product (CNF-APTMS)
was washed through centrifugation and dispersion. The conductivity of the supernatant was
tracked as before. The CNF-APTMS was adjusted to solution pH 7 using 0.1 M nitric acid.
The surface of the as-received carbon fibers was oxidized using dilute nitric acid (See
2.1.2). The oxidized carbon fibers were wrapped on a mandrel and an aqueous solution of EDC
(1.3 x 10-1 M, 0.24 w% with respect to CNF) was slowly added to the carbon fiber solution with
stirring. Next aqueous Sulfo-NHS (3.4 x 10-1 M, 0.88 w% with respect to CNF) was slowly
added to the carbon fiber solution with stirring. The solution was adjusted to solution pH seven
with 0.1 M potassium hydroxide. The CNF-APTMS suspension was added to the carbon fiber
solution and the mixture was re-adjusted to solution pH seven with 0.1 M nitric acid and
potassium hydroxide. The reaction was stirred lightly with an immersion stirrer for two hours to
allow the covalent bond to form between the oxidized carbon fibers and CNF-APTMS as shown
in Scheme 1. The CNF-carbon fiber material was dried in air at room temperature for 24 hours.
The attachment of the CNF to the carbon fibers was observed using FESEM.

2.3.2. Sonication of carbon nanofibers
The as-received carbon nanofibers were exfoliated using sonication to separate the
tangled carbon nanofibers. The surface of the tangled CNF was oxidized by soaking the CNF in
dilute nitric acid (10-3 M) for 15 hours. The oxidized CNF (CNF-COOH) were washed through
centrifugation and redispersion with deionized water. Suspensions of one and five weight percent
CNF-COOH were sonicated for a total of 30 minutes using an ultrasonic horn (Branson
Ultrasonics Corporation, Danbury, CT, 450 W, 20 kHz). Samples of the sonicated CNF-COOH
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were removed from the sonicating solution every minute from 0-10 minutes, then every 5 minutes
from 10-30 minutes. The extent of the exfoliation of the CNF was observed using optical
microscopy.

2.3.3. Covalent attachment of sonicated carbon nanofibers to carbon fibers using EDC and
Sulfo-NHS
The surface of as-received CNF was oxidized using dilute nitric acid (See 2.3.). The
washed CNF-COOH were dispersed in deionized water at a concentration of three weight percent
CNF-COOH and the CNF-COOH were sonicated using an ultrasonic horn for five minutes (480
W, 20 kHz). Five weight percent APTMS relative to CNF-COOH was added to the CNF-COOH
suspension and the mixture was adjusted to solution pH 7 with nitric acid. After two hours with
light stirring, the APTMS-treated CNF (CNF-APTMS) were washed through centrifugation and
redispersion with deionized water and the mixture was re-adjusted to solution pH 7.
The surface of the as-received carbon fibers was oxidized using dilute nitric acid (See
2.1.1). The oxidized carbon fibers were wrapped on a mandrel and placed into four liters of water
adjusted to solution pH 7. An aqueous solution of EDC (1.3 x 10 -1 M, 0.24 w% with respect to
CNF) was slowly added to the solution with stirring, then an aqueous Sulfo-NHS (3.4 x 10-1 M,
0.88 w% with respect to CNF) was slowly added to the solution with stirring. The CNF-APTMS
suspension was added to the mixture and the mixture was adjusted to solution pH 7. The reaction
was stirred lightly with an immersion stirrer for two hours to allow the covalent bond to form
between the oxidized carbon fibers and CNF-APTMS. The CNF-carbon fiber material was dried
in air at room temperature for 24 hours. The attachment of the CNF to the carbon fibers was
observed using FESEM.

2.3.4. Determine ideal concentration of APTMS with CNF-OX in ethanol
Carbon nanofibers that were oxidized by the manufacturer were dispersed in ethanol at
1.4 weight percent CNF-OX. The APTMS was added to the CNF-OX/ethanol mixture at 0.25
weight percent increments from 0.5 to 2.5 weight percent APTMS relative to the mass of the
CNF-OX. The mixture was shaken lightly on a shaker table for two hours, and the CNF-APTMS
were washed through centrifugation and redispersion with ethanol. The conductivity of the
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supernatant was used to track washing cycles as described above. Each sample was added to
EPONTM 862 at 0.01 weight percent CNF-APTMS and stirred lightly to remove the ethanol from
the solution. The Curative W was added to the Epon™ 862 at a ratio of 100:26.4 Epon™
862:Curative W. Each sample was cured on a microscope ring slide at 121 °C for one hour
followed by 177 °C for two hours. The dispersion of the CNF-APTMS in the resin/curative
mixture was observed using optical microscopy.

2.3.5. Covalent attachment of sonicated carbon nanofibers to carbon fibers using EDC and
Sulfo-NHS in non-aqueous solutions in the impregnating resin.
A covalent bonding trial was performed by treating the CNF-OX with APTMS in ethanol
rather than oxidizing the CNF in aqueous nitric acid, and bonding the CNF to the carbon fibers in
the impregnating resin rather than in an aqueous solution to eliminate water from the reaction
process. Water can interact with the resin and affect the strength of the resin material.
As-received CNF-OX were dispersed in ethanol at 1.41 weight percent and treated in
ethanol with 1.25 weight percent APTMS with respect to CNF-OX for two hours with light
stirring. The CNF-APTMS were washed through centrifugation and redispersion with ethanol.
The conductivity of the supernatants was monitored as described above. The CNF-APTMS and
the ethanol were added to EponTM 862 to achieve 0.158 weight percent CNF in the EponTM 862
and 0.125 weight percent CNF in the final resin/curative mixture. The ethanol was removed from
the resin though stirring and light heating (500 RPM, 50°C). The CNF-APTMS were sonicated
in the resin for four hours using an ultrasonic bath. Every 30 minutes during the sonication, the
sonicating solution was stirred at 300 RPM for five minutes to aid in the dispersion of the CNFAPTMS throughout the Epon 862 and to remove any bubbles from the Epon TM 862. The
appropriate amount of Curative W (See 2.3.4) was added to the Epon 862 along with EDC (32
weight percent with respect to CNF), and Sulfo-NHS (122 weight percent with respect to CNF).
The concentration of EDC and Sulfo-NHS was increased compared to other trials because the
viscosity of the resin/curative mixture is high, so it is more difficult for the molecules to diffuse
through the resin/curative mixture. The reaction mixture was stirred by hand for approximately
five minutes. As-received carbon fibers were drawn through the resin/curative and cured at 121
°C for one hour followed by 177 °C for two hours under a pressure of 2.5 MPa. The surface of
the cured carbon fiber composite was observed using FESEM.
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2.4. Tow Tension Measurements of Carbon Fibers
One method that was utilized to compare the strength of the as-received carbon fibers and
the nanofiller-treated carbon fibers was through tow tension measurements. The carbon fiber tows
were impregnated, cured, and measured for tow tension strength according to ASTM D4018-11.19
The carbon fiber tows were pulled through a resin bath containing a ratio of 100 parts Epon TM
862 to 26.4 parts Curative W. The standard amount of carbon fiber relative to the bulk material
was controlled by the inlet and outlet orifice diameters on the resin bath (1.8288 mm and 0.965
mm, respectively). The carbon fiber was 58 percent by volume in the tow tension samples.
The impregnated carbon fiber tows were wound onto an aluminum paddle mandrel
covered with non-porous and semi-porous PFTE-coated release fabric so that the carbon fiber tow
did not touch itself. The mandrel-wrapped tow was placed into a programmable hot press and
was cured at 121 °C for one hour followed by 177 °C for two hours under a pressure of 2.5 MPa.
The cured carbon fiber tows were removed from the mandrel and cut to a length of 5.5 inches.
Cardboard end tabs (1 inch by 1.5 inch) were glued (Krazy Glue Maximum bond Super Glue,
Elmers, Columbus, OH) onto the ends of the carbon fiber tows so that the fibers ran the entire
length of the end tabs, as demonstrated in Figure 4-6. The cardboard tabs were placed into two
hydraulic grips so that the length of the carbon fiber tows was perpendicular to the floor (Figure
4-7a). The grips held onto the cardboard tabs at a pressure of 3000 psi. Tension was applied to
the carbon fiber tows by slowly pulling the ends of the carbon fiber tows away from one another,
essentially “stretching” the carbon fiber tow. The pressure at which each carbon fiber tow
fractured is reported as the strength of the carbon fiber tow. The carbon fiber tow fracture was
apparent because the tow failed mechanically similar to the failure shown in Figure 4-7b.

Figure 4-6: The cured carbon fiber tows were removed from the
mandrel and cut to lengths of 5.5 inches. Cardboard end tabs (1
by 1.5 inches) were glued onto the ends of the carbon fiber tows
so that the fibers ran all the way through the entire length of the
end tabs.
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Figure 4-7: (a) The cardboard tabs on each end of the carbon fiber tows were
secured in hydraulic grips with a pressure of 3000 psi during the tow tension
measurements. (b) The tow tension was measured by stretching the carbon fibers
tow until the carbon fiber tow fractured.

2.4.1. Tow Tension Strength Measurements of Carbon Fiber as a Function of Treatment
The tow tension strength of carbon fiber tows was measured as a function of treatment in
water compared to nitric acid (See 2.4). The carbon fiber tows were soaked in deionized water or
10-3 M nitric acid for six hours and were washed using deionized water. Two drying procedures
were tested on each type of treated carbon fiber tow. The first drying procedure was in the fume
hood at room temperature for 96 hours. The second drying procedure was in a vacuum oven for
15 hours at 50 °C and 27 in Hg. The treated fibers were cured in the resin and curative mixture
and tow tension measurements were taken on the cured samples (See 2.4).

2.4.2. Tow tension measurements of silicon carbide whiskers covalently bonded to carbon
fibers using EDC and Sulfo-NHS coupling agents with varying carbon fiber treatments
The strength of two separate carbon fiber treatments was compared using tow tension
methods. Samples for tow tension measurements were taken throughout the course of the
experiment as described in Table 4-1. The sizing on the surface of the first group of carbon fibers
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was stripped using acetone before the surface of the carbon fibers was oxidized using nitric acid
(Procedure A, see 2.1.1). The sizing on the surface of the second group of carbon fibers was not
stripped off before the surface of the carbon fibers was oxidized using nitric acid (Procedure B,
see 2.1.2). The SiCw were oxidized and treated with APTMS (See 2.2.1). The SiCw-APTMS
were covalently bonded to carbon fibers using EDC and Sulfo-NHS (See 2.2.2, 2.2.3). Each
sample was impregnated with resin/curative and cured at the appropriate temperature (See 2.4).

Table 4-1: A detailed inventory of the carbon fiber samples that were measured using tow
tension methods to compare the strength of carbon fibers that were stripped with acetone
before nitric acid treatment and carbon fibers that were not stripped with acetone before
nitric acid treatment.
Procedure A- Acetone Stripped Carbon
Fibers
Sample
Description
1
As received CF
2A
Acetone-stripped CF
3A
Oxidation of stripped CF
4A
EDC, S-NHS functionalized CF
5A
SiCw-CF

Procedure B- Not Stripped Carbon
Fibers
Sample
Description
1
As received carbon fiber
N/A
N/A
3B
Oxidation of stripped CF
4B
EDC, S-NHS functionalized CF
5B
SiCw-CF

2.4.3. Tow tension measurements of carbon nanofibers covalently bonded to carbon fibers
using EDC and Sulfo-NHS coupling agents
Dried carbon fiber-CNF materials that were made by covalently bonding between carbon
fiber tows treated with nitric acid and sonicated CNF-APTMS were drawn through a resin bath to
impregnate the carbon fiber-CNF material with the resin/curative mixture (Procedure C, See 2.4).
The impregnated carbon fiber-CNF material was cured and tested using the tow tension methods
described in 2.4. The tow tension strength was compared to the as-received carbon fiber sample
described in Table 4-1.
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2.4.4. Tow tension measurements of carbon nanofibers covalently bonded to carbon fibers in
the resin bath using EDC and Sulfo-NHS coupling agents
The carbon fiber-CNF materials that were made by covalently bonding the as-received
carbon fiber with the CNF-APTMS in the resin bath were drawn through the resin bath
containing the mixture described in Procedure D (See 2.3.5) onto the mandrel as described in 2.4.
The impregnated carbon fiber-CNF material was cured and tested using the tow tension methods
described in 2.4. The tow tension strength was compared to the as-received carbon fiber sample
described in Table 4-1.

2.5. Impregnation of Carbon Fibers for Failure Strength Tests
Short composite beams of as-received and nanofiller-treated carbon fiber tows were
manufactured to measure the failure strength of the carbon fiber tows using wet filament winding
in accordance with ASTM D2344/D2344M-13. 20 The short composite beams were
manufactured by drawing the carbon fiber tows through a resin bath. The volume percent of
carbon fiber in the short composite beams (58 volume percent) was controlled by the inlet and
outlet orifice diameters on the resin bath (1.8288 mm, 0.962 mm, respectively). A small
aluminum paddle (88 mm x 40 mm) was used to make the small composite beams. Before the
winding process, small tabs (45 mm x 8 mm x 4.6 mm) were glued (Krazy Glue Maximum bond
Super Glue, Elmers, Columbus, OH) to the end of the small aluminum paddle on both sides, as
displayed in Figure 4-8. The mandrel was coated with four coats of Monocoat E340 release agent
(Chem-Trend L.P., Howell, MI). After each coat of Monocoat E340, the mandrel was heated at
121 °C for one hour. A non-porous PTFE-coated release fabric was wrapped around the
aluminum paddle and secured using tape. The impregnated carbon fiber tows were wound onto
the aluminum paddle as shown in Figure 4-8.
After the winding process was complete the composite was cured by pressing the
composite in the hot press at a pressure of 2.5 MPa with a cure cycle of two hours at 121 °C
followed by a cure cycle of one hour at 177 °C. When the material was completely cured, the
composite was removed from the mandrel and cut into 38.12 mm long beams that were about
16.5 mm wide and 4.8 mm thick.
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The failure strength of the small composite beams was measured with a three-point
flexural test according to ASTM D7264.19 The set-up for the three-point flexural test is displayed
in Figure 4-9. During the three-point flexural test, the small composite beam is rested on two
supports on either end of the composite. The force is applied to the small composite beam
halfway between the two supports with a loading nose. The supports and the loading nose have
curved ends. The force that is applied to the small composite beam with the loading nose is
applied by slowly decreasing the height of the loading nose. The failure occurs when cracks
begin to appear in the material. The loading nose and supports have cylindrical contact surfaces
with identical hardness to ensure equal distribution of force from the loading nose and each
support.

Figure 4-8: Small composite beams consisting of asreceived and nanofiller-treated carbon fiber tows were
created by winding impregnated carbon fiber tows onto a
small aluminum paddle. The small aluminum paddle was
coated with a release agent and wrapped with a non-porous
PTFE-coated release fabric before the impregnated carbon
fiber tow was wound around the paddle.
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Figure 4-9: Small composite beams of carbon fiber tows and the cured
resin/curative mixture were measured for failure strength using a threepoint flexural test. Downward force is applied to the small composite
beam by a loading nose halfway between the two supports.

2.5.1. Failure strength measurement of as-received carbon fiber
As-received carbon fiber was impregnated in the resin bath, wound onto the mandrel, and
cured as described in 2.5. The failure strength of the short composite beam was tested as
described in 2.5.

2.5.2. Failure strength measurement of sonicated carbon nanofibers covalently bonded to
carbon fibers using EDC and Sulfo-NHS in non-aqueous solutions in the impregnating resin
The carbon fibers that were covalently bound to CNF in the impregnating resin were
drawn directly from the resin bath onto the mandrel as described in 2.5. The short composite
beam was cured in a hot press and tested for failure strength as described in 2.5.
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2.6 Comprehensive list of samples
Table 4-2: Comprehensive list of samples prepared for the carbon fiber reinforced polymer
composite materials.
Sample
ID
CF1
CF2(1,2)
SiCw1(1-2)
SiCw2
SiCw3
SiCw4
CNF1(1-2)
CNF2(1-15)
CNF3
CNF4(1-9)
CNF5

Section

Treatment

2.1.1
2.1.2

Nano
-filler
N/A
N/A

2.2.1

SiCw

(1) SiCw treated with water. (2) SiCw-OH treated with APTMS

2.2.2
2.2.3
2.2.4
2.3.1

SiCw
SiCw
SiCw
CNF

2.3.2

CNF

2.3.3
2.3.4

CNF
CNF

2.3.5

CNF

TS1-(14)
TS2-(19)
TS3

2.4.1

N/A

2.4.2

SiCw

2.4.3

CNF

TS4

2.4.4

CNF

FS1
FS2

2.5.1
2.5.2

N/A
CNF

SiCw covalently bonded to oxidized as-received carbon fiber
SiCw bonded to acetone stripped and oxidized carbon fiber
Sieved SiCw covalently bonded to oxidized carbon fiber
(1) As-received CNF oxidized with HNO3. (2) CNF-COOH
treated with nitric acid
CNF-COOH sonicated, samples taken at 0, 1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 15, 20, 25, 30 minutes
Sonicated CNF-APTMS attached to oxidized carbon fiber
CNF-OX treated with 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25,
2.5 weight percent APTMS in ethanol
CNF-APTMS covalently bonded to oxidized carbon fiber in
resin/curative
Tow tension test for DI water and nitric acid treated carbon
fiber dried in oven or air (See Table 4-4)
Tow tension test for SiCw covalently bound to carbon fibers
(Procedures A and B, Table 4-5)
Tow tension test for CNF covalently bonded to carbon fiber in
water (Procedure C, Table 4-5)
Tow tension test of CNF bonded to carbon fiber in
resin/curative
Failure strength of as-received carbon fiber
Failure strength of CNF bonded to carbon fiber in
resin/curative

As-received carbon fibers stripped with acetone
As-received and acetone treated fibers oxidized in HNO3
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3. Results and Discussion

3.1. Carbon Fiber Treatment Results

3.1.1. Nitric acid treatment of Carbon Fiber Tows
Zeta potential measurements were taken before and after the carbon fiber tows were
treated with nitric acid to determine the surface charge of the carbon fiber tows and in turn the
functional groups on the surface of the carbon fiber tows (Figure 4-10). The sizing on the surface
of the as-received carbon fibers is not revealed by the manufacturer, but it was likely an epoxy
material.12

Zeta Potential (mV)

Zeta Potential of Carbon Fiber Tows as a
Function of Treatment (ZetaSpin, n = 10)
200

AR Carbon Fibers

100

CF treated with HNO3
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Figure 4-10: The isoelectric point of the carbon fiber tows before nitric acid
treatment was about 3.5, which is indicative of a negatively charged species on
the surface of the carbon fibers. The isoelectric point of the carbon fiber tows
oxidized with dilute nitric acid was about 6, which is indicative of a decrease in
the number of negatively charged species on the surface of the carbon fibers.
The isoelectric point, based on zeta potential determinations, of the as-received carbon
fibers, was about pH 3.5, so the sizing on the surface of the as-received carbon fibers was
negatively charged at pH 7 because the sizing on the surface of the fibers can become slightly
oxidized in the presence or air. According to the literature, the negatively charged species on the
surface of the carbon fiber tows contain primarily oxygen-containing groups when the isoelectric
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point is about pH 3.5. 15 Based on the isoelectric point of the as-received carbon fibers, the
primary groups on the surface of the carbon fibers were likely –C-OH and –C-O-C– groups.
There were also carbonyl, carboxylic acid, and –COOR groups on the surface of the carbon
fibers from exposure to air.4,15
OH
O
H
O
OH
OH

Nitric Acid, Dilute
OH
OH

O
H
O
OH

Figure 4-11: When carbon fibers are treated with dilute nitric acid, carboxylate
groups and –C-OH groups were generated on the surface of the carbon fibers and
formed bridged structures with the H ions on the –C-OH groups. The surface of
the as-received carbon fibers was more negatively charged than the surface of the
nitric acid treated carbon fibers because the umber of –C-OH groups on the
surface of the carbon fibers increased. 15

The isoelectric point of the nitric acid-treated carbon fibers was about pH 6, so the
surface of the carbon fibers was still negatively charged after the nitric acid treatment. A material
with a negatively-charged isoelectric point that is close to pH 7 has a lower density of negative
charge than a material with a negatively-charged isoelectric point that is close to pH 1. When the
carbon fiber tows were oxidized using nitric acid, the functional groups on the surface of the
carbon fiber tows were changed to carbonyl groups and –C-OH groups on the outer graphene
rings. Based off of the current literature, the carbonyl groups on the surface of the carbon fibers
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formed bridged intermediates with the hydrogen ions from the C-OH groups on the surface of the
carbon fibers, as demonstrated in Figure 4-11.15,21 One reason that the isoelectric point of the
oxidized carbon fibers increased was because the number of –C-OH groups on the surface of the
fibers increased, which decreased the number of lone pairs on the surface of the fibers. Also, the
presence of the bridged carbonyl structures rather than the –C-O-C– and –C-OH structures may
have caused the isoelectric point of the carbon fiber tows to increase.

21

3.2. Attachment of SiCw to CF

3.2.1. Treatment of Silicon Carbide Whiskers
The hydroxylation of the surface of the as-received SiCw and the attachment of the
APTMS onto the surface of the SiCw were characterized using zeta potential (Figure 4-12). The
isoelectric point of the as-received SiCw was between pH 2.5 and pH 3. The species on the
surface of the SiCw were identified using zeta potential because the surface of the SiCw acts
similar to the surface of silica. When the SiCw were in an aqueous environment, the surface of
the SiCw was hydrated and silanol groups (Si-OH) dominate the surface of the SiCw: 22
Si-O-Si- + H2O → 2Si-OH

(4-1)

The surface of the as-received SiCw should contain primarily Si-C bonds and some
oxygen atoms bridged by silicon atoms (-Si-O-Si-). Adair et. al. reported the isoelectric point of
as-received SiCw as about pH 6 and the isoelectric point of oxidized SiCw as about pH 4. 23 The
isoelectric point for the as-received SiCw in the current experiment was about pH 3.5, which
indicated that the SiCw were oxidized by water in the atmosphere over the course of time (Figure
4-12). Therefore, the surface of the as-received SiCw that were used in the current experiment
was dominated by Si-OH groups rather than the Si-C bonds and –Si-O-Si- groups. 23 The
isoelectric points of the as-received and oxidized SiCw were similar, which further supported that
both SiCw species were oxidized and both SiCw species had Si-OH on the surface.

104

Zeta Potential (mV)

Zeta Potential of SiC Whiskers Throughout
Surface Characterization
As-Received SiCw

30
20
10
0
-10
-20
-30
-40
-50
-60
-70

Silanized SiCw
ATPMS Treated SiCw

2

3

4

5

6
7
Solution pH

8

9

10

11

Figure 4-12: The zeta potential values of the SiCw surfaces were measured as a
function of solution pH. The isoelectric points of the AR-SiCw and the oxidized
SiCw were less than pH 3, which indicated that the surfaces were similar. The
isoelectric point of the APTMS-treated SiCw was pH 5, which indicated a decrease
in the negative surface charge.
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Figure 4-13: When APTMS was added to an aqueous solution of hydrolyzed
SiCw, the alkoxy groups on the silicon hydrolyzed to silanol groups in the
presence of the water from the aqueous solution. Then the silanol groups
underwent condensation to form a chain of silanol molecules. 24
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Figure 4-14: After the silanol molecules formed a chain, the silanol chain
coordinated with the Si-OH groups on the surface of the SiCw through
hydrogen bonding. The silanol chains underwent bond formation with the Si
to form an oxane bond on the surface of the SiCw and eliminate water. 24

When the SiCw were treated with APTMS, the isoelectric point of the surface of the
silicon carbide whiskers increased to pH 5. The isoelectric point of the SiCw-APTMS was
expected to increased compared to the oxidized SiCw because the APTMS molecules bound to
the surface of the SiCw to form a self-assembled monolayer of silicon, oxygen and amine groups
on the surface of the SiCw, as demonstrated in Figure 4-13.22 The first step in the attachment of
the APTMS molecules to the surface of the SiCw is that the APTMS molecules undergo
hydrolysis in the aqueous reaction solution (Figure 4-13)). The hydrolyzed APTMS molecules
undergo condensation in the aqueous solution to form silanol chains (Figure 4-13). The silanol
chains coordinate with the Si-OH groups on the surface of the SiCw through hydrogen bonding
(Figure 4-14). Finally, the oxygen atoms from the silanol chains that are hydrogen bonded to the
surface of the SiCw form an oxane bond with the Si on the surface of the substrate, eliminating
water from the surface of the SiCw (Figure 4-14). The isoelectric point of amine groups is
usually around pH 9, but because the isoelectric point of the SiCw was about five, it is likely that
the surfaces of the SiCw were not completely coated with a network of APTMS molecules. 25 An
incomplete network of APTMS molecules is not ideal because there are fewer opportunities for
the amine to bond with the carboxylate group on the surface of the oxidized carbon fibers.
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However, it is not necessary for the entire surface of the SiCw to be coated with a network of
APTMS molecules for good bonding to the carbon fibers. 26

3.2.2. XPS Data for As-received and Treated SiCw
The XPS data of the surface element content of the SiCw during the various treatments of
the SiCw are presented in Table 4-3. The as-received SiCw contained was an equivalent amount
of nitrogen compared to the APTMS-treated SiCw, but the oxidized SiCw did not contain any
nitrogen. The as-received SiCw should not contain nitrogen. It is possible that the presence of
nitrogen on the surface of the as-received SiCw was a by-product of the manufacturing process
by the vendor in using a reactant carrier gas of nitrogen. The oxidized SiCw contained a higher
atomic percent of oxygen than the as-received SiCw as a result of the hydrolysis of the -Si-O-Sibonds to Si-OH bonds on the surface of the SiCw during the aqueous treatment of the SiCw. The
increase in the amount of nitrogen on the APTMS-treated SiCw compared to the oxidized SiCw
supports the notion that APTMS adhered to the surface of the SiCw. The as-received and
oxidized SiCw contained small amounts of magnesium, sodium, and calcium, which are likely a
result of cross-contamination from the XPS instrument.

Table 4-3: XPS data of the surface of the SiCw surface element contents during each
SiCw treatment. The as-received SiCw should not contain any nitrogen. The
increase in the concentration of oxygen on the surface of SiCw as a result of
oxidation demonstrates that the –Si-O-Si- bonds on the surface of the SiCw were
converted to Si-OH during the oxidation process.
Sample Description
As received SiCw
Oxidized SiCw
2 w/w APTMS SiCw
5 w/w APTMS SiCw

Si
37
30
31
32

C
36
31
33
29

O
24
38
35
38

Atomic %
N
Mg
1.4
0.52
0.20
1.2
1.4

Na
0.28

Ca
0.28

3.2.3. Characterization of As-received SiCw using FESM
The surface of the as-received SiCw was observed using high-resolution FESEM. The
FESEM image in Figure 4-15a revealed that the as-received SiCw were highly agglomerated in
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the bulk. Therefore, any agglomeration in the SiCw was a result of the as-received material, not
the reaction procedure. Initial experiments suggested that SiCw could have agglomerated as a
result of the APTMS treatment because it is possible for condensed silanol chains to bond
between multiple particles rather than to the surface of one particle. Figure 4-15a shows that
there were particles with whisker morphology in the as-received SiCw material, but the majority
of the material consisted of short silicon carbide columns that were agglomerated to one another.
Some of the SiCw may have been fractured in the bulk container over the course of time, but the
FESEM images indicate that much of the as-received SiCw were already short. Figure 4-15b also
shows that the as-received material was not primarily a whisker-like silicon carbide. Much of the
SiCw material consisted of stacked hexagons, which represent the alpha phase of silicon carbide
rather long, rigid whiskers that represent the beta phase of silicon carbide. 13,27

3.2.4. Attachment of silicon carbide whiskers to carbon fibers using EDC and Sulfo-NHS
Silicon carbide whiskers treated with APTMS were covalently bonded to carbon fibers
treated with nitric acid using EDC and Sulfo-NHS cross-linkers. The covalent bond that was
formed between the carbonyl on the surface of the carbon fiber and the amine on the surface of
the silicon carbide whiskers was an amide bond. The steps that occurred during the formation of
the amide bond are outlined in Scheme 1. 17
The surface of the oxidized carbon fibers that were covalently bonded to SiCw-APTMS
is shown in Figure 4-16. The FESEM images show that SiCw successfully attached to the
surface of the CF. The FESEM image in Figure 4-16a shows highly agglomerated SiCw
whiskers on the surface of the carbon fibers. Some individual SiCw did bond to the surface of the
carbon fibers, but the surface of the carbon fibers was primarily coated with a non-uniform
distribution of silicon carbide agglomerates. The agglomerates were similar to the SiCw
agglomerate that was shown in Figure 4-16a. Figure 4-16b highlighted an ideal situation where
one SiCw bonded between the surfaces of two carbon fibers, but a small concentration of single
SiCw bonded between carbon fibers compared to the concentration of SiCw agglomerates in the
final sample. Some non-agglomerated SiCw bonded to the surface of the carbon fibers but were
too short to bond between more than one carbon fiber. The short SiCw were from the bulk
solution SiCw and were not fractured during the reaction.
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Figure 4-15: High-resolution FESEM images of the as-received
SiCw revealed that the majority of the whiskers were rough stacks of
hexagonal structures rather than long whiskers. Figure 4-15a
illustrates the size difference between the loose whiskers and the
agglomerated, short silicon carbide. The bulk of the as-received
material is the short crystals. Figure 4-15b illustrates the difference
between the smooth whiskers and the rough surface of the stacked
hexagonal structures.
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Figure 4-16: Silicon carbide whiskers treated with APTMS were
covalently bonded to the surface of oxidized carbon fibers using
EDC and Sulfo-NHS. Figure 4-16a, highlights agglomerated
SiCw on the surface of the CF. Figure 4-16b highlights a few
SiCw that were long enough to bond between two carbon fibers
and SiCw that were too short to bond between two carbon fibers.
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3.2.5. SiCw attachment to CF after SiCw sieved
As-received SiCw were processed with a set of sieves to remove major agglomerates
from the material before the SiCw were oxidized and treated with APTMS. The sieves removed
agglomerates larger than 125 μm and particles shorter than 25 μm. The SiCw that passed through
the larger diameter sieve but did not pass through the smaller diameter sieve were collected and
covalently bonded to the surface of carbon fiber. The surface of the SiCw-carbon fiber material
was observed using FESEM (Figure 4-17). The sieve eliminated the large SiCw agglomerates,
but there were still many short SiCw present on the surface of the carbon fibers. Figure 4-17
highlights an instance where a SiCw was long enough to bond between two CF, but the majority
of the SiCw were too short to bond between carbon fibers. The non-agglomerated whiskers
passed through the larger sieve, but there were few large whiskers in the SiCw.

Figure 4-17: Silicon carbide whiskers were passed through a set of
sieves to remove agglomerates and short SiCw from the as-received
material before the SiCw were oxidized and treated with APTMS.
Some SiCw bonded between carbon fibers, but the majority of the
silicon carbide whiskers were too short to bond to more than one carbon
fiber.
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Figure 4-18: Carbon nanofibers treated with APTMS were
covalently bonded to the surface of oxidized carbon fibers using
EDC and Sulfo-NHS. (a) The majority of the as-received carbon
nanofibers were tangled into “birds’ nests” clumps, but (b) some
shorter carbon nanofibers were not tangled in the clumps. The
loose carbon nanofibers did not uniformly bond onto the surface
of the oxidized carbon fibers and were not long enough to bond
between two or more individual carbon fibers.
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3.3. Attachment of Carbon Nanofibers to Carbon Fibers

3.3.1. Attachment of APTMS-treated carbon nanofibers to oxidized carbon fibers without
sonication of CNF
Carbon nanofibers were oxidized and treated with APTMS before the CNF-APTMS were
attached to oxidized carbon fibers using EDC and Sulfo-NHS. The surface of the carbon fiberCNF composite was observed using FESEM (Figure 4-18). The CNF were tangled in structures
that look like birds’ nests, observed in Figure 4-18a. The manufacturer described the possibility
that CNF could be tangled as a result of the CVD procedure, but the sample that was purchased
was supposed to be less tangled than CNF immediately after the CVD growth.

14

The tangled

CNF were large (>50 μm in diameter) and did not disperse uniformly in the reaction vessel or
across the surface of the carbon fibers. Some loose CNF covalently bonded to the surface of the
carbon fibers (Figure 4-18b). The loose CNF did not evenly attach to the surface of the carbon
fibers and there was not a high enough concentration of well-separated CNF to cover the surface
of the carbon fibers.

3.3.2. Sonication of CNF for Better Dispersion
One and five weight percent solutions of oxidized CNF in water were sonicated for 30
minutes at 450 W. The dispersion of the sonicated CNF was observed using optical microscopy.
The optical microscopy results of the five weight percent CNF solution (Figure 4-19) were almost
identical to the optical microscopy results of the one weight percent CNF solution (not shown).
The tangled clumps of the as-received CNF were smooth and oval-shaped. The CNF began to
exfoliate and disperse throughout the aqueous solution after only one minute of sonication. The
exfoliated CNF were separated from one another and not arranged in oval structures. The CNF
was the most exfoliated and dispersed between four and five minutes of sonication. The CNF
were still exfoliated after 10 and 30 minutes of sonication, but the force from the ultrasonic
treatment began to fracture the CNF rather than exfoliate the CNF, observed by increasing
opacity and a darker suspension. The CNF also began to re-agglomerate after 10 minutes of
sonication because of the increased temperature of the sample from the ultrasonic treatment.
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Figure 4-19: A five weight percent solution of oxidized CNF was sonicated in water
using an ultrasonic horn (450 w) for 30 minutes. The CNF began to de-agglomerate and
disperse throughout the water after only one minute of sonication. The CNF were the
most dispersed between four and five minutes of sonication.

3.3.3. Zeta potential measurements of CNF throughout surface treatment process
The surface charge of the CNF-COOH before and after APTMS treatment was monitored
using zeta potential to determine whether or not the APTMS molecules attached to the surface of
the CNF-COOH (Figure 4-20). The isoelectric point of the surface of the CNF-COOH was 4.8,
which indicated negatively charged species on the surface of the CNF. The nitric acid oxidized
the surface of the CNF just as the nitric acid oxidized the surface of the carbon fibers (Figure
4-11). The negatively charged species on the surface of the CNF were oxygen-containing groups,
such as –C-OH and –C-O-C- groups. The surface of the CNF-COOH had more –C-O-C- groups
than –C-OH groups because a surface containing more hydroxyl groups will contain more
negative sites and will exhibit an isoelectric point that is closer to pH 3 than to pH 5. 15
The isoelectric point of the CNF-COOH treated with APTMS (CNF-APTMS) was about
6.5. The APTMS molecules bonded to the surface of the CNF-COOH with the same conjugation
mechanism that the APTMS molecules bonded to the surface of the oxidized SiCw. The APTMS
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molecules underwent hydrolysis and condensation to form silanol chains in the aqueous solution,
as demonstrated in Figure 4-13. The silanol chains coordinated with the hydroxyl groups on the
surface of the CNF through hydrogen bonding and formed oxane bonds with the surface of the
CNF as demonstrated in Figure 4-13 and Figure 4-14. The increase in the isoelectric point of the
surface of the CNF-COOH after the APTMS treatment indicated that there were fewer
negatively-charged species on the surface of the CNF-APTMS than the CNF-COOH. The
isoelectric point of CNF completely saturated with APTMS molecules on the surface should be
pH 9 because of the amine groups on the APTMS molecule. Therefore, the isoelectric point of
the CNF-APTMS indicated that there were APTMS molecules on the surface of the CNF but the
CNF were not saturated with APTMS molecules.

Zeta Potential of CNF Oxidized With 10-3 M HNO3 and Exfoliated
with Ultrasonication, Before and After APTMS Treatment
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Figure 4-20: The zeta potential of sonicated CNF-COOH before and after APTMS
treatment. The isoelectric point of the sonicated CNF-COOH indicated that the
surface of the CNF was negatively charged. The increase in the isoelectric point of
the CNF-APTMS indicated that the surface was less negatively charged.

3.3.4. Covalent attachment of sonicated carbon nanofibers to carbon fibers using EDC and
Sulfo-NHS
The sonicated CNF-COOH were treated with APTMS and covalently bonded to the
carbon fibers using EDC and Sulfo-NHS. The process for covalent bond formation between the
CNF-APTMS and carbon fibers was identical to the covalent formation between the SiCwAPTMS and the carbon fibers, illustrated in Scheme 1 (Figure 4-22). The CNF-APTMS on the
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surface of the carbon fibers was imaged using FESEM (Figure 4-22). The CNF that were bonded
to the surface of the carbon fibers were small and large aspect ratio CNF (Figure 4-22a). The
small aspect ratio CNF bonded to the surface of the carbon fibers in the same manner as the short
SiCw- parallel to the length of the carbon fibers. The small aspect ratio CNF were too short to
covalently bond among adjacent carbon fibers. Some of the tangled CNF were only partially
exfoliated during the sonication treatment (Figure 4-22b). The partially exfoliated CNF
agglomerates covalently bonded to the surface of the carbon fibers, but the partially exfoliated
CNF agglomerates did not uniformly coat the surface of the carbon fibers.

3.3.5. Determination of ideal concentration of APTMS with CNF-OX in ethanol
The ideal concentration of APTMS to disperse as-received CNF-OX was determined
through treatment of as-received CNF-OX with a series of APTMS concentrations in the presence
of ethanol. The CNF-APTMS were dispersed in the resin/ curative mixture and cured on
microscope slides. The dispersion of the CNF-APTMS was observed using optical microscopy.
The ideal dispersion of CNF-APTMS, displayed in Figure 4-21a, was 1.25 weight percent
APTMS relative to the mass of the CNF. The tangled clumps of the CNF-APTMS were well
dispersed in the cured resin. An example of poor dispersion of CNF-APTMS was 2.25 weight
percent APTMS relative to the mass of CNF (Figure 4-21b). The tangled clumps of the CNFAPTMS were agglomerated in the cured resin.

(a)

(b)

Figure 4-21: Examples of CNF-APTMS dispersed and cured in the resin/curative
mixture. (a) The ideal dispersion of CNF-APTMS was observed using optical
microscopy. The ideal concentration was found to be 1.25 w% APTMS with
respect to the mass of CNF-OX. (b) An example of poor dispersion of APTMStreated CNF-OX. In this situation, the amount of APTMS in the solution was
2.25 w% APTMS.
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Figure 4-22: The CNF-APTMS covalently bonded to the surface
of the oxidized carbon fibers during the EDC-and Sulfo-NHS
conjugation procedure. (a) The CNF bonded to the surface of the
carbon fibers were both small aspect ratio CNF and large aspect
ratio CNF. (b) Many of the tangled CNF only partially
exfoliated during the sonication procedure. The partially
exfoliated CNF covalently bonded to the surface of the carbon
fibers but did not bond uniformly across the carbon fiber tow.
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3.3.6. Carbon nanofibers treated with APTMS in ethanol, attachment of CNF onto carbon
fibers performed in epoxy/resin solution
The as-received oxidized CNF (CNF-OX) were treated with APTMS in ethanol
rather than water to eliminate any type of aqueous environment from the covalent bonding
procedure apart from any water that was adsorbed onto the surface of the CNF-OX and the
carbon fibers. The Epon™ 862 resin material was hydrophobic, and any leftover aqueous
material from the conjugation procedure seemed to prevent the resin from adhering to the surface
of the carbon fibers. The surface of the cured carbon fiber composite containing sonicated CNFOX covalently bonded to the surface of the carbon fibers in the resin/curative mixture was
observed using FESEM (Figure 4-23).
Individual carbon fibers coated with the polymer were visible in Figure 4-23a, but the
CNF on the surface of the carbon fibers was not visible. The magnification was too low to see
individual CNF and there were few CNF on the surface of the carbon fibers. One or two CNF
adhered to the surface of the carbon fibers was visible in Figure 4-23b. The CNF was at a very
low weight percent in the resin/curative mixture (0.125 weight percent CNF relative to
resin/curative mass) because the resin/curative mixture was viscous and could only contain a
relatively small weight percent of CNF. If the resin/curative mixture was too thick, the carbon
fibers would break during the impregnation of the fibers. The CNF that are visible in Figure
4-23b were fairly evenly distributed across the surface of the carbon fibers, with no visible
agglomerates on the surface of the carbon fibers. The attachment of the CNF to the surface of the
carbon fibers in the resin material was successful, but a higher concentration of CNF in the
resin/curative mixture is required to increase the amount of CNF on the surface of the carbon
fibers.
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Figure 4-23: Sonicated carbon nanofibers were treated with APTMS in ethanol
rather than in water and were covalently bonded to the surface of the carbon
fibers in the resin/curative mixture. (a) The CNF distributed evenly across the
carbon fibers, but the concentration of CNF on the surface of the CF was too low
to be useful. (b) The CNF dispersed throughout the resin solution without
excessive reduction of aspect ratio if the CNF as a result of sonication of the
CNF. The CNF appear to be bonded to surface of carbon fibers.
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3.4. Tow tension measurements

3.4.1. Tow Tension Strength Measurements of carbon fiber as a function of treatment
The tow tension strength measurements of carbon fibers treated with DI water or nitric
acid and dried in air at room temperature or in a vacuum oven at 50 °C are compared in Table
4-4. The percent decrease in strength was calculated by comparison of the current tow tension
strength to the tow tension strength of the as-received carbon fibers using an identical
impregnation and curing method (Treatment 1, Table 4-5). The carbon fiber tows dried in the
vacuum oven demonstrated a smaller percent decrease in tow tension strength relative to the
carbon fiber tows dried in air, which suggested that there was residual water in the air dried
carbon fiber tows that prevented the resin/curative mixture from setting correctly. Residual water
evaporates off of the surface of the carbon fibers during the curing process and leaves small voids
in the cured composite that decrease the overall strength of the composite.
There were no obvious differences in loss of strength between the carbon fibers treated
with deionized water and the carbon fibers treated with nitric acid. The carbon fibers treated with
deionized water and dried in air showed a smaller decrease in strength than the carbon fibers
treated with nitric acid and dried in air. Conversely, the carbon fibers treated in deionized water
and dried in vacuum showed a larger decrease in strength than carbon fibers treated with nitric
acid and dried in vacuum. The lack of a trend between the two types of carbon fiber treatment
can be attributed to the fact that the carbon fibers were handled differently during the two
different processes, and the sizing on the surface of some carbon fibers could have been cracked
more than the sizing on the surface of other carbon fibers.
Table 4-4: Carbon fibers were treated with DI water and nitric acid for six hours at room
temperature and dried with two different drying procedures to determine the strength of
the carbon fiber tows as a function of surface treatment and drying method. The percent
decrease in the strength of the carbon fiber tows was compared to the strength of asreceived carbon fiber tows using the same impregnation procedure.

Treatment

DI Water
Nitric Acid
DI Water
Nitric Acid
(6h, 25 °C) (6h, 25 °C)
(6h, 25 °C)
(6h, 25 °C)
Air Dry
Air Dry
Vac. Oven Dry Vac., Oven Dry
(96h, 25 °C) (96h, 25 °C) (15h, 50 °C)
(15h, 50 °C)

Average Strength

3400

3100

3600

4100

St.dev (n=5)

260

210

170

550

Decrease (%)

22

29

18

7.0
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3.4.2. Tow Tension strength measurements of varying carbon fiber treatments
The tow tension strength experimental results for the carbon fiber tows during each step
of the covalent bonding procedure are displayed in Table 4-5. The as-received carbon fibers
(Treatment 1) were the strongest out of all of the carbon fiber treatments. The failure strength
measurements for all of the treated carbon fiber tows were statistically different than the failure
strength of the as-received carbon fiber tow. The strength measurements were analyzed using a ttest. The strength of the treated carbon fibers was compromised when the fibers were handled
during the experimental procedures and when the fibers were treated with nitric acid and acetone.
The tows were mildly exfoliated when the fibers were washed between treatments and when the
fibers were wound around a mandrel during the covalent procedure. The carbon fibers that were
drawn through the resin bath were shorter than the carbon fibers that are normally drawn through
the resin bath (5’ compared to >25’), so the tension was not even across the fiber, which likely
resulted in misaligned carbon fiber tows within the carbon fiber samples.

Table 4-5: The strength of the carbon fiber tows for each treatment was defined by
the applied pressure at which the tows fractured during the tow tension procedure.
The percent decrease column describes the decrease in strength of the carbon fiber
tow sample compared to the strength of the as-received carbon fiber tow.
Strength of Tows
with Standard
Error (MPa)
Procedure A
1. As received carbon fiber
4400 ± 420
2A. Sizing stripped from CF with Acetone
3000 ± 440
3A. Oxidation of stripped CF
1700 ± 240
4A. EDC-S-NHS functionalized CF
1600 ± 300
5A. Deposition of amine terminated SiCw
2000 ± 100
Procedure B
1. As received carbon fiber
4400 ± 420
3B. Oxidation of as-received CF
3400 ± 380
4B. EDC-S-NHS functionalized CF
3100 ± 390
5B. Deposition of amine terminated SiCw
1100 ± 8
Procedure C
Deposition of sonicated CNF, aqueous
2500 ± 170
Procedure D
Deposition of sonicated CNF-OX, resin
3500 ± 450
Treatment process

95%
Confidence
Interval

Percent
Decrease (%)

370
380
270
340
110

N/A
17
53
56
45

370
340
380
90.0

N/A
7.0
7.0
65

170

44

440

20
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The carbon fibers that were stripped with acetone (Procedure A) exhibited a considerably
higher decrease in tow tension strength compared to the carbon fibers that were not stripped with
acetone, except for the carbon fibers that underwent Treatment 4A. The carbon fibers that were
stripped with acetone became exfoliated during the washing procedure and were no longer
arranged in compact tows. The small percent difference value in the strength of the carbon fibers
that underwent Treatment 4A because the sample for Treatment 4A was the least exfoliated
during the acetone treatment.
The carbon fibers that were not treated with acetone showed a relatively low percent
decrease in tow strength after undergoing Treatment 3B and Treatment 4B (6.0-7.1 percent
decrease). However, once the SiCw were deposited on the surface of the carbon fibers that
underwent Treatment 5B there was a large decrease in the tow strength of the carbon fibers
compared to similar treatments. The large decrease in the tow strength of the carbon fibers that
underwent Treatment 5B could again result from the handling of the carbon fibers when the
carbon fibers were laid out for the covalent bonding procedure, or could also result from uneven
winding during the winding process before the impregnated fibers were cured in the oven.

3.4.3. Tow tension measurements of sonicated CNF covalently bonded to carbon fibers treated
with nitric acid
The result of the tow tension tests for the sonicated CNF covalently bonded to the surface
of the carbon fibers is presented in Table 4-5 as Procedure C. Procedure C yielded a 44 percent
reduction in tow tension strength compared to the tow tension strength of the as-received carbon
fibers, which was significantly different than the tow tension strength of the as-received carbon
fibers. The reduction in tow tension strength could be a result of the carbon fiber tow exfoliating
during the nitric acid treatment and the cracks formed in the sizing on the carbon fiber tow when
the carbon fiber tow was handled.

3.4.4. Tow tension measurements of sonicated CNF covalently bound to as-received carbon
fibers in the resin bath
The result of the tow tension tests for the sonicated CNF covalently bonded to the surface
of the carbon fibers is presented in Table 4-5 as Procedure D. The composites formed in

122
Procedure D were 20 percent stronger than the composites formed in Procedure C. Procedure D
yielded stronger composites because Procedure D reduced the amount that the carbon fiber tow
was handled. Procedure D did not use nitric acid to treat the carbon fiber surface so the carbon
fiber surface was not degraded as much as the surface of the carbon fibers during Procedure C.
There may be an advantage to covalently bonding the carbon fibers and the CNF a non-aqueous
atmosphere, but it was not clear from the given data if a significant amount of bonding occurred
between the carbon fibers and the CNF in the non-aqueous method (Figure 4-23). One way to
increase the amount of CNF on the surface of the carbon fiber would be to pull the carbon fiber
through the resin/epoxy bath containing the CNF and the conjugating molecules more slowly as
to increase the likelihood of the CNF coming into contact and binding with the carbon fibers.

3.5. Fracture strength tests

3.5.1. Failure strength tests of sonicated CNF covalently bonded to carbon fibers treated with
nitric acid
The results of the failure strength tests for the as-received carbon fibers and the carbon
fibers impregnated with carbon CNF in the resin bath were compared in Table 4-6. There was no
statistical difference between the failure strength for the as-received carbon fibers and the carbon
fibers impregnated with CNF in the resin bath (analyzed using t-test). The non-significant
decrease in the failure strength of the nanofiber material was good because the purpose of the
experiment was to mimic or increase the failure strength of the material. However, there was not
a significant amount of CNF visible on the surface of the carbon fibers after the covalent bonding
in the resin bath. Therefore, further experiments must be performed to increase the amount of
CNF on the surface of the carbon fibers.
Table 4-6: The failure strength test results for carbon fibers without carbon
nanofibers and carbon fibers that were impregnated with carbon nanofibers
in the resin bath.

Failure Strength with
Standard Error (MPa)
95% Confidence
Interval

No Carbon Nanofibers

Carbon Nanofibers

32.5 ± 3.1

31.6 ± 5.6

3.0

5.5
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4. Conclusions
Current research into increasing the strength between carbon fibers in carbon CFCs focus
on the dispersion of nanofillers in the resin material or growing SWCNT on the surface of carbon
fibers. The dispersion of nanofillers is not ideal because the dispersed nanofillers will not directly
bond to the surface of the carbon fibers and the dispersion is limited by the viscosity of the
material. The growth of SWCNT on the surface of the carbon fibers can damage the carbon
fibers and decrease the strength of the carbon fibers over time. The current research investigated
the effects of covalently bonding nanofillers, specifically SiCw and CNF, to the surface of the
carbon fibers using a common conjugation method to increase the strength of the CFCs. It was
demonstrated in the current research that the SiCw and the CNF will covalently bond to the
surface of the carbon fibers using EDC and Sulfo-NHS conjugation agents. The surface of the asreceived carbon fibers were oxidized using nitric acid and the surface of the SiCw and CNF were
coated with APTMS in preparation for the conjugation process. These results were supported
using zeta potential measurements. The ideal dispersion of the CNF and the ideal concentration
of APTMS were observed using optical microscopy. The successful bonding of the SiCw and the
CNF to the surface of the carbon fibers was identified using FESEM.
The current research demonstrated that the SiCw and the CNF covalently bond on the
surface of the carbon fibers using EDC and Sulfo-NHS conjugation agents, but the current
research did not provide complete, uniform coverage of the carbon fibers with the SiCw or the
CNF. One method to improve the coverage of the SiCw would be to utilize a different type of
SiCw. The as-received SiCw in the reaction experiment were highly agglomerated and many of
the SiCw were not in the expected morphology, but sieving the SiCw removed the majority of the
agglomerates in the SiCw. Therefore, a new batch of SiCw could improve the attachment of
SiCw between the carbon fibers and could decrease the agglomeration of the SiCw in the reaction
experiment. Additionally, adding more concentrated SiCw could increase the amount of SiCw on
the surface of the carbon fibers. The CNF covalently bonded to the surface of the carbon fibers,
but the CNF also did not provide coverage on the surface of the carbon fibers because the asreceived CNF were also highly agglomerated. One way to improve upon the CNF could be to use
CNF that have directed growth such that the as-received CNF are not entangled. Additionally,
because the CNF have an almost identical surface chemistry to carbon nanotubes (CNT), it would
be possible to utilize CNT rather than CNF because CNF would not be tangled. Additionally,
CNF are more rigid than CNT and could provide a greater increase in CFC strength than CNF.
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Another area of improvement is a way in which to decrease the amount of damage done to the
carbon fibers through handling in the experiment. Handling of the carbon fibers could be reduced
by improving the method CNF are covalently bonded to the carbon fibers while the carbon fibers
are pulled through the resin bath rather than in an aqueous solution before the carbon fibers are
pulled through the resin bath. The resin bath method is limited by the viscosity of the
resin/curative mixture, but investigating the amount of time that is required for the CNF to bond
with the carbon fibers in the resin/curative mixture could improve the bonding of the CNF with
the carbon fibers in the resin material.
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Chapter 5
Conclusions and Suggested Work

1. Summary and Conclusions
The overall goal of the current study was to improve upon dispersion techniques for
specific metal and inorganic nanoparticles in liquid systems. Research into the dispersion of
nanoparticles is important because nanoparticles exhibit different chemical properties compared
to the micron sized particles of the same material. The dispersing solution for nanoparticles
needs to be established to prevent agglomeration and sintering of nanoparticles in the dispersing
solution.1 The initial focus of the current research was to demonstrate that mechanical dispersion
of nanoparticles with ultrasonication damages the nanoparticles. The second focus of the
research was to compare electrosteric and steric dispersion techniques for copper nanoparticles.
The final focus of the research was to covalently bond dispersed nanofillers to carbon fibers for
improved strength between carbon fiber tows in carbon fiber reinforced polymer composites.
The research presented in Chapter 2 determined the effect of ultrasonic treatment on the
shape and size of metallic, oxide, and diamond nanoparticles. The goal of the research was to
prove that even though ultrasonic treatment is an accepted dispersion technique for micron-sized
materials, ultrasonic treatment will damage nanoparticles rather than disperse nanoparticles.
Gold, α-aluminum oxide, and diamond nanoparticles were sonicated in aqueous and non-aqueous
dispersing systems. The well-dispersed gold nanoparticles sintered during the sonication
procedure. The γ-alumina whiskers and platelets dispersed during the sonication procedure but
re-agglomerated and returned to the initial particle size immediately after the sonication was
complete. The diamond nanoparticles decreased in particle size during the sonication procedure
but re-agglomerated to particle sizes that were double the size of the dispersed diamond particles.
The investigation proved that sonication is not a valid method for dispersing nanoparticles if one
wants to disperse without changing the morphology or intrinsic size of the primary nanoparticles.
The research presented in Chapter 3 established a dispersant for templated copper
nanoparticles that were synthesized through reduction with hydrazine hydrate that would prevent
the copper nanoparticles from dissolving in water. The templated copper particles were
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synthesized in a mixture of surfactant and water at a specific molar ratio so that the surfactant
molecules aggregated into the lamellar bilayer phase. The copper cations associated with the
polar heads of the surfactant, and the lamellar bilayers forced the copper particles to grow
longitudinally into platelets. 2,3 The copper synthesis was performed at an elevated temperature to
increase the rate of the redox reaction, but the temperature was controlled to prevent the
surfactant from moving away from the lamellar phase. The copper nanoplatelets were dispersed
in a 70:30 ethanol:water dispersing solution containing one of two dispersants. The electrostatic
dispersing solution contained 10-3 M citric acid adjusted to solution pH 8.5 and the steric
dispersing solution contained 10-3 M polyvinylpyrrolidone. The citric acid dispersing solution
dispersed the copper nanoplatelets for about 24 hours before the copper particles turned green.
Also, higher concentrations of citric acid in the dispersing solution turned the copper
nanoplatelets green. 3,4 The polyvinylpyrrolidone dispersing solution provided good dispersion
for at least two months and the copper nanoplatelets did not turn green for more than 48 hours
when exposed to air.
The goal of Chapter 4 was to improve the strength between carbon fiber tows in carbon
fiber reinforced polymer composites to prevent delamination between the carbon fiber tows and
the polymer in carbon fiber reinforced polymer composites. The primary focus of the
investigation was to investigate the efficiency of low-temperature covalent bonding between
carbon fiber tows and nanofillers, specifically silicon carbide whiskers and carbon nanofibers.
The surfaces of the nanofillers were oxidized with nitric acid and treated with an amine
terminated silane coupling agent (APTMS) before the nanofillers were dispersed in an aqueous
solution. The carbon nanofibers (CNF) were tangled into clumps, so it was necessary to exfoliate
the CNF through sonication with an ultrasonic horn before the CNF were oxidized and treated
with the amine terminated silane coupling agent. The surfaces of the carbon fiber tows were
oxidized using nitric acid. The nanofillers were covalently bonded to the surface of the carbon
fibers using conjugation agents. The treated carbon fibers were impregnated with a resin and
were cured into materials for tow tension and failure strength measurements of the carbon fibers.
The covalent bonding between the nanofillers and the carbon fibers was successful, but the
carbon fibers treated with nanofillers did not exhibit increased tow tension and failure strength
compared to as-received carbon fibers.
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2. Future Work
The research into the effect of ultrasonic treatment on the morphology and particle size of
metallic, oxide, and diamond nanoparticles proved that ultrasonic treatment damages rather than
disperses nanoparticles. The sonication research is far from complete because the properties of
nanoparticles vary widely based on the chemical composition and morphology of the
nanoparticles. Similar experiments should be performed on other metal and oxide nanoparticles
with different crystal structures than the copper and alumina that were used in the current
experiment to learn how other nanoparticles behave when exposed to ultrasonic energy. Adding
certain steric dispersants to a sonicating diamond solution could establish a valid sonication
method for the dispersion of diamond particles.
Future investigations into the synthesis of copper nanoplatelets should focus on the
properties of the synthesized copper nanoplatelets that were dispersed using
polyvinylpyrrolidone. The copper nanoplatelet ink for the three dimensional printer will consist
of copper nanoplatelets dispersed in a suspension with some concentration of binder. It is
necessary to determine how long the dried copper nanoplatelets are stable in air so that the copper
nanoplatelets do not corrode during the printing procedure. The copper nanoplatelet ink
formulation will need to have a higher viscosity than the 70:30 ethanol:water system with 10 -3 M
PVP, so rheology measurements must be performed on suspensions with varying concentrations
of copper nanoparticles and PVP to determine the concentrations of copper and PVP that are
necessary for the ideal ink formulation. An investigation into the agglomeration of the copper
nanoparticles as a function of time would be useful to determine how long the copper
nanoparticles stay suspended in the dispersing solution.
Future investigation into the covalent bonding of nanofillers to carbon fibers should focus
on carbon nanofibers rather than silicon carbide whiskers. The carbon nanofibers exhibit higher
strength than the silicon carbide whiskers. Continued investigations into continuous processes to
coat the carbon fibers with carbon nanofibers would reduce the amount that the carbon fibers are
handled in the experiments and would prevent most of the decrease in the strength of the carbon
fibers during the covalent bonding treatment. Future investigations should investigate a steric or
electrosteric polymer to disperse the exfoliated carbon nanofibers in the reaction solution so that
the carbon nanofibers will cover the carbon fibers more evenly. Determining the maximum
solids loading of the carbon nanofibers in the resin and epoxy mixture would increase the
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likelihood for the carbon nanofibers to come into contact with the carbon fibers during the
continuous processing procedure.
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