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ABSTRACT
Epoxide amine matrices are widely utilized in aerospace carbon fiber reinforced
polymer (CFRP) composites having engendered significant reductions in weight and fuel
consumption. This dissertation focuses on the effect of constrained space during network
formation on the matrix mechanics of these highly complex composite systems.
Precipitation polymerization conditions are developed to prepare epoxide amine
microparticles (EMs) based on tetraglycidyl-4,4’-methylenedianiline (TGDDM) and
isophorone diamine (IPDA). Surface functionality of EMs is tuned via control of epoxide
to reactive amine hydrogen ratio, where unreactive, amine- and epoxide-functional EMs
are prepared. We demonstrate that EMs are polydisperse, but can be filtered, yielding low
dispersity particle distributions. The influence of constrained space on matrix mechanics
during cure was elucidated upon incorporation of EMs into the selfsame TGDDM/IPDA
monomer formulation.
Microparticle synthesis is studied utilizing a library of epoxides, diamines and
solvents in conjunction with computational techniques, establishing the factors
influencing microparticle dispersity. Di-, tri-, and tetrafunctional epoxides are exploited
to control oligomer structure from linear to branched architectures, leading to exponential
increases in particle dispersity with increasing epoxide functionality. Improving solventmonomer interactions and enhancing flexibility of diamine backbones served to decrease
the dispersity of high functionality chemistries.
Incorporation of mono- and polydisperse microparticles decreases gelation time
by 10-15% and degree of cure by up to 8%, independent of particle size. Ultimately,
however, relaxation behavior of the gel, network homogeneity and thermomechanical
ii

properties remain unchanged upon microparticle incorporation. Despite this, networks
exhibit an increase in Young’s modulus, 20% over the neat network, utilizing high
dispersity particles. In contrast, low dispersity particles do not improve modulus, but
impart greater fracture toughness (K1c) by introducing energy absorbing mechanisms,
altering the fracture mechanics of the network.
Finally, reactive amine EMs are incorporated into CFRPs. As particle loading
increases, matrix content and interlaminar spacing increase due to decreased gelation
time. Consequently, moduli of the particle-modified composites decrease. However, a
1wt% loading improves tensile toughness of the composite by 40% with a 10% decrease
in modulus. This research demonstrates a novel approach to prepare EM toughened
CFRPs and serves as the foundation for the preparation of next generation aerospace
composite materials.
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CHAPTER 1 – Introduction
1.1 Motivation and Scope
In the modern world, fiber reinforced polymer composites are rapidly
proliferating in high performance military, aerospace, and marine applications. These
materials are most cited for the superior strength-to-weight ratio they afford over
traditional materials, such as metals. However, composites like all materials have
limitations. Highly crosslinked thermosets are the predominant matrices utilized in
aerospace composites due to their high moduli, low cost, and excellent fatigue life.
Unfortunately, their highly crosslinked nature leads them to be brittle and susceptible to
cracking, limiting their ultimate potential. Efforts to address this limitation have focused
on numerous matrix toughening mechanisms, a major focus of advanced research and
development.1–5 Toughening often involves the incorporation of thermoplastic phases or
dispersion of discreet particles with Young’s moduli lower than the surrounding matrix.
Although this approach improves impact and shear energy dissipation, it also reduces
Young’s modulus, strength, and glass transition temperature (Tg) of the final material.6
These methods also lead to prohibitively high material viscosity, leading to processing
difficulties, and an increase in the complexity of matrix formation during thermoset
matrix cure reaction. Significant research also focuses on network formation in composite
materials in order to understand the thermodynamic driving forces that dictate final
network morphology and properties.7–9 Studies emphasize the importance of enthalpic
interactions between the forming matrix and additives. They further suggested that
reduced mobility during cure, especially in the vicinity of carbon fibers, significantly
affects network formation and final network properties. The role of mobility in network
1

formation has not been investigated experimentally, however, as traditional approaches
have not been able to decouple enthalpic driving forces from network mobility in
composites.
This research will examine the effect of fully cured, spherical epoxide-amine
microparticles prepared from, and dispersed into, the selfsame epoxide-amine matrix to
elucidate microparticle influence on interphase development, network morphology,
thermomechanical properties, and composite interlaminar toughening. This selfsame
microparticle motif permits the direct study of mobility in epoxide amine network
formation and quantify its impact on final network properties. Specifically, the selfsame
chemistry will create a system wherein the monomer-monomer interactions will be the
same as monomer-particle interactions. Eliminating the enthalpic driving force for
interphase formation present in traditional composites will lead to a deeper understanding
of how mobility impacts matrix formation in these complex environments.

1.2 Glassy Epoxide Amine Networks
1.2.1 Network Formation
Network formation in epoxide amine formulations proceed via the step-growth
polymerization of a di- or multifunctional epoxide and a di- or multifunctional amine.
Initially, primary amines ring open epoxides via an SN2 mechanism to form a
hydroxypropylether and a secondary amine (Scheme 1.1A). As reaction progresses,
secondary amines react to yield a tertiary amine and another hydroxyproylether, leading
to a more branched structure and ultimately crosslinking the system (Scheme 1.1B).
Finally, at elevated temperatures, the hydroxyl groups generated from the epoxide ring
2

opening reaction can themselves react with remaining epoxide rings to form ether
linkages (Scheme 1.1C).

Scheme 1.1 (A) Primary and (B) secondary amines ring opening epoxide rings, as
well as (C) the etherification reaction.

Generally, the crosslinking reaction can be divided into three regimes. The first is
a period of high mobility as monomers initially react to form low molecular weight
oligomers, known as an A-staged material. As reaction proceeds, the material is
considered B-staged and molecular weight and viscosity increase rapidly. B-staged
material is commonly utilized in aerospace composite preparation, as by carefully
controlling extent of reaction, viscosity and processability can be controlled. As reaction
continues molecular weight increases until a network of infinite molecular weight forms,
which is the point of gelation. Gelation does not impact the rate of the epoxide amine
reaction, but as reaction proceeds the Tg of the network increases until it exceeds the cure
3

temperature. The reaction-induced transition from the rubbery to glassy state, or
vitrification, leads to a diffusion controlled regime in which reaction rate is significantly
reduced. After vitrification further reaction is possible by increasing the cure temperature
or applying a post cure until the cure temperature exceeds the ultimate Tg of the network.
Upon reaction completion the material is considered C-staged, or cured.10

1.2.2 Cured Network Properties
The properties of a cured epoxide amine network depend on a number of factors
including stoichiometry and functionality of the monomer formulation. The ultimate
thermal and mechanical properties for a network are achieved at 1:1 epoxide ring to
amine hydrogen, which leads to quantitative functional group conversion. Due to
etherification, functional group conversion can reach nearly 100% in a formulation with
an excess of epoxide functionality as well. However, any deviation in stoichiometry (i.e.
not 1:1 epoxide to amine hydrogen) will lead to increased dangling chain ends in the final
network, decreasing crosslink density, Tg and mechanical integrity.11
The stoichiometry of a formulation is an important factor in dictating network
properties, however, reactive functionality and identity of the epoxide and amine
constituents of a network are the predominant factors. Aerospace composites utilize
multifunctional aromatic epoxides such as tetraglycidyl-4,4’-methylenedianiline
(TGDDM) and tetrafunctional diamine curatives. The high functionality of these systems
leads to high crosslink density and modulus, but vitrification occurs early in the cure
reaction which limits molecular mobility during network formation. Additionally, these
highly crosslinked networks are brittle and exhibit low fracture energy. Fatigue easily
4

causes microcracks in the material during the lifetime of a composite part, and once
formed, very little energy is required for these cracks to propagate through the matrix.
The community has developed a multitude of approaches to increase the fracture
toughness of composites in order to combat this issue.2,3,5,12–19 Typically, a toughening
additive or phase separated domain is incorporated into the matrix.2,3,15,18,20,21 However,
the inclusion of these additives leads to changes in matrix properties unrelated to the
inherent properties of that additive.22 Additives not only alter polymer mobility in their
vicinity, but also effect the matrix through their energetic interactions with the
surrounding material. For example, it was observed by Ding and coworkers23 that
polycarbonate chains adsorbed to the surface of multi-walled carbon nanotubes
(MWCNTs). They showed that the morphology of the polymer phase surrounding the
MWCNTs was altered compared to the equilibrium morphology of the material. This
region is commonly referred to as the interphase within composites and differs from both
the bulk polymer as well as the additive it surrounds. In the case of thermoplastic
composites, such as polycarbonate/MWCNTs, the chain dynamics and energetic
interactions are constant throughout composite part formation.24,25 Thermoset composites
represent much more complex and challenging systems to understand. Substantial work
has primarily focused on the effects of the Tg26,27 and surface functionality28–30 on
interphase formation in epoxide/carbon nanotube (CNT) composites. While in
thermoplastic composites the interphase has increased thermomechanical and mechanical
properties, the opposite trend is observed in thermoset composites. Putz et al.22 studied
carbon nanotube/epoxide composites whose crosslink densities were systematically
varied by altering the ratio of an amine and diamine curatives, and reacting them with a
5

difunctional epoxide. The authors observed an increase in Tg compared to the neat
epoxide/amine matrix for the 100% amine system; however, a 50/50 amine/diamine
blend demonstrated no change in Tg and Tg decreased for the 100% diamine composite.
They postulated that while CNTs stiffened the thermoplastic (i.e. 100% amine) matrix, a
combination of network disruption and interphase formation caused the decrease in Tg for
the 100% diamine network. This result is convoluted by the energetic interactions
between CNT and the surrounding matrix, which can lead to the formation of an offstoichiometry interphase.31 Therefore, further investigation is needed to separate the
effects of network mobility and interphase formation on network properties in highly
crosslinked epoxide amine composites.
Numerous studies have investigated methods to improve matrix-additive
interactions, most commonly including fiber sizing or grafting approaches.32 Recently,
Jiang and coworkers reported a systematic study of interphase formation in epoxide/CNT
composites by varying CNT surface functionality.33 Compared to pristine CNT
composites, the Tg decreased with incorporation of hydroxyl functionality, but Tg
increased with amine functionality. The authors postulated that the reduced reactivity of
the hydroxyl versus amine functionality limited reaction with the epoxide matrix,
resulting in predominantly hydrogen bonding interactions rather than covalent bonds in
the case of amine functionality. In direct contrast to these results, Shen et al. prepared
epoxide/MWCNT composites utilizing amine-functional CNTs, and observed a 20 °C
decrease in Tg compared to the neat epoxide.28 The authors hypothesized that the
decreased Tg was caused by an off-stoichiometry interphase region. In addition to these
contradictory results, numerous explanations have been put forth to explain the impact
6

additives have on network formation. Preferential adsorption of one of the matrix
constituents has been observed, which causes stoichiometric imbalances in the interphase
and leads to decreased properties.9,31,34 In the case of functionalized additives, surface
reactivity can lead to incomplete cure in the matrix, decreasing crosslink density.28,35
Finally, matrix properties can be changed simply through the disruption of network
connectivity at the matrix/additive interface.22 While these phenomena have been
studied,22,28,33 it is apparent that the results are often contradictory due to the complex
energetic interactions (e.g. matrix-additive interactions) present in composite materials.
Therefore, an additive-matrix combination with no energetic driving force for interphase
formation serves as an attractive approach to further elucidate the effect of additives on
matrix formation.
Work by Palmese and McCullough explored the equilibrium behavior of binary
mixtures in the presence of a generic solid surface.36 They observed that the
stoichiometry near a surface is dependent on both monomer-monomer and monomersurface interactions. Monomer-monomer interactions will not be affected by the surface,
but will rather be inherent to the matrix chosen. Interphase stoichiometry will be
independent of the surface as monomer-surface and monomer-monomer interactions
approach one another. This will not be the case in a traditional composite, but achieving
such a scenario would allow important understandings to be developed regarding the
impact of constrained space and molecular mobility on network formation in epoxide
amine matrices.
An elegant approach to achieve this is to use an additive whose chemical
composition is identical to that of the matrix. Specifically, this can be achieved by
7

dispersing pre-cured epoxide amine microparticles into the selfsame formulation prior to
cure. As matrix-particle interactions are indistinguishable from matrix-matrix
interactions, selfsame microparticles will eliminate the preferential adsorption of a
component to the additive’s surface. In this work, we apply the selfsame microparticle
methodology to epoxide amine composites to systematically study the fundamentals of
network formation and microparticle impact on final network mechanics.

1.3 Carbon Fiber Reinforced Polymer (CFRP) Composites
CFRPs have taken off in the aerospace field recently due to their high strength-toweight ratio, which provides a 25-40% weight savings over traditional metal parts and
significantly increased fuel efficiency. Fiber reinforced polymer composites comprise a
polymer matrix and either a continuous or discontinuous fiber reinforcement. The fiber
component is responsible for bearing the majority of the load, especially in tension, while
the polymer matrix transfers load between the fibers, maintains the part’s shape and
protects the fibers from environmental damage.37 In aerospace applications, continuous
carbon fiber reinforcement predominates, where both thermoplastic and thermoset
matrices can be utilized. Thermoplastic composites are becoming more prevalent,
however, in primary load-bearing structures epoxide amine thermosets are still the matrix
of choice.38 However, thermoset based CFRPs suffer from low fracture energy, and
exhibit low impact resistance compared to metals. Therefore, significant work has
focused on improving the impact damage resistance of CFRPs.39 These efforts can be
divided into two main categories: bulk matrix toughening and interlaminar toughening.
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Aerospace CFRPs are prepared by laying up successive plies of carbon fibers preimpregnated with B-staged epoxide prepolymer (prepreg) thereby creating a carbon fiber
laminate (Figure 1.1). Prepregging permits precise control over the fiber:matrix ratio,
which is critical to maximize composite performance.40 As is apparent in Figure 1.1 there
exists a matrix-rich interlaminar region, depicted in blue, between each ply of the
laminate. Interlaminar toughening efforts focus on selectively improving the toughness of
this region, while bulk matrix approaches address toughness of the matrix as a whole.
It is well known that the matrix is the underperforming component of a CFRP,
and a multitude of approaches have been developed to improve their properties.6,12,18,41–44
Most commonly, matrix toughening is accomplished through the dispersion of tough
thermoplastics in the form of either particles or secondary phase within the thermoset
network. Reactive rubbers, such as carboxyl-terminated butadiene acrylonitrile (CTBN)
(Scheme 1.2), have been widely employed since the first report by Sultan et al. in 1971.45
In these cases, reactive oligomers are initially dissolved in an epoxide formulation, and
precipitate via a reaction induced phase separation (RIPS) mechanism to form dispersed
droplet or co-continuous morphologies. While dramatic increases in toughness are
achievable, other properties are sacrificed such as mechanical strength, processability,
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Figure 1.1 Two plies of carbon fiber prepreg in a CFRP laminate, with the interlaminar
region depicted in blue.

and high temperature performance.46 This trend is exacerbated if phase separation is
incomplete and a portion of the rubber remains in the epoxide phase. In addition,
improvements in toughness decrease as the crosslink density of the epoxide amine
network increases.47 This was most clearly demonstrated by Pearson and Yee48 when
they studied a diglycidyl ether of bisphenol a (DBEGA) epoxide with molecular weights
(MWs) from 348 g/mol to 3600 g/mol cured with 4,4’-diaminodiphenyl sulfone
(44DDS). Although the fracture toughness of the neat matrix was not observed to change,
10 wt% CTBN toughened matrices showed a distinct MW dependence. Specifically,
toughness increased linearly with epoxide MW. The trend is caused by the relative
ductility of the different networks, as the network must be able to distort for
thermoplastic energy absorbing mechanisms to be realized.49 Rubbers enhance toughness
through two main mechanisms, both requiring high network ductility: particle cavitation
10

and shear band formation.50,51 This therefore precludes the use of rubber toughening
agents in highly crosslinked networks such as those utilized in aerospace CFRPs.

Scheme 1.2 Common rubber (CTBN) and high Tg engineering thermoplastic
(PEI, PES) polymers used to toughen epoxide networks.

For a material to toughen a highly crosslinked network, the toughening
mechanism must be independent of the network. Bucknall and Partridge52 incorporated
poly(ethersulfone) (PES) (Scheme 1.2), a high-Tg thermoplastic, into triglycidyl ether of
para-aminophenol (pTGAP) and TGDDM networks as well as blends of each, cured with
44DDS. They observed a change in fracture surface topography in the pTGAP networks,
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and the appearance of the PES Tg in dynamic mechanical analysis (DMA), indicating the
formation of PES-rich domains. As the TGDDM fraction increased, the behavior became
less pronounced, and no phase separation occurred in the TGDDM/44DDS network.
Additionally, fracture toughness was unchanged in all cases, even up to 40 wt%
incorporation of PES.
Building upon this work, Bucknall and Gilbert53 reported the toughening of a
TGDDM/44DDS network using poly(etherimide) (PEI) (Scheme 1.2). Unlike in the
previous case, phase separation was observed in both thermomechanical and microscopy
analyses. The mechanism of energy absorption in this case was yielding of the
thermoplastic phase, independent of matrix ductility. Subsequent studies have reinforced
the promise of PEI to toughen highly crosslinked TGDDM networks and further
established the importance of forming a co-continuous morphology rather than droplet
dispersed.17,54 Incorporating high Tg thermoplastics leads to a significant increase in
viscosity, however, making these formulations much more challenging to process. While
approaches to overcome this have been developed, such as using a low MW
thermoplastic that subsequently chain extends during cure,55 alternative methods continue
to be investigated. One such approach involves the selective toughening of the
interlaminar region of the composite.

1.4 Microparticles and Their Preparation
Uniform polymer microparticles are utilized in a wide variety of applications
including drug delivery,56 chromatography,57 templates for porous networks,58 and as
additives in polymer networks.42,59,60 Microfluidics-based approaches have been
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developed to prepare thermoplastic61 and thermoset62 microparticles, with excellent
control of both size63 and shape64–66 reported. These approaches rely on careful control of
concentration, flow rate and solubility to prepare well-defined microparticles. However,
high flow rates are required to yield measureable quantities of particles. Rapid kinetics
are therefore necessary if particles are to maintain their shape under these conditions,
limiting monomer selection to photopolymerizable materials such as acrylates.63,65 For
formulations with slower kinetics, methods such as dispersion polymerization, emulsion
polymerization or suspension polymerization are common.66–68 These approaches involve
the combination of monomers in a non-solvent in the presence of a stabilizer to prevent
coagulation. This presents several challenges due to the number of factors that influence
particle size, it is difficult to produce low dispersity samples and completely remove the
surfactant.69 Precipitation polymerization circumvents these drawbacks as it does not
require any form of stabilizer or surfactant, and its development has been previously
applied to a range of particle chemistries.59,69–72

1.4.1 Precipitation Polymerization
Precipitation polymerization was first reported by Li and Stover70 in 1993 when
they produced divinylbenzene (DVB) microparticles through thermally initiated
polymerization in the absence of any stabilizer or emulsifier. Unlike previously discussed
techniques, the authors solvated their monomers in solution and relied on a reaction
induced phase separation (RIPS) mechanism to yield an insoluble microparticle fraction.
In addition, the highly crosslinked nature of the DVB microparticles prevented
coagulation making stabilizers unnecessary.
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As monomers are initially solubilized the reaction proceeds in solution, and as
molecular weight increases, solubility decreases. Precipitation occurs when the reaction
proceeds to the point where oligomers are no longer soluble. These oligomers precipitate
out of solution, then aggregate and react to form spherical particles due to their inherently
favorable van der Waals interactions.73 Synthetic routes for the preparation of
microparticles have been developed in both aqueous and organic solvents.74–77
In 1996 Hseih and Woo78 reported the formation of epoxide amine microparticles
in epoxide/amine/poly(methyl methacrylate) (PMMA) matrices. The microparticles were
observed to form within the thermoplastic domains. Initially the particles were not
perfectly spherical due to impingements between them, although the authors were able to
drive the aspect ratio towards 1.0 (e.g. more spherical) by increasing the PMMA fraction.
Additionally, they noted that changing the PMMA fraction had the greatest impact on
microparticle size. The epoxide amine microparticles in this study were produced by a
phase inversion mechanism, whereby microparticles were extracted in small quantities
from a cured matrix. Jansen and coworkers reported the preparation of low Tg epoxide
amine microparticles via dispersion polymerization for the toughening of epoxide amine
matrices.1 Although they were able to demonstrate a significant improvement in the
toughness of low- and moderate-Tg (e.g. 90-130 °C) networks comparable to a traditional
liquid rubber toughener, no enhancement was observed in a high Tg (e.g. 190 °C)
network. In addition, the use of a stabilizer complicated both synthesis and purification of
the microparticles.
High Tg epoxide amine formulations cannot be prepared in aqueous solutions due
to cure temperature requirements. Therefore, it is common to use high boiling point
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solvents, such as poly(propylene glycol) (PPG) or other polyethers, due to their low cost,
low toxicity, and high thermal stability.42,60,71,79 Thermal stability of the liquid phase is of
utmost importance because precipitation polymerizations require reaction times of 15-24
hours at elevated temperatures to ensure full conversion.
In 2000, Hibino and Kimura reported the first precipitation polymerization of
epoxide amine microparticles in polyether solvents under quiescent conditions.80 They
were able to demonstrate that a DGEBA epoxide forms well defined microparticles when
reacted with a variety of amines in a polyether solvent. Further, they performed this
reaction in PPG of various molecular weights, and triblock ABA copolymers of PPG and
poly(ethylene glycol) (PEG). The authors reported a decrease in particle diameter with
increasing molecular weight and polarity of the solvent utilized. Above 40% PEG content
no particles were formed as oligomers did not become insoluble at any point during the
cure reaction. The study underscores the importance of solubility to the successful
preparation of microparticles.
Carfagna and coworkers71 utilized precipitation polymerization to prepare
DGEBA/diaminotoluene (DAT) microparticles, which were then utilized as reactive
viscosity modifiers in a DGEBA/3,3’-diaminodiphenyl sulfone (33DDS) matrix. In
addition to the expected increase in viscosity, they observed a decreased in the onset
temperature of reaction as particle loading increased, which was attributed to the catalytic
tertiary amines on the surface of the pre-cured microparticles. The Tg of the resulting
microparticle-filled composite increased, as did the crosslink density of the network.
Most impactful was the simultaneous improvement in toughness the composites
exhibited. As is apparent in Figure 1.2, a 20% loading of microparticles compares
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favorably with a 15% loading of PES, a common high-Tg thermoplastic toughening agent
for epoxide networks. The highest PES loading (30 wt%) yielded a tougher network, but
due to the lower viscosities of the microparticle systems, significant improvements in
processability of the toughened systems would be obtained.

Figure 1.2 Toughness of microparticle (MICs) and thermoplastic (PES 180) Epon 828
(DGEBA) / 33DDS networks. Adapted from ref 71.
Traina and coworkers72 investigated the impact of synthesis parameters such as
monomer concentration, stoichiometry, and cure temperature or time on epoxide amine
microparticle properties. They demonstrated that particle diameter and Tg both increased
with time during the reaction, indicating that particles continue to react and grow after
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they are formed. Diameter also increased with increasing monomer concentration, but Tg
decreased as concentration increased, which was attributed to changes in particle
stoichiometry as a function of concentration. Michon showed a correlation between the
stoichiometry of the initial monomer solution and final particle, though the correlation is
stronger in the case where amine functionality is in excess.79
Wu and coworkers59 were the first to prepare an epoxide microparticle (EM)
utilizing a trifunctional epoxide via precipitation polymerization. They utilized
diethyltoluenediamine (DETDA) / pTGAP microparticles dispersed in a DGEBA /
44DDS network. They observed an increase in both Tg and impact strength with a
minimal decrease in flexural modulus. Specifically, for a 10 wt% loading of EMs the
impact strength of the network nearly doubled from 18 to 33 kJ/m2, which was attributed
to the introduction of several energy absorbing mechanisms.
Recently, in 2018, Chen et al. developed the first epoxide microparticle synthesis
utilizing liquid crystalline solvents.81 They demonstrated that they were able to control
particle size from 2.6 – 10.1 µm by changing the solubility parameter between monomer
and solvent. Specifically, better solvents led to larger particles, a fact attributed by the
authors to a decrease in the number of nucleation sites during phase separation. Although
apparent that the solvent of choice has a direct impact on microparticle formation, the
correlation has not been explored in depth.
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CHAPTER 2 – Materials and Methods
2.1 Materials
Tetraglycidyl-4,4’-diaminodiphenylmethane (TGDDM), 3,3’-diaminodiphenyl
sulfone (33DDS), and 4,4’-diaminodiphenyl sulfone (44DDS) were purchased from
Royce International. Isophorone diamine (IPDA) as Epikure 3300, diglycidyl ether of
bisphenol A (DGEBA) as Epon 825, diglycidyl ether of bisphenol F (DGEBF) as Epon
862 and 2,2'-((1-Methylethylidene)bis(cyclohexane-4,1-diyloxymethylene))bisoxirane as
Epon 1510 were purchased from Hexion Inc. Poly(propylene glycol) (PPG, Mn = 2000
g/mol) was purchased from Sigma-Aldrich. Cerenol (Mn = 2000 g/mol and Mn = 2400
g/mol) was purchased from Dupont. Poly(tetramethylene ether glycol) (PTMEG) (Mn =
1000 g/mol and Mn = 2000 g/mol) was purchased as Terethane from Invista. Jeffamine
D230 (MW = 230 g/mol), D400 (MW = 430 g/mol) and D2000 (MW = 2000 g/mol) were
purchased from the Huntsman Corporation. All chemicals were used as received without
further purification. C-QX 1800 quadraxial (0°/45°/90°/-45°) carbon fiber weave with a
total mass of 617 g/m2 was purchased from Vectorply.

2.2 Microparticle Synthesis
2.2.1 TGDDM / 33DDS
TGDDM/33DDS microparticles were synthesized via precipitation
polymerization in a number of solvents, at monomer concentrations from 5-40 wt% in
solvent. Reaction temperature was varied from 125-200 °C and reaction time was varied
from 2-48 hours. In a representative example synthesis, TGDDM (62.98 g, 0.149 mol)
and PPG (150 g, Mn = 1000 g/mol) were combined and stirred vigorously for 10 minutes
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at 100 °C. 33DDS (37.02 g, 0.149 mol) was then added and the mixture stirred an
additional 30 minutes at 100 °C. Stirring was then halted, and the reaction vessel
transferred to a preheated oven and allowed to react at 150 °C under zero shear for 24
hours. After cooling, the resulting suspension was centrifuged at 4000 RPM for 15
minutes to separate particles from solvent. Solvent was decanted and the resulting
particles were washed 3 times with acetone (3 x 150 mL), centrifuging between each
wash to separate particles from acetone. The purified particles were then dried in an oven
at 70 °C under constant nitrogen flow for 48 hours.

2.2.2 TGDDM / 44DDS
TGDDM/44DDS microparticles were synthesized via precipitation
polymerization in PPG at an initial monomer concentration of 10 wt%. TGDDM (0.333
g, 0.01342 mol) and PPG (9.00 g, Mn = 2000 g/mol) were combined and stirred
vigorously for 10 minutes at 100 °C. 44DDS (0.567 g, 0.01342 mol) was then added and
the mixture stirred an additional 30 minutes at 100 °C. Stirring was then halted, and the
reaction vessel transferred to a preheated oven and allowed to react at 175 °C under zero
shear for 24 hours. After cooling, the resulting suspension was centrifuged at 4000 RPM
for 15 minutes to separate particles from solvent. Solvent was decanted and the resulting
particles were washed 3 times with acetone (3 x 150 mL), centrifuging between each
wash to separate particles from acetone. The purified particles were then dried in an oven
at 70 °C under constant nitrogen flow for 48 hours.
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2.2.3 TGDDM / IPDA
TGDDM/IPDA microparticles were synthesized via precipitation polymerization
in PPG at initial monomer concentrations from 5-40 wt% and in a variety of solvents.
Initial monomer stoichiometry was also changed to manipulate particle surface
functionality. A representative preparation for 1:1 epoxide ring:amine proton is as
follows. TGDDM (356.36 g, 0.843 mol) and PPG (750 g, Mn = 2000 g/mol) were
combined and stirred vigorously for 10 minutes at 50 °C. IPDA (143.64 g, 0.843 mol)
was then added and the mixture stirred an additional 30 minutes at 50 °C. Stirring was
then halted, and the reaction vessel transferred to a preheated oven and allowed to react at
100 °C under zero shear for 24 hours. After being allowed to cool, the resulting
suspension was centrifuged at 4000 RPM for 15 minutes to separate particles from
solvent. Solvent was decanted and the resulting particles were washed 3 times with
acetone (3 x 300 mL), centrifuging between each wash to separate particles from acetone.
The purified particles were then dried in an oven at 70 °C under constant nitrogen flow
for 48 hours.

2.2.4 DGEBF / IPDA
DBEBF/IPDA microparticles were synthesized via precipitation polymerization
in PPG at an initial monomer concentration of 40 wt%. DBEBF (79.87 g, 0.236 mol) and
PPG (150g, Mn = 2000 g/mol) were combined and stirred vigorously for 10 minutes at
50 °C. IPDA (20.13 g, 0.118 mol) was then added and the mixture stirred an additional
30 minutes at 50 °C. Stirring was then halted, and the reaction vessel transferred to a
preheated oven and allowed to react at 100 °C under zero shear for 24 hours. After
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cooling, the resulting suspension was centrifuged at 4000 RPM for 15 minutes to separate
particles from solvent. Solvent was decanted and the resulting particles were washed 3
times with acetone (3 x 150 mL), centrifuging between each wash to separate particles
from acetone. The purified particles were then dried in an oven at 70 °C under constant
nitrogen flow for 48 hours.

2.2.5 2,2'-((1-Methylethylidene)bis(cyclohexane-4,1-diyloxymethylene))bisoxirane /
IPDA
2,2'-((1-Methylethylidene)bis(cyclohexane-4,1-diyloxymethylene))bisoxirane (
Epon 1510)/IPDA microparticles were synthesized via precipitation polymerization in
PPG at an initial monomer concentration of 40 wt%. Epon 1510 (83.47 g, 0.194 mol) and
PPG (150g, Mn = 1000 g/mol) were combined and stirred vigorously for 10 minutes at
50 °C. IPDA (16.53 g, 0.097 mol) was then added and the mixture stirred an additional
30 minutes at 50 °C. Stirring was then halted, and the reaction vessel transferred to a
preheated oven and allowed to react at 100 °C under zero shear for 24 hours. After
cooling, the resulting suspension was centrifuged at 4000 RPM for 15 minutes to separate
particles from solvent. Solvent was decanted and the resulting particles were washed 3
times with acetone (3 x 150 mL), centrifuging between each wash to separate particles
from acetone. The purified particles were then dried in an oven at 70 °C under constant
nitrogen flow for 48 hours.
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2.2.6 DGEBA / IPDA
DGEBA/IPDA microparticles were synthesized via precipitation polymerization
in PPG at an initial monomer concentration of 40 wt%. DGEBA (403.27 g, 1.135 mol)
and PPG (750 g, Mn = 2000 g/mol) were combined and stirred vigorously for 10 minutes
at 50 °C. IPDA (96.73 g, 0.568 mol) was then added and the mixture stirred an additional
30 minutes at 50 °C. Stirring was then halted, and the reaction vessel transferred to a
preheated oven and allowed to react at 100 °C under zero shear for 24 hours. After
cooling, the resulting suspension was centrifuged at 4000 RPM for 15 minutes to separate
particles from solvent. Solvent was decanted and the resulting particles were washed 3
times with acetone (3 x 150 mL), centrifuging between each wash to separate particles
from acetone. The purified particles were then dried in an oven at 70 °C under constant
nitrogen flow for 48 hours.

2.2.7 TGDDM / Jeffamine D230
TGDDM/Jeffamine D230 microparticles were synthesized via precipitation
polymerization in PPG at an initial monomer concentration of 40 wt%. TGDDM (3.19 g,
7.55 mmol) and PPG (7.50 g, Mn = 2000 g/mol) were combined and stirred vigorously
for 10 minutes at 50 °C. Jeffamine D230 (1.81 g, 7.55 mmol) was then added and the
mixture stirred an additional 30 minutes at 50 °C. Stirring was then halted, and the
reaction vessel transferred to a preheated oven and allowed to react at 100 °C under zero
shear for 24 hours. After cooling, the resulting suspension was centrifuged at 4000 RPM
for 15 minutes to separate particles from solvent. Solvent was decanted and the resulting
particles were washed 3 times with acetone (3 x 40 mL), centrifuging between each wash
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to separate particles from acetone. The purified particles were then dried in an oven at 70
°C under constant nitrogen flow for 48 hours.

2.2.8 TGDDM / Jeffamine D400
TGDDM/Jeffamine D400 microparticles were synthesized via precipitation
polymerization in PPG at an initial monomer concentration of 40 wt%. TGDDM (2.39 g,
5.67 mmol) and PPG (7.50 g, Mn = 2000 g/mol) were combined and stirred vigorously
for 10 minutes at 50 °C. Jeffamine D400 (2.61 g, 5.67 mmol) was then added and the
mixture stirred an additional 30 minutes at 50 °C. Stirring was then halted, and the
reaction vessel transferred to a preheated oven and allowed to react at 100 °C under zero
shear for 24 hours. After cooling, the resulting suspension was centrifuged at 4000 RPM
for 15 minutes to separate particles from solvent. Solvent was decanted and the resulting
particles were washed 3 times with acetone (3 x 40 mL), centrifuging between each wash
to separate particles from acetone. The purified particles were then dried in an oven at 70
°C under constant nitrogen flow for 48 hours.

2.2.9 TGDDM / Jeffamine D2000
TGDDM/Jeffamine D2000 microparticles were synthesized via precipitation
polymerization in PPG at an initial monomer concentration of 40 wt%. TGDDM (0.85 g,
2.02 mmol) and PPG (7.50 g, Mn = 2000 g/mol) were combined and stirred vigorously
for 10 minutes at 50 °C. Jeffamine D2000 (4.18 g, 2.02 mmol) was then added and the
mixture stirred an additional 30 minutes at 50 °C. Stirring was then halted, and the
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reaction vessel transferred to a preheated oven and allowed to react at 100 °C under zero
shear for 24 hours.

2.3 Alloy Preparation
Alloys were prepared with 1, 5 and 10 wt% of: a) reactive amine (RA), b) reactive
epoxide (RE) or c) unreactive ghost particle (GP) microparticles. The alloys are
designated using the loading level followed by type of microparticles; for example,
1wtRA refers to 1 wt% loading of reactive amine microparticles. TGDDM and
microparticles were combined in a vacuum flask and heated to 40 °C while stirring.
Vacuum was then applied until bubbling was no longer observed, at which time IPDA
was added, and the mixture was stirred at 40 °C under vacuum for an additional 30
minutes before being poured into preheated molds. In all cases except for the preparation
of fracture toughness samples, molds were preheated to 80 ºC, fracture toughness sample
molds were heated to 60 ºC as it was observed to yield superior samples. Material was
cured for 2 hours at 80 °C and 2 hours at 150 °C. Neat TGDDM/IPDA was also prepared
by the same procedure as a control for all tests.

2.4 Composite Layup
CFRP composites were produced utilizing a quad-axial (0º/45º/90º/-45°) carbon
fiber weave (Vectorply), in order to mimic a standard aerospace layup. Panel dimensions
were 15 x 15 inches and utilizing 6 plies of weave were utilized to yield a total of 24 plies
of carbon fiber. The layup was constructed to yield a balanced part. This was done to
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prevent cure-induced strain, which would deform the part, and ensure isotropic material
properties within the plane of the fibers.
The matrix formulation was TGDDM/IPDA; panels with 1, 5, and 10 wt%
TGDDM/IPDA RA microparticles were prepared, as well as a neat control. Prior to
preparing the composite, the matrix materials were weighed and kept separate until
immediately prior to use. In the cases of RA microparticle-modified composites, particles
and IPDA were first combined and stirred vigorously for at least 60 minutes at ambient
temperature as this was observed to break up primary agglomerates of EMs. Panels
required a total of 550 g of matrix, and in the case of particle-filled systems this was
increased by the weight of particles added (e.g. an additional 5.5 g of particles for 1wtRA
panels for a total of 555.5 g). Panels were laid up on a polished aluminum surface as
follows. A thin layer of matrix material was applied to the tool with a paint brush,
followed by the first ply of CF weave and ¼ the remaining matrix formulation, which
was then spread evenly across the surface with a plastic spatula. This process was
repeated for the remaining plies. A layer of nylon peel ply was placed on top to prevent
the layup from sticking to the following layers. A double layer of porous breather-bleeder
material was placed on top of the peel ply, which allows excess resin to be removed from
the part during cure. A vacuum port was positioned adjacent to the layup atop a double
layer of breather bleeder. Finally, a vacuum bag was placed on top, pulled taut, and
secured with high-temperature vacuum tape to the edges of the aluminum surface. A
small hole was cut to allow the vacuum port to pass through the bag, which was then
sealed with additional vacuum tape. Vacuum was then applied to check the layup for
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leaks, and ultimately placed in a preheated oven and cured for 2 hours at 80 ºC followed
by 2 hours at 150 ºC under constant vacuum.

2.5 Schrodinger Solubility Calculations
Solubility parameters were calculated utilizing molecular dynamics (MD)
simulations in Schrödinger release 2019-2 Materials Science Suite Maestro 3.4 software.
Epoxide or amine monomers were placed randomly within the simulation cell using the
Disordered System Builder with the OPLS3e force field. This Builder utilizes a selfavoiding random walk algorithm to ensure monomers are not in contact with one another.
Polyether solvents were built using the Polymer Builder tool and the polymers were then
placed in an amorphous cell with an initial density of 0.5 g/cm3. Each system was
comprised of 250 molecules, and 10 discrete cells were created for each to ensure
accurate data were obtained. The resulting cells were subjected first to a compressive
relaxation protocol to increase the density of the cells. This protocol is comprised of
seven discrete steps. First a 100 ps Brownian Dynamics NVT simulation was performed
at 10 K to give molecules momentum. MD NVT was then utilized, and the cell was
brought to 300 K, followed by 0.2 ns at 700 K. An NPT ensemble was then applied,
temperature was returned to 300 K and pressure was maintained at 1.01 bar. This state is
maintained for 0.2 ns, and pressure is then increased to 1013.25 bar for 10 ns followed by
10 ns at 1.01 bar. The compressive relaxation was followed by a 20 ns NPT MD
simulation with a 2.0 fs step time at 1.013 bar and 300 K. Trajectories were recorded
every 20 ps and the resulting trajectory file was utilized to calculate the solubility
parameter from the final 4 ns after the system had attained equilibrium.
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Specifically, the Hildebrand solubility parameter can be calculated as the square
root of the cohesive energy density:
1/2

(∆𝐻𝑣 − 𝑅𝑇)
𝛿=[
]
𝑣𝑚

where ∆𝐻𝑣 is the heat of vaporization, R is the ideal gas constant, T is temperature and
𝑣𝑚 is the molar volume.82 ∆𝐻𝑣 is calculated from the energy of the cell, the sum of the
energies of the individual molecules, and the temperature:
𝑁

∆𝐻𝑣 = 〈|𝐸𝑐𝑒𝑙𝑙 − ∑ 𝐸𝑖 |〉 + 𝑅𝑇
𝑖=1

In order to validate the accuracy of these calculations, simulations were first
performed on a number of common solvents, and the calculated δ values compared to
those found in the CRC handbook.83 Solvents were chosen to represent a range of

Scheme 2.1 Solvent library utilized to validate MD δ calculations.
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solubility parameters. Specifically: butane, ethanol, benzene, ethyl acetate, and dimethyl
sulfone were selected (Scheme 2.1). The calculated δ values were plotted versus literature
values (Figure 2.1) and compared to a line of Y = X. The R2 value clearly demonstrates
the accuracy of these calculations across a wide range of δ values.

Figure 2.1 Calculated versus literature δ values for solvent library.

2.6 Analytical Methods
2.6.1 Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis (TGA) was performed on a TA Instruments Q50
TGA. All samples were heated from room temperature to 600 °C at 20 °C/min and the
onset of degradation was recorded.
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2.6.2 Differential Scanning Calorimetry (DSC)
The effect of EMs on cure was quantified via dynamic scanning calorimetry
(DSC), on a TA Instruments Q200 DSC. Uncured samples were ramped from RT-300 ºC
at 10 ºC/min, heat of reaction and onset of reaction were recorded. Cured samples were
subjected to a heat-cool-heat cycle from room temperature to 300 °C. Ramp rate was held
constant at 10 °C/min. Tg of EMs was probed using a heat-cool-heat cycle from room
temperature to 300 °C at 20 °C/min and Tg was measured on the second heating cycle.

2.6.3 Dynamic Mechanical Analysis (DMA)
DMA experiments were performed on a TA Instruments Q800 DMA, ramping
from RT-300 °C at 2 °C/min and a constant frequency of 1 Hz. Tg was taken to be the
maximum of the tanδ peak, and the homogeneity of the network was measured as the full
width at half the maximum of that peak.

2.6.4 Mechanical Testing
Uniaxial compression testing was performed on an MTS 810 test frame equipped
with a 100 kN load cell. A subpress was used to ensure contact faces were parallel.
Cylinders were machined to 10 mm in diameter by 20 mm in height and tested at a strain
rate of 1.3 mm/min per ASTM D695 to failure. Young’s modulus was measured as the
slope of the linear elastic regime, and the yield point was taken to be the point of
deviation of the stress strain curve from linearity. Fracture toughness was quantified as
plane strain fracture energy (K1c) following ASTM D5045. A single-edge notched bend
geometry was utilized. Notches were cut into the samples using a benchtop mill such that
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the notch was half the height of the sample, and a pre-crack was introduced by sawing a
fresh razor blade at the base of the notch. Specimens were tested in a three-point bend
fixture on an MTS Insight and loaded at a constant crosshead speed of 1.52 mm/min.
Figure 2.2 depicts a schematic of the sample and test fixture.

Figure 2.2 Single-edge notched bend sample and test fixture.

K1c was then calculated using eq. (1):
𝑃𝑌

𝐾1𝑐 = 𝐵𝑊 1/2

eq. 1

where P is taken as the maximum load prior to failure, B is specimen thickness, W is
specimen width, and Y is a crack length parameter defined by eq. (2):
𝑌 = 𝑓(𝑥) = 6𝑥1/2

[1.99−𝑥(1−𝑥)(2.15−3.93𝑥+2.7𝑥 2 )]
(1+2𝑥)(1−𝑥)3/2

eq. 2

where x = a/W and a is crack length (crack pre-notch plus razor notch). Ten replicates
were run for each sample to ensure an accurate result, and the average and standard
deviation recorded.
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2.6.5 Fourier Transform Infrared (FTIR) Spectroscopy
Attenuated total reflectance FTIR (ATR-FTIR) measurements were performed to
determine residual reactivity in epoxide microspheres. Tests were carried out on a
ThermoFisher Nicolet 6700 FTIR with diamond crystal ATR attachment, to monitor the
epoxide peak at 910 cm-1. Investigating the presence of amine reactivity in microparticles
was more difficult, as the particles were observed to diffract the IR light in the near-IR
range. In order to overcome this issue the microparticles were dispersed in TGDDM to
minimize changes in refractive index as the IR beam passed through the sample. A metal
washer was glued to a microscope slide with gasket glue and a drop of the slurry was
placed within it before a second glass slide was glued on top to seal the sample.
Specimens were then analyzed in transmission in a Perkin Elmer Frontier FTIR,
monitoring the amine peak at 6500 cm-1 for residual amine reactivity.

2.6.6 Fourier Transform Mechanical Spectroscopy (FTMS)
Network development was monitored in situ through an isothermal oscillatory
shear experiment (peak strain of 1.00%) on an Ares G2 Rheometer equipped with a
forced air convection oven. Samples were degassed prior to testing and stored in a freezer
until immediately prior to testing to prevent reaction from progressing. Monomer
mixtures were brought to room temperature and loaded onto disposable aluminum 25 mm
parallel plates with a 0.5 mm gap, which was maintained through gelation. Samples were
loaded at 40 °C, well below the onset of reaction, and ramped at 10 °C/min to 80 °C and
held isothermally until gelation to mimic the first stage of the materials’ cure protocol
(e.g. 80 °C for 2 hours and 150 °C for 2 hours).
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Conventionally the gelation event in crosslinking systems is assumed to be the
crossover point of the storage (G’) and loss (G”) moduli. Winter and Chambon, however,
demonstrated that G’ and G” only cross over at the point of gelation in systems whose
relaxation exponent (n) is equal to 0.5.84,85 Epoxide amine systems generally exhibit n >
0.5,86 indicating the necessity for a more robust technique to probe the gelation behavior
of the materials studied herein. The Winter and Chambon criterion for gelation will be
utilized as it yields an accurate measurement of the gel point.84–88 The criterion
establishes that at the point of gelation, G’ and G” follow the same power law
dependency with respect to frequency and tanδ becomes independent of frequency.
To accurately determine the point of moduli frequency independence for a given
network, dynamic mechanical measurements at constant frequencies for a range of
frequency values would be required. This is a notoriously difficult characterization due to
the transient nature of the polymer network during crosslinking and would typically
require a new sample to be prepared for each frequency. FTMS, however, is capable of
generating the necessary data from a single experiment.
FTMS takes advantage of the Boltzmann superposition principle, which states
that multiple mechanical waves can pass through a material without interference in the
linear viscoelastic region. Therefore, it is possible to apply a complex waveform to a
sample, which corresponds to the summation of a number of individual sinusoidal
waveforms with differing ω. Mathematically the form of the compound waveform is:
𝑚
Σ𝑖=1
𝛾𝑖 𝑠𝑖𝑛(𝜔𝑖 𝑡)
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Where m is the number of frequencies, 𝛾𝑖 is the amplitude and 𝜔𝑖 is the angular
frequency of the ith component (which is an integer multiple of a fundamental frequency
𝜔0 ).

Figure 2.3 Complex waveform utilized in FTMS studies.

In this work the fundamental frequency 𝜔0 chosen was 3 rad/s and the first 7 harmonics
were utilized, meaning the compound waveform incorporates 3, 6, 9, 12, 15, 18, and 21
rad/s and is shown in Figure 2.3.
According to the Winter and Chambon criterion, at the gel point polymer network
stress relaxation follows a power law expressed as:
𝐺(𝑡) = 𝑆𝑐 𝑡 −𝑛𝑐
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eq. 3

where G(t) is the relaxation modulus; Sc describes the strength of the gel, which depends
on chain flexibility and crosslink density at the gel point; t is the gel time; and 𝑛𝑐 is the
relaxation exponent. The relaxation exponent is frequency independent, but can be
related directly to the phase angle (δ):
𝑛𝑐 =

2𝛿

eq. 4

𝜋

where,
𝐺"

𝛿 = 𝑡𝑎𝑛−1 𝐺′

eq. 5

at the gel point. 𝑆𝑐 can then be calculated from 𝑛𝑐 :
𝑆𝑐 =

𝐺′(𝜔)
𝑛 𝜋
𝜔 𝑛𝑐 Γ(1−𝑛𝑐 )𝑐𝑜𝑠 𝑐

eq. 6

2

G’(ω) is the storage modulus at gel at a given low frequency ω, and Γ can be expressed
as:
Γ(𝑛𝑐 ) ≈

1
𝑛𝑐

[1 − 0.1138(1 − 4(𝑛𝑐 − 0.5)2 )]

eq. 7

To fully characterize the gelation behavior and properties, the tanδ curves at each
frequency were plotted as a function of time. The cure time and tanδ value at the
frequency independent point were recorded, as well as the G’ value at the fundamental
frequency of 3 rad/s. These values were then used, along with equations 3-7, to calculate
the relaxation exponent and strength of each gel to investigate the impact of constrained
space on gelation time and physical properties.

2.6.7 Solvay Particle Size Analysis
Particle size distributions were determined utilizing a Horiba LA-960 laser
particle size analyzer. Approximately 2 grams of EMs were dispersed into 30 mL of a
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surfactant/water solution and sonicated for 5 minutes. A 3 mL portion of this dispersion
was then added to 140 mL of water in the instrument sample cell, which observed to
produce a stable dispersion. Two measurements were taken for each sample, and in each
case two discrete preparations were undertaken to ensure repeatability of data. The mean
and median particle diameters of the resulting four measurements were recorded.

2.6.8 University of Southern Mississippi Particle Size Analysis
Particle size analysis was undertaken on dry EMs on a Microtrac S3500 laser
particle size analyzer with a Turbotrac powder dispersion device. Approximately 0.5 g of
sample was utilized per run, with each sample analyzed three times and the results
averaged. Three blanks were run between samples to prevent cross contamination
between them. Volume and number weighted average particle diameters were recorded
for each acquisition.
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CHAPTER 3 – Impact of Constrained Space on Network Formation and Matrix
Properties
3.1 Objective
This chapter describes the use of selfsame epoxide amine microparticles (EMs) to
study network formation and final material properties in matrix alloys. Specifically, the
selfsame microparticle motif was developed to eliminate the enthalpic driving forces for
interphase formation found in traditional composites. The ramifications of constrained
space were elucidated by incorporating varying loading levels of EMs into the selfsame
epoxide amine formulation. Where by removing the enthalpic impetus driving interphase
formation, molecular mobility will determine the morphology and properties of the
network formed.
Precipitation polymerization techniques commonly utilized in literature were
employed to prepare a library EMs with controlled surface functionality. Their
functionality was confirmed with FTIR, and it was found that a post cure protocol was
required to drive 1:1 stoichiometry particles to full conversion, ensuring a truly
unreactive particle. Matrix formation was then studied utilizing DSC and final network
properties characterized via a combination of thermomechanical and mechanical testing.
The results are discussed and related to constrained space in the vicinity of EMs, as well
as any changes caused by surface reactivity.
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3.2 Microparticle Characterization and Matrix Formation
In order to study the impact of constrained space on matrix formation and final
network properties, EMs were synthesized utilizing TGDDM and IPDA in PPG solvent
via precipitation polymerization. Unreactive 1:1 stoichiometry (PCGP), excess amine
(RA), and excess epoxide (RE) microparticles allowed for the study of inert, nonreactive
surfaces, and covalently binding reactive surfaces absent the enthalpic driving forces for
interphase formation. TGDDM and IPDA were selected to provide a low-temperatureprocessable formulation that yields highly crosslinked, high Tg networks that are
comparable to current aerospace composite matrices.
After purification, particle reactivity was probed with a combination of near and
mid-FTIR. It was initially hoped that ATR-FTIR could be utilized to investigate both
epoxide and amine functionality, however, it was immediately clear that the weak amine
band could not be deconvoluted from the strong hydroxyl stretch in the same region.
Therefore near IR (NIR) spectroscopy was utilized, but this was not trivial as the particles
were observed to diffract the IR beam as the diameter of the EMs being tested were very
close to the wavelength of the incident IR beam (0.78-3 µm for NIR). This problem was
circumvented by dispersing EMs in TGDDM to form a slurry, as it was observed that
TGDDM has no amine signal that would interfere with the measurement (Figure A.1). It
was hypothesized that incorporating a liquid medium with a similar refractive index to
the particles would minimize diffraction and maximize signal.
None of the EMs exhibited a primary amine band (5050 cm-1, Figure A.2-5),
however, the presence of a secondary amine band at 6500 cm-1 was noted (Figure 3.1).
Despite no observable primary amine band, the RA microparticles contained a significant
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Figure 3.1 Secondary amine functionality of EMs in the NIR region of 6500 cm-1.

secondary amine band, indicative of the relative reactivity of the primary and secondary
amine, specifically, the primary amine appears to be consumed before secondary amines
begin reacting. If the reaction between the two was competitive it would be expected that
the resulting RA microparticles would exhibit residual primary and secondary amine
functionality. As only secondary amine was observed, it is clear a much larger molar
excess of amine would be required to generate primary amine functionalized
microparticles utilizing TGDDM/IPDA. Work was undertaken with the above discussed
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RA particles given the stoichiometry required to prepare a primary amine functional EM
would have a detrimental effect on particle properties.
A small amine peak was observed in the RE microparticles in addition to the RA
microparticles. This can be attributed to the relatively low synthesis temperature (100
°C), which prevents the particles from reaching full conversion. Therefore, despite a 30
mol% excess of TGDDM not all amine functionality would have been consumed due to
vitrification during cure. As reaction progresses the Tg of the forming network increases
steadily until it exceeds the cure temperature (i.e. vitrifies).89 Once it enters the glassy
state, the reaction rate decreases dramatically as molecular mobility is severely restricted.
Although a post cure would consume the remaining amine functionality, it would lead to
the consumption of residual epoxide functionality through etherification reactions, and
therefore was not undertaken for RE microparticles.
Much like RE microparticles, a small amine peak was observed in the 1:1
stoichiometry EMs that was attributed to vitrification in the particles during cure as in the
RE microparticles. In the case of PCGP microparticles, however, the priority was to
prepare a truly unreactive particle such that constrained space is the only mechanism that
could impact network formation. To accomplish this, numerous post cure prescriptions
were investigated to establish a protocol that would drive particles to full conversion with
minimal thermal aging. Ultimately a prescription of 160 °C for 2 hours followed by
170°C for 6 hours was selected. After this post cure, the amine functionality was no
longer observed.
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Figure 3.2 ATR-FTIR monitoring of residual epoxide functionality of EMs at 915 cm-1.

Similarly to what was observed previously for RE microparticles, RA
microparticles exhibited a small epoxide after cure (Figure 3.2). As with the amine
functionality in RE microparticles, this is attributed to vitrification of particles during
cure. A higher cure temperature or post cure could be employed to eliminate this residual
reactivity. However, it will exceed the onset temperature of reaction and risk a violently
exothermic event, which is unacceptable from a safety standpoint. Therefore, a post cure
was not employed as the residual epoxide reactivity is fairly small compared to the amine
reactivity observed above and would have caused unnecessary thermal aging.
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RE microparticles exhibit a significant epoxide peak, though its magnitude is very
close to that of the 1:1 stoichiometry peak. In the case of the RA microparticle, its amine
peak had a much higher intensity than did the ghost particle, indicating a significant
excess of amine functionality. Given the relative similarity in intensity between the ghost
particles and RE microparticles, it can be deduced that the stoichiometry in the two
samples is in fact very similar. Reviewing Figure 3.1 it is apparent that the intensity of
the amine peak in both RE microparticles and ghost particles appear to be comparable as
well. This trend is consistent with results in literature where Traina and coworkers
studied the impact of stoichiometry on epoxide microparticle synthesis. They
demonstrated that for excess amine particles the stoichiometry of the feed and final
microparticle were similar, whereas excess epoxide in the monomer solution led to a
particle whose stoichiometry was nearly 1:1 epoxide:amine.72 This makes it clear that the
RE microparticles will not be as reactive as the RA microparticles simply due to surface
stoichiometry. To provide additional insight into the role of microparticle reactivity
(however limited) on network formation, the decision was made to study the RE
particles. Though the magnitude of surface functionality was not high, RE microparticles
would still react into the network.
On-stoichiometry microparticles exhibited residual epoxide functionality similarly
to the residual amine functionality previously discussed. Again, this was attributed to a
limited degree of cure caused by vitrification at the low cure temperature employed. After
post curing the unreactive microparticles (PCGP), no epoxide functionality was observed.
In light of this result, the authors had a high degree of confidence that the objective of
creating a non-reactive particle to study the impact of constrained space on network
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formation had been achieved. In addition, two discrete reactive EMs were prepared,
which were selected to yield insight into the role of reactivity in the absence of enthalpic
driving forces for interphase formation.

Figure 3.3 Average particle diameters for changing concentrations and stoichiometries.

Particle size analysis was conducted utilizing ImageJ image analysis software to
measure particle size from a combination of optical microscopy and SEM images,
similarly to methods reported in literature to analyze EM particle size.42,60,71 Each of the
stoichiometries, prepared at 40 wt%, exhibited a similar average diameter (Figure 3.3). It
was observed that the RA microparticles (7.60 µm), RE (7.22 µm) and GP (7.16 µm)
microparticles were not measurably different. A similar trend was observed by Traina et
al., who observed approximately a 0.7 µm increase in average diameter for excess amine
EMs compared with on stoichiometry or excess epoxide EMs.72
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PCGP microparticles were also prepared at lower monomer concentrations (5-40
wt%) as reports in literature indicated that controlling monomer concentration is a viable
method to control particle size.59,72,90,91 Though the magnitude of change is fairly small, it
was observed that particle size did trend upwards with increasing monomer
concentration. A 5 wt% monomer concentration led to the smallest particles (3.28 µm),
where 10 wt% (4.33 µm) and 20 wt% (5.4 µm) increased the diameter steadily, however,
it appeared to plateau at 30 wt% (4.93 µm) before increasing again at 40 wt% (7.16 µm).
Given the extent of the error of the experiment, significant overlap between the various
concentrations exists, though it is clear that at very low monomer concentrations much
smaller epoxide particles could be prepared. Wu et al. were able to prepare particles with
an average diameter of 100 nm at a 1 wt% monomer concentration59, which demonstrates
the potential of the technique. A body of work investigating the impacts of constrained
space on matrix formation at the nanometer level would complement the work presented
herein.
Alloys were prepared with 1, 5, and 10 wt% of RE, RA and PCGP microparticles,
and in all cases compared to the neat TGDDM/IPDA network. None of the alloys studied
exhibited a significant change in the onset of reaction by DSC, with all alloys beginning
to react between 92 and 97 °C. It is clear, therefore, that the rate of reaction is not
affected at low conversions. The particles are neither catalyzing the cure reaction, nor are
they inhibiting molecular mobility. This result does not initially appear to follow the
trend observed in literature for EMs dispersed within epoxide amine formulations.
Ambrogi and coworkers, for example, synthesized DGEBA/diaminotoluene and
DGEBF/diethyltoluenediamine microparticles and dispersed them in a DGEBA/33DDS
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formulation, and observed a decrease in the onset temperature of cure. They attributed
this to a high concentration of tertiary amine functionality on the surface of their EMs,
which are known to catalyze these systems.42 Wu et al. utilized a
pTGAP/diethyltoluenediamine microparticle dispersed in a DGEBA/44DDS matrix and
observed a similar trend. As EM loading was increased the onset of cure steadily
decreased up to a 10 wt% loading. Overall, the onset temperature was decreased from
153 °C to 135 °C at 10 wt%.59 These investigations were conducted utilizing difunctional
epoxides in both cases, and the authors are unaware of any report in the literature of EMs
in tetrafunctional epoxide networks. Tetrafunctional TGDDM, unlike the previously
studied difunctional epoxides, contains two tertiary amines per molecule. Therefore,
although the results herein initially appear to contradict literature reports, they are in fact
consistent. The incorporation of tertiary amines into every epoxide molecule, the catalytic
effect traditionally elicited through tertiary amine rich EMs is negated. Because no
change was observed in these systems, we conclude that catalysis by tertiary amines on
the surface of EMs was the mechanism by which cure was accelerated in literature
reports. While outside the scope of the current work, the incorporation of selfsame nonreactive particles in a difunctional epoxide formulation would be very informative in this
area.
Microparticles were not observed to impact the onset of cure, increasing particle
loading did lead to a decrease in the enthalpy of reaction as measured by DSC. Whereas
the neat matrix evolved on average 529 J/g of heat, incorporation of even 1 wt% of PCGP
microparticles decreased that number to 490 J/g on average, with 5 wt% (478 J/g) and 10
wt% (450 J/g) leading to even greater reductions. A specific weight loading of EMs
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represents a portion of the matrix that will contribute negligibly to the enthalpy of
reaction as it is already at very high conversion. In addition, the particles act as a thermal
sink and absorb some amount of the heat evolved by the cure reaction. By absorbing
enthalpy of reaction, microparticles reduce the likelihood of a runaway reaction and
represent a viable approach to improve the safety of epoxide amine processing. Both RE
and RA alloys exhibit the same trend as the PCGP alloys, in spite of the previously
discussed surface reactivity. It was initially hypothesized that due to their lower degree of
cure and residual surface functionality the RE and RA alloys would exhibit higher
enthalpies of reaction compared to the unreactive, fully cured PCGP alloys. However, it
is clear from the results in Table 3.1 that all three classes of particles affected cure in the
same way. Specifically, they did not lead to a change in the onset of cure, indicating the
particles are not catalyzing the cure reaction regardless of surface functionality. It also
indicates that in the early stages of the cure reaction mobility is high and constrained
space, which would be expected to delay the onset of reaction, does not play a role.

Table 3.1 Alloys’ onset of cure, total heat of reaction, and degree of cure.

Neat

Onset of Cure
(°C)
96.44

Heat of Reaction
(J/g)
529.20

Degree of Cure
(%)
80.75

1 wt PCGP
5 wt PCGP
10 wt PCGP

94.57
95.29
93.71

490.57
478.33
450.47

77.59
75.75
73.99

1 wt RE
5 wt RE
10 wt RE

97.03
95.48
93.34

473.03
457.57
446.70

75.53
75.14
73.32

45

Table 3.1 Continued Alloys’ onset of cure, total heat of reaction and degree of cure.
Onset of Cure (°C)
1 wt RA
5 wt RA
10 wt RA

94.21
95.72
92.08

Heat of Reaction
(J/g)
485.23
463.33
405.53

Degree of
Cure (%)
81.32
76.87
72.09

In addition to decreasing the enthalpy of reaction, all particles decreased the
degree of cure of the resulting alloys as the loading of particles increased. Utilizing the
total heat of reaction discussed above, degree of cure can be calculated using the
following equation:
𝛼 = (1 −

𝐻𝐶
) ∗ 100
𝐻𝑇

Where 𝛼 is degree of conversion, 𝐻𝐶 is the residual enthalpy of reaction, and 𝐻𝑇 is the
total enthalpy of reaction. The degree of cure decreased from 80% to 74% in the
10wtPCGP alloy, 73% in 10wtRE alloys and 72% in 10wtRA alloys. Given that the onset
of reaction is unchanged, this suggests that EMs restrict molecular mobility as reaction
proceeds and the molecular weight of the forming network increases. We hypothesize
that this is due to the size of the EMs relative to the size of the moieties surrounding
them. As reaction proceeds, the size of the oligomers increases and becomes
commensurate to the size of the EMs. The increasing MW and viscosity in both neat and
ghost particle alloys leads to a decrease in mobility as cure proceeds. In the particle-filled
systems, however, we believe that the physical presence of the particles further restricts
mobility. Molecular mobility in the particle-filled systems is limited earlier in the cure
reaction, preventing reactive functionalities from encountering one another, leading to a
lower extent of cure in the network.
46

3.3 Cured Network Thermomechanical Properties
Despite a lower degree of cure, the thermomechanical properties of all EM alloys
were comparable to that of the neat matrix. The neat matrix exhibited an ultimate Tg of

Figure 3.4 Thermomechanical properties of PCGP alloys.

Table 3.2 Thermomechanical properties of alloys prepared.
Sample
Neat

Tg (°C)
264.29

FWHM (°C)
19.99

1wt PCGP
5wt PCGP
10wt PCGP

260.16
256.22
267.05

20.10
20.94
19.90
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Table 3.2 Continued Thermomechanical Properties of alloys prepared.
Sample
1wt RA
5wt RA
10wt RA

Tg (°C)
260.07
262.08
262.70

FWHM (°C)
21.03
20.11
21.18

1wt RE
5wt RE
10wt RE

259.76
264.22
263.09

18.36
18.71
19.48

264 °C as seen in Figure 3.4, though there was a small peak at ~175 °C as well. This was
hypothesized to be caused by vitrification, which describes the point during cure when
the network’s Tg exceeds the curing temperature. Reaction kinetics decrease drastically
upon vitrification, as the network enters the glassy state and molecular mobility is
severely limited.89 The cure utilized for TGDDM / IPDA and alloys (2 hours at 80 °C, 2
hours at 150 °C) is much below the ultimate Tg of the networks. Therefore, above 150 °C
the network entered the rubbery state and cure was able to progress, until the network
reached its ultimate Tg, the second larger peak observed. As is clear in Figure 3.4,
incorporation of EMs did not impact either peak, both vitrified Tg and ultimate Tg were
comparable to the neat matrix, within the error of the experiment. In order to investigate
the vitrification hypothesis, a neat DMA bar was post cured at 220 °C for 2 hours after
which no residual exotherm was observed by DSC indicating full conversion had been
reached. It is clear in Figure 3.5 that the fully cured network does not exhibit a low
temperature shoulder on the tanδ peak, confirming the lower temperature peak was
caused by vitrification during cure. However, despite disappearance of the shoulder,
ultimate Tg decreased after post-curing due to thermal degradation of the network and
therefore parts were not post-cured prior to testing.
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Similar behavior was observed in the RA microparticle alloys (Figure 3.6) and RE
microparticle alloys (Figure 3.7), where specifically the EMs caused no change in Tg. All
alloys exhibited the same low temperature shoulder as the neat matrix, indicating that
vitrification occurs similarly in all alloys prepared.

Figure 3.5 Effect of a 2 hour post cure at 220 °C on TGDDM / IPDA thermomechanical
properties.

Furthermore, the full width at half maximum (FWHM) of the tanδ peak is also
unchanged, demonstrating that the network homogeneity is not impacted by the
incorporation of EMs (Table 3.2). Traditionally, interphase formation has been observed
in literature as a shoulder or second peak on the tanδ curve in composite materials.92 The
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tanδ curve will broaden in these instances because the bulk network and interphase have
different network architectures, and therefore, different Tg’s.

Figure 3.6 Thermomechanical properties of RA microparticle alloys.
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Figure 3.7 Thermomechanical properties of RE microparticle alloys.

This is a significant result as it indicates that incorporation of selfsame additive in and of
itself, be it reactive or unreactive, does not negatively affect network homogeneity in the
absence of an enthalpic driving force for interphase formation.

3.4 Alloy Compression Properties
The Young’s modulus (E) of PCGP alloys did not change significantly in
compression compared to the neat matrix (Figure 3.8). The modulus of the 5wtPCGP and
10wtPCGP alloys increased slightly from 2.27 GPa in the neat matrix to 2.42 and 2.38
GPa, respectively. On the other hand, moduli of RE and RA alloys increased with
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increasing loading level up to 20% in the 10wtRA alloy (2.74 GPa) and 15% in the
10wtRE alloy (2.61 GPa).

Figure 3.8 Young’s moduli in compression of EM alloys.

Based upon the decreased degree of cure discussed previously Young’s modulus
would be expected to decrease rather than increase. These results clearly demonstrated
the effect of covalently bonding these EMs into the network. Whereas the unreactive
PCGP particle alloys did not exhibit any change in modulus, both reactive EM alloys
increased E with increasing loading level. Therefore, we do not believe the trend is due to
an intrinsic property of the EMs, or increases would be expected for all three EMs.
Rather, it is hypothesized that the covalent bonds are key to the increased Young’s
modulus values.
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3.5 Alloy Fracture Toughness
The fracture toughness (K1c) values between the alloys and neat matrix were
unchanged (Figure 3.9). We had initially hypothesized that the reactive particles would
have increased K1c values compared to the PCGP alloys, given the covalent linkages

Figure 3.9 EM alloy in plane fracture toughness (K1c).

require more energy to break. However, upon inspecting SEM micrographs of the
fracture surfaces, we did not observe major differences between the alloys (Figure 3.9).
All three exhibit mechanisms commonly associated with energy absorption in traditional
toughened epoxide networks,93,94 which were not observed in the neat matrix.
Specifically, it was observed that cracks were forced to deviate around the EMs. This not
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only increases the path length and surface area of the crack, but interfacial debonding
requires energy to delaminate the particle-matrix interface. Crack pinning was also
observed, which can be discerned based upon the telltale tail behind the particles. Despite
the presence of these energy absorbing mechanisms, no change in toughness was
observed. In the PCGP alloys the increased path length is negated by the absence of
covalent linkages between the microparticle surface and the surrounding network. A
similar trend has been observed in toughened CFRPs, whereby toughness increases in the
matrix are negated if a propagating crack encounters the matrix-fiber interface.95 The lack
of covalent linkages at the interface significantly decreases crack propagation energy.96
RE and RA alloys react into the network, and introduce both particle-matrix delamination
and crack pinning mechanisms, yet still do not increase the fracture toughness. These
same alloys exhibited increased Young’s moduli compared to the neat network.
Generally, increased moduli correspond to a more brittle network because the
mechanisms that increase modulus (e.g. high stiffness) and toughness (e.g. molecular
rearrangements) tend to be mutually exclusive. Therefore, the increased moduli reported
herein, combined with unchanged fracture toughness, is a significant result. We
hypothesize that the energy absorbing mechanisms observed in the EM alloys act to
compensate for the expected brittleness caused by the increased Young’s moduli.
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Figure 3.10 SEM micrographs of K1c fracture surfaces, arrows indicate the direction of
crack propagation.

Upon reviewing SEM micrographs of the fracture surfaces it becomes apparent
that the trend in particle size is more complex than initially thought (Figure 3.10A-C).
The PCGP surface (Figure 3.10B) shows clear evidence of a particle greater than 50 µm
in diameter as well as particles ~10 µm in diameter. Particles were sent to Cytec Solvay
to investigate the particle size distribution using more advanced laser size analysis.

3.6 Cytec Solvay Particle Size Analysis
Upon reviewing the particle size distributions (Figure 3.11) it is apparent that all
three types of particles exhibit a bimodal size distribution. Both the mean and median of
the particle size distributions were recorded (Table 3.3). The PCGP particles (Figure
3.12) were observed to be the largest, with a mean of 339 µm and a median of 310 µm.
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The RA stoichiometry (Figure 3.13) led to the smallest particles with a mean of 56.5 µm
and a median of 23.0 µm. RE particles (Figure 3.14) fell between the two with a mean

Figure 3.11 Cytec Solvay particle size distributions, volume weighted frequency.

of 120 µm and a median of 108 µm. In all cases there existed a particle fraction with
diameters greater than 100 µm and a smaller fraction between 5-20 µm. While this
phenomenon is explored more fully in the following chapter, it was initially hypothesized
that the anomalous behavior observed was caused by limited solubility of oligomers as
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Table 3.3 Mean and median diameters from Cytec Solvay particle size analysis.

RA
RE
PCGP

Mean Diameter (µm)
56.5
120
339

Figure 3.12 SEM micrograph of PCGP EMs.
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Median Diameter (µm)
23.0
108
310

Figure 3.13 SEM micrograph of RA EMs.

Figure 3.14 SEM micrograph of RE EMs.
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reaction proceeded. Compared to the difunctional epoxides common in EM literature,
TGDDM forms a more branched structure. The more branched structure will inherently
restrict solvent-solute interactions and lead to a stronger driving force for agglomeration
after precipitation, causing the formation of much larger particles. A library of epoxides,
amines and solvents were utilized in the following chapter to develop a comprehensive
understanding of this phenomenon.

3.7 Conclusions
Herein, we have demonstrated the use of selfsame epoxide amine microparticles
to study additives’ impact on matrices in the absence of enthapically driven interphase
formation. EMs were synthesized via precipitation polymerization with varying surface
functionality. Upon dispersion of EMs in the selfsame TGDDM/IPDA formulation, it
was observed that constrained space did not impact the onset of cure in any of the alloys
tested. Neither did EMs measurably catalyze cure, which was attributed to the abundance
of tertiary amines already present in the initial matrix formulation. Enthalpy of reaction
decreased with increased particle loading in all cases, as the particles act to absorb heat
during cure, a phenomenon which has significant potential to improve the safety of
processing epoxide amine chemistries. The degree of cure decreased with increasing
particle loading as well, indicating that as cure progressed mobility of the forming
network was restricted, preventing functional groups from finding one another in the later
stages of the reaction. None of the EMs affected Tg or network homogeneity, indicating
the formation of an interphase with comparable properties to the bulk matrix. Reactive
EMs improved modulus 15-20% in compression where RA particles showed the greatest
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improvement. While it was anticipated that the increased moduli would increase
brittleness, fracture toughness was maintained in all cases through the incorporation of
energy absorbing mechanisms such as crack pinning and particle-matrix delamination.
Particle size distributions were ultimately observed to be bimodal in nature with particles
above 100 µm and below 10 µm, which is attributed to the solubility of oligomers and
fully explored in Chapter 4.
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CHAPTER 4 – Microparticle Synthesis
4.1 Objective
In Chapter 3, it was observed that the particle size distributions of EMs used to
study matrix formation were significantly broader than expected. The results led to the
conclusion that a more detailed study of epoxide amine microparticle synthesis was
necessary. Therefore, in this chapter a series of experiments was designed to establish the
impact of changing solvent and concentration on EM particle size distribution. Epoxide
and amine monomer identity were also changed to fully explore the robustness of the
synthetic technique. Specifically, it was of interest to establish whether the bimodal
particle size distributions observed previously could be replicated with other chemistries,
or if the phenomenon was unique to TGDDM/IPDA in PPG. Linear, cyclic (aliphatic and
aromatic) amines, along with di-, tri- and tetra-functional epoxides were investigated.
Based on reports in literature, which highlight the importance of solubility parameter on
precipitation polymerizations, the library of compounds included one epoxide and one
amine whose solubility parameters were close to those of TGDDM and IPDA,
respectively. Results reported herein indicate that epoxide functionality, monomer
backbone flexibility, and solubility parameter all influenced particle size distribution. As
epoxide functionality increased, particle size distribution broadened. In contrast,
employing a solvent with a higher solubility parameter and utilizing amines with a lower
solubility parameter (e.g. more similar to that of the solvent) or with a flexible backbone
was observed to narrow the distribution.

61

4.2 TGDDM / IPDA Particle Size Distribution Dependence on Monomer
Concentration and Solvent Identity
Precipitation polymerizations occur in three stages: dissolution of monomers,
precipitation due to reaction progression, and agglomeration due to van der Waals
interactions to form cured spherical microgels. The majority of reaction proceeds after
phase separation occurs72 and it was hypothesized that the driving force for the formation
of the larger (e.g. >100 µm diameter) particles must exist in this regime. Literature in the
field of EM synthesis has focused almost exclusively on DGEBA-based particles.42,60 As
a result, the oligomers produced by these chemistries early in the cure reaction are linear
in nature. This permits enhanced interactions with the surrounding solvent, thereby
decreasing the impetus for agglomeration. Herein we utilize tetrafunctional TGDDM,
which forms branched oligomers earlier during reaction compare to a DGEBA
formulation. The branched nature of the oligomers inherently limits solvent-oligomer
interactions, increasing the driving force for agglomeration and leading to the formation
of larger particles. It was hypothesized that large particles could be eliminated by
improving solvent-oligomer interactions or by decreasing monomer concentration.
Rather than relying on optical microscopy techniques as previously, particle size
distributions discussed from this point forward were obtained on a Microtrac S3500 laser
Particle Size Analyzer, unless explicitly stated otherwise. As is apparent in Figure 4.1 the
particle size distribution of TGDDM/IPDA particles was influenced greatly by
concentration. At 5-20 wt% of monomer in PPG the behavior followed trends observed in
literature72 with number average (MN) diameters between 3-4 µm and volume averages
(MV) between 5-10 µm. Above 20 wt% the particle size distribution became bimodal,
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and a fraction of high diameter particles appeared. MV increased from ~7 µm at 20 wt%
to 53 µm at 30 wt% and 207 µm at 40 wt% as the size and volume fraction of large
diameter particles increased. With increased concentration, the collision frequency of
oligomers increases, favoring the formation of large particles due to the strong driving
force for agglomeration. At low concentrations large particles do not form due to the
decreased collision frequency of oligomers.

Figure 4.1 Concentration dependence of TGDDM/IPDA particle size.

Large and small particles were observed to be spherical with smooth surfaces, indicating
that reaction was taking place was within the appropriate concentration regime (Figure
4.2). Reports in literature indicate precipitation polymerizations form cocontinuous
networks if monomer concentration is excessively high.59 Therefore, if the system were
63

transitioning towards a cocontinuous morphology, the resultant particles would not
remain spherical.59

20 µm

Figure 4.2 SEM micrograph of TGDDM/IPDA microparticles.

Solvent identity was also investigated; several polyether solvents (Scheme 4.1)
were utilized to synthesize TGDDM/IPDA EMs following the same procedure used with
PPG to test this hypothesis. Cerenol, a bio derived polyether, and PTMEG were chosen
as they are linear. It was believed that removing the steric hindrance of the pendent
methyl group in PPG would improve solubility by making interactions with the ether
linkage more facile for highly branched oligomers.
Changing the spacing between the ether linkage serves to subtly change the
polarity of the molecule. It was hypothesized that the more polar Cerenol would interact
more strongly with oligomers than PTMEG, and therefore lead to narrower particle size
distributions. Two molecular weights of each solvent were utilized. In both cases a 2000
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Scheme 4.1 TGDDM/IPDA and solvents utilized for solubility study.

g/mol solvent was chosen in order to have a direct comparison to the PPG used in the
previous chapter. A 1000 g/mol PTMEG and a 2400 g/mol Cerenol were also chosen to
gain insight into the impact of molecular weight on particle size. Wu and coworkers
indicated that miscibility of monomers decreased as solvent MW increased, and a similar
trend is expected herein.59 Solvents will be identified for the remainder of this chapter by
their name followed by molecular weight for clarity (e.g. PTMEG 2k).
This library of solvents was chosen to probe the impact of solvent polarity,
molecular weight, and short chain branches (e.g. methyl) on particle size distribution. It
was hypothesized that increased polarity would increase solubility of forming oligomers
65

and lead to smaller particles. A similar trend is observed in thermoplastic toughened
epoxide-amine composites,97,98 in which dispersed thermoplastic phases form by a
synonymous reaction induced phase separation mechanism.1,47,99 Pendant methyl groups
present in PPG were expected to decrease solubility via a steric mechanism, restricting
the interactions between forming oligomers and the ether linkages in the solvent
backbone.
After EM synthesis, thermal stability of the resulting EMs was tested in TGA.
Specifically of interest was the possibility of residual solvent on the surface of EMs,
which would be observable as weight loss below 300 °C. Table 4.1 indicates some
variability in the onsets of degradation for the various solvents employed, however, no
residual solvent was observed. PPG led to the most thermally stable IPDA particles with
an onset of 377 °C. The linear polyethers generated less thermally stable EMs, ranging
from 344 °C (Cerenol 2K) to 365 °C (PTMEG 1K). The main cause for the apparent
increase in stability is simply the particle size discrepancy, where smaller particles
present a higher surface area compared to larger ones and therefore surface degradation
will be more pronounced.

Table 4.1 Thermal stability of EMs synthesized in various solvents.
Solvent
PPG 2K
PTMEG 1K
PTMEG 2K
Cerenol 2K
Cerenol 2400

Onset of Degradation (°C)
377.42
365.19
346.07
343.93
354.75
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The changes in thermomechanical properties between the various solvents were
much more insightful. The Tg’s of the TGDDM/IPDA particles were observed to be
solvent dependent (Figure 4.3). The particles synthesized in PPG had a broader Tg
compared to other solvents, with a midpoint of 188 °C compared to 205-213 °C. We
hypothesize that the broad glass transition is caused by the polydisperse nature of the
PPG particles, which prevents efficient contact with the bottom of the pan. The remaining
solvents generated particles with Tg’s comparable to bulk TGDDM/IPDA, whose Tg by
DSC is 210 °C, indicating minimal solvent remains trapped within the particles after
purification. Residual solvent in the particles would plasticize the network and decrease
the Tg of EMs.

Figure 4.3 Thermomechanical properties of TGDDM/IPDA EMs as a function of solvent
identity.
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To gain a quantitative measure of solubility, Hildebrand solubility parameters (δ)
were calculated for all compounds individually (Table 4.2) using Schrodinger Materials
Science Simulation software. Immediately apparent was that TGDDM and IPDA exhibit
very similar δ values. Whereas all solvents exhibited lower δ values than TGDDM or
IPDA, and of them, PPG was the lowest (δ ~ 15.81 MPa1/2) (Figure 4.4). The trend
supports the criteria for selecting the solvents. Cerenol, with one fewer carbon atom per
repeat unit than PTMEG, should be more polar as reflected in its higher δ value. Given
this trend, it was anticipated that both Cerenol and PTMEG would lead to narrow particle
size distributions, and indeed the contrast between the two new solvents and PPG was
quite striking (Figure 4.4). PPG, which exhibits the lowest δ value, also exhibits the
widest particle size distribution. PTMEG 2k was observed to have the second lowest δ
value and was the only other solvent to lead to a bimodal particle size distribution, though
much less broad than PPG (Table 4.3). Cerenol 2400 exhibited a nearly monodisperse
particle size distribution centered at ~4 µm, with less than 1 µm difference between MV
and MN. This is a typical diameter in a well controlled precipitation polymerization.42,72
Both solubility and sterics play important roles in determining the outcome of
precipitation polymerizations. By improving solvent-oligomer interactions, the driving
force for agglomeration was reduced and the formation of large particles was prevented.
The difference between the δ values for PTMEG 1k and PTMEG 2k is less than 1 MPa1/2
indicating that the transition is quite distinct between a solvent that leads to a monomodal
particle size distribution and one that leads to a bimodal distribution.
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Table 4.2 Solubility parameters for TGDDM, IPDA and polyether solvents. Δδ is the
difference in solubility parameter compared to TGDDM
TGDDM
IPDA
PPG 2K
PTMEG 1K
PTMEG 2K
Cerenol 2K
Cerenol 2400

δ (MPa1/2)
21.26
21.55
15.81
17.47
16.76
17.71
17.49

Δδ (MPa1/2)
0.29
5.45
3.79
4.50
3.55
3.77

Figure 4.4 Solvent dependence of TGDDM/IPDA microparticle diameter plotted as a
function of solvent solubility parameter.

Through careful control of the solubility parameter (e.g. varying molecular
weights of PTMEG) the diameter and diameter distribution of TGDDM/IPDA
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microparticles could be tuned for specific applications. One potential application for such
particles exists in the interlaminar toughening of CFRPs, which requires precise control
of particle size and size distribution to maximize composite toughness.96,100,101 The ability
to produce low dispersity EMs with tunable diameters over a wide range of particle sizes
is of great promise in composite toughening applications.

Table 4.3 Particle size distributions for TGDDM/IPDA in various solvents.

Cerenol 2k
Cerenol 2400
PTMEG 1k
PTMEG 2k
PPG 2k

MV (µm)
15.88
4.21
14.74
59.56
206.97

MN (µm)
4.53
3.86
3.29
3.92
25.12

4.3 Effect of Epoxide Identity on EM Synthesis
In addition to studying the impact of solvent identity, the effect of changing
epoxide identity was also investigated. A library of epoxides was chosen to explore the
relationship between epoxide functionality (e.g. 2, 3 and 4 functional), backbone identity
(e.g. aliphatic versus aromatic), and particle size. Specifically, the epoxides studied
(Scheme 4.2) were TGDDM, pTGAP, Epon 1510, DGEBA, and DGEBF. Increasing
epoxide functionality will cause a transition from linear to branched oligomer formation
earlier during polymerization. Therefore, it was hypothesized that particle size
distribution would broaden as functionality increased. The curative in all cases was
IPDA, as it was observed in the previous section to be easily processable and produce
particles in good yield; the solvent was PPG.
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Scheme 4.2 Epoxides selected for particle synthesis.

As seen in Table 4.4 the thermal stability of all particles was over 300 °C, with
the TGDDM/IPDA microparticles demonstrating the highest onset of degradation.
TGDDM is tetrafunctional, compared to the other di- and trifunctional epoxides, as well
as being aromatic which improves its thermal stability. More surprising were the Epon
1510/IPDA microparticles, whose onset was the second highest despite having a lower
crosslink density and an all aliphatic formulation. Nevertheless, the onset of degradation
was fairly similar (within 30 °C), however, for all EMs as they are organic thermosets.
As previously, the thermomechanical properties of EMs were investigated
utilizing DSC (Figure 4.5). It is immediately apparent that EMs can be prepared with a
wide range of glass transition temperatures. The aliphatic Epon 1510 EMs exhibited the
lowest Tg (113 °C), whereas aromatic difunctional EMs based on DGEBF (130 °C) and
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Table 4.4 Onset of degradation for EMs with varied epoxide identity.

DGEBA / IPDA
DGEBF / IPDA
Epon 1510 / IPDA
pTGAP / IPDA
TGDDM / IPDA

Onset of Degradation (°C)
344.34
340.48
370.63
345.53
377.42

DGEBA (156 °C) increased EMs’ Tg’s measurably. Notably, however, the Tg of
trifunctional pTGAP (198 °C) EMs was 10 °C higher than tetrafunctional TGDDM (188
°C). It was previously observed that PPG led to a significant (~20 °C) Tg depression in
TGDDM EMs, which led to the observed trend. Utilizing a different solvent (e.g.
PTMEG) increases the Tg of TGDDM EMs to 210 °C, reflecting the trend that would be
expected based upon the higher functionality compared to pTGAP EMs.

Figure 4.5 Glass transition temperatures of IPDA EMs as a function of epoxide identity.
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The particle size distributions of EMs (Figure 4.6) demonstrates the strong
influence of epoxide functionality on particle size. Although difunctional epoxides
DGEBA, DGEBF and Epon 1510 all led to narrow distributions, trifunctional pTGAP
exhibited a bimodal distribution and tetrafunctional TGDDM broadened the distribution
still further. The trend is caused by the oligomer structure that forms during the
precipitation polymerization. After phase separation, a distribution of oligomer structures
will exist for all chemistries ranging from linear to highly branched. Difunctional
epoxides will produce a higher proportion of linear oligomers that will interact efficiently
with solvent. Trifunctional epoxides, meanwhile, shift the distribution towards more
branched oligomers. Branched oligomers will experience less efficient solvent
interaction, and exhibit a magnified driving force to agglomerate. Tetrafunctional
epoxides will exacerbate the formation of branched oligomers, and have the highest
driving force to agglomerate.
The trend is clearly reflected in the particle size distributions (Table 4.5). DGEBA
(MV = 6.91 µm, MN = 3.66 µm) exhibited the narrowest distribution, although DGEBF
(MV = 14.71 µm, MN = 4.36 µm) and Epon 1510 (MV = 14.71 µm, MN = 4.36 µm) also
exhibited monomodal distributions in the range traditionally observed in precipitation
polymerizations.71,80 A bimodal size distribution is first observed in pTGAP particles
(MV = 46.43 µm, MN = 3.89 µm), as a consequence of the appearance of a more
branched structure during reaction. The higher MV value is indicative of the formation of
a fraction of particles with diameters much larger than generally observed in precipitation
polymerization. Wu and coworkers recently published the first example of EMs
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synthesized utilizing pTGAP, wherein they observed a similar trend.59 They were able to
prevent the formation of large particles by utilizing a lower MW solvent (i.e. PPG 600

Figure 4.6 IPDA particle size distribution as a function of epoxide identity.

rather than PPG 1K, 2K or 4K). They did not investigate the behavior further nor
postulate a mechanism for the formation of these larger particles. Solvent molecular
weight was shown in Section 4.2 to influence particle size. Specifically, PTMEG
exhibited a similar trend to that observed by Wu whereby decreasing MW led to a
narrower particle size distribution in TGDDM particles as well. However, the particle
size distribution was observed to be very broad when using 2000 g/mol PPG, with over
180 µm between MV (206.97 µm) and MN (25.12 µm). The wide distribution of particle
sizes is a direct consequence of the high functionality of the system, which increases the
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driving force for agglomeration still further compared to the pTGAP system. The
increase was observed to be exponential as epoxide functionality increased. The data
clearly show the impact that oligomer structure (i.e. linear versus branched) has on
particle formation and ultimately particle size distribution.

Table 4.5 Volume and number average particle diameters of IPDA EMs with varying
epoxide identity.
MV (µm)
MN (µm)
DGEBA
6.91
3.66
DGEBF
14.71
4.36
Epon 1510
16.2
3.89
pTGAP
46.43
4.75
TGDDM
206.97
25.12

Unlike results in Section 4.2, there was no observable correlation between
epoxide solubility parameters (Table 4.6) and particle size. TGDDM (δ = 21.26 MPa1/2)
and DGEBA (δ = 21.22 MPa1/2) exhibit very similar solubility parameters, however,
while DGEBA led to monomodal particles TGDDM exhibited a very broad bimodal size
distribution. DGEBF and pTGAP also exhibited very similar solubility parameters, yet
distinctly dissimilar particle size distributions. Specifically, in both cases, despite similar
solubility parameters the higher functionality epoxide led to wider particle size
distributions. Therefore, it is clear that an epoxide with lower functionality can tolerate a
greater disparity in solubility parameter between monomers and solvent while
maintaining a narrow particle size distribution.
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Table 4.6 Solubility parameters of PPG, IPDA and epoxides utilized.

PPG
IPDA
DGEBA
DGEBF
Epon 1510
pTGAP
TGDDM

δ (MPa1/2)
15.81
21.55
21.22
22.39
18.48
22.34
21.26

4.4 Impact of Amine Identity on EM Synthesis
Utilizing precipitation polymerization techniques outlined previously, a library of
EMs were synthesized with varying amine constituents. The epoxide (TGDDM), solvent
(PPG) and stoichiometry (1:1 epoxide:reactive amine proton) were all held constant
throughout. Amines selected (Scheme 4.3) represent common aliphatic (linear and cyclic)
and aromatic diamines. In addition, three molecular weights (MWs) of Jeffamine were
utilized (i.e. 230, 430, 2000 g/mol) to establish the impact of amine MW on particle size
and Tg. Jeffamine diamines were selected since their backbone mimics that of the PPG
solvent. Thus by utilizing various molecular weights, solvent interactions could be
controlled, with solubility increasing as Jeffamine molecular weight increased. The
sulfone-based diamines 33DDS and 44DDS were selected as they represent common
aerospace diamine hardeners.
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Scheme 4.3 Amines selected for particle synthesis.

It was immediately observed that the highest molecular weight Jeffamine D2000
was, in fact, too soluble to form microparticles and yielded rather a sol-gel. The structure
of the amine is identical to the solvent, excluding the terminal groups. Because of this,
even as reaction proceeds and molecular weight of oligomers increases, solvent-oligomer
interactions remain favorable and phase separation never occurs. However, both
Jeffamine D230 and D400 yielded microparticles, thereby making it possible to draw
conclusions regarding amine molecular weight and its impact on microparticle properties.
Neither 33DDS or 44DDS produced significant quantities of particles at high
concentration (i.e. 40 wt%) due to their insolubility in PPG. Rather than producing a high
yield of EMs as was observed with all other chemistries employed previously, sulfone
diamines formed an infusible gel at the bottom of the reaction vessel. The gel, when
weighed, comprised nearly 70% of the total mass of monomer in the reaction. A small
amount of EMs did form, although the concentration and stoichiometry of reagents in
solution could not be accurately controlled. Despite exploring numerous temperatures
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(125, 150, 175, 200 °C) and concentrations (1-40 wt%), synthesis conditions could not be
found that improved particle yield. Therefore, these particles were not analyzed.
As is apparent in Table 4.7, the thermal stability of the microparticles did not
change dramatically between formulations. Most importantly, none of the samples
demonstrated mass loss around the boiling point of the PPG solvent (287 °C), confirming
the efficacy of the purification procedure. While IPDA EMs exhibited the highest onset
of degradation (377 °C), Jeffamine D230 (368 °C) and D400 (374 °C) were comparable.
The difference in molecular weight did not lead to a decrease in the thermal stability of
the particles, despite the expected increase in chain mobility caused by increasing
molecular weight.

Table 4.7 Onset of degradation of TGDDM EMs as a function of diamine curative

IPDA
Jeffamine D230
Jeffamine D400

Onset of Degradation (°C)
377.42
368.56
374.46

Conversely, the Tg’s of the particles varied widely; the cycloaliphatic diamine
IPDA yielded particles with the highest Tg at 188.22 °C (Figure 4.7). Jeffamine D230 and
D400 exhibited lower Tg’s as one would expect from a linear diamine with a much more
flexible backbone. The lower molecular weight D230 (101.44 °C) led to a much higher
Tg than D400 (38.8 °C) due to its shorter backbone, leading to a lower molecular weight
between crosslinks and hindered network mobility. These results highlight the utility of
the precipitation polymerization technique for the preparation of epoxide microparticles
with a wide variety of structures and thermomechanical properties.
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Despite their differences in Tg, the two Jeffamine diamines led to similar particle
size distributions (Figure 4.8). The diameter distribution of D230 (MV = 13.42, MN =
5.91 µm) was slightly narrower than D400 (MV = 21.13 µm, MN = 8.41 µm). By
contrast, IPDA generated a wide bimodal size distribution (MV = 206.97 µm, MN =
25.12 µm) as has been discussed in depth. Previously, the impact of oligomer structure
(i.e. linear versus branched) was investigated by changing epoxide functionality. It was
observed that epoxides with higher functionality led to wider particle size distributions,
which was attributed to poor solvent-oligomer interactions. The three amines discussed

Figure 4.7 Thermomechanical properties of TGDDM based EMs with various amines.
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herein should lead to similar oligomer structures (i.e. highly branched), however, the
backbone flexibility of the three are very different. IPDA is very rigid as it is cyclic and
the amines are meta to one another, meaning mobility is restricted in the oligomers,
preventing them from efficiently interacting with solvent. Both Jeffamine diamines
contain flexible backbones, allowing oligomers to rotate and change shape more freely to
maximize solvent interactions.

Figure 4.8 Particle size distribution of TGDDM EMs as a function of amine identity.

Solubility parameters were calculated as in previous sections to quantify the
relative solubility of each amine in the PPG solvent. As is clear in Figure 4.9, the library
of amines investigated represent a wide range of solubility parameters. TGDDM (δ =
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21.26 MPa1/2), and PPG (δ = 15.81 MPa1/2) were present in all cases. The sulfone
diamines exhibited the highest values, with 44DDS (δ = 27.55 MPa1/2) slightly higher
than 33DDS (δ = 27.29 MPa1/2). The disparity between their solubility parameters and
that of PPG illustrates their insolubility and failure to produce particles in high yield.
Solubility parameters of IPDA (δ = 21.55 MPa1/2) and Jeffamine D230 (δ = 21.45 MPa1/2)
were very similar to one another, yet as previously discussed led to very different particle
size distributions. The disparity between the two is caused by the more flexible Jeffamine
backbone, which lead to higher solvent-oligomer interactions, preventing the formation
of a large particle fraction as observed in IPDA. Increasing Jeffamine molecular weight
decreased the solubility parameter, with D400 (δ = 19.22 MPa1/2) and D2000 (δ = 15.65
MPa1/2) approaching the value of PPG, indicating improved solubility. The solubility
limit lies somewhere between the two, as D400 yielded particles, whereas D2000
generated a homogenous sol-gel. In fact, the solubility parameters of PPG and Jeffamine
D2000 were nearly identical, meaning the interactions between the two were very
favorable. The flexibility of the linear backbone allows oligomers to rearrange and
maximize interactions with solvent. This is also the case for the Jeffamine D400 and
D230 formulations, the higher molecular weight exacerbates the trend to the point that
phase separation never occurs. Rather than becoming insoluble, the network continues to
form in solution and ultimately leads to the formation of a sol-gel.
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Figure 4.9 Solubility parameters of PPG, TGDDM and amine library. Jeffamine diamines
are referred to simply by molecular weight for clarity.

4.5 Conclusions
In this chapter, the mechanisms responsible for the formation of bimodal particle
size distributions were investigated. The role of solvent identity, epoxide identity,
epoxide functionality, and amine identity were all investigated. It was observed that for
high functionality chemistries, such as TGDDM/IPDA, a solvent with a higher solubility
parameter than PPG (δ = 15.81 MPa1/2) was required to prepare low-dispersity particles.
The high functionality of the system led to the formation of highly branched oligomers
that do not interact efficiently with solvent after phase separation, thereby increasing the
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driving force for agglomeration. Utilizing a difunctional epoxide (DGEBA) with a
comparable solubility parameter to TGDDM was observed to yield low-dispersity
particles. The difunctional epoxides lead to the formation of more linear oligomers,
meaning more efficient interactions with solvent. The efficient interactions allow for a
wider disparity in solubility parameters between the solvent and reagents for the
production of low-dispersity particles. Finally, it was observed that backbone flexibility
played a key role in determining particle size distribution. Jeffamine D230 and IPDA
exhibit very disparate particle size distributions despite similar solubility parameters. The
more flexible D230 backbone allows oligomers to move and maximize interactions with
solvent, whereas IPDA led to very rigid oligomers. The limits of solubility were tested,
employing a Jeffamine D2000 diamine that is nearly identical to PPG, and was ultimately
observed to yield a sol-gel as phase separation never occurred.
Functionality, backbone flexibility, and solubility parameter all interdependently
influence the final particle size distribution. As functionality of the reagents increases, the
solubility parameter disparity between solvent and reagents must decrease. Alternatively,
a highly functional system with increased backbone flexibility can be employed to
improve the efficiency of solvent-oligomer interactions. The knowledge gained in this
chapter provides a fundamental basis to prepare particles with controlled size
distributions and diameters larger than previously possible with precipitation
polymerization techniques.
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CHAPTER 5 – Particle Size Effect on Matrix Formation and Mechanics
5.1 Objective
In the previous chapter, it was shown that proper solvent selection led to low
dispersity TGDDM / IPDA EMs in high yield. Specifically, Cerenol 2400 was observed
to yield the lowest dispersity in this chemistry. The average particle diameter (MV = 4.21
µm) is too low to be of utility in CFRPs that is the ultimate application of the particles
studied herein, however. Therefore, it was decided to continue utilizing TGDDM / IPDA
EMs synthesized in PPG solvent. It was found that particles could be effectively
separated by diameter. By adding equivalent weight loadings of particles with varying
diameters and surface reactivity, the impact of changing interfacial area on matrix
formation and network mechanics is explored. Controlled particle size distributions will
also expand upon the results presented in Chapter 3 and elucidate the impact of particle
size distribution (i.e. low vs. high dispersity) on matrix formation and network
mechanics. Utilizing the same solvent-monomer combination also ensures that results
will be directly comparable to those observed in Chapter 3.
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5.2 Microparticle Analysis
As previously, PCGP, RE and RA microparticles were all utilized. The 1:1
stoichiometry PCGP microparticles were filtered prior to being postcured and referred to
as PCGP sub50 (i.e. particles below 50 µm in diameter) and PCGP 50+. Both fractions
were post cured in the same oven to minimize differences in their thermal history and
degree of cure. RE and RA microparticles were filtered as well, and the sub-50 µm
fraction retained and utilized herein. The efficacy of particle filtration was confirmed
similarly to Chapter 4 and was observed to be highly effective (Figure 5.1). Size
distributions were confirmed with SEM (Figure 5.2-5) and observed to support the results
of the particle size analysis. A small number of sub 50 µm particles were observed in the
50+ µm fraction (Figure 5.2), however multiple iterations of particle size analyses

Figure 5.1 Particle side distribution of filtered particles.
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Figure 5.2 SEM micrograph of PCGP 50+ µm filtered particles.

Figure 5.3 SEM micrograph of PCGP Sub50 µm filtered particles.
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Figure 5.4 SEM micrograph of RA Sub50 µm filtered particles.

Figure 5.5 SEM micrograph of RE Sub50 µm filtered particles.

confirmed that the small particles constituted less than 0.01% by both volume and
number of the total sample. Therefore, further filtration was deemed unnecessary.
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After synthesis, purification and filtration all EMs were analyzed utilizing both
near and mid FTIR to probe their residual amine (Figure 5.6) and epoxide (Figure 5.7)
functionality, respectively. No primary amine functionality was observed in any of the
EMs, therefore the secondary amine band at ~6500 cm-1 was utilized monitor amine
functionality. As previously, residual amine and epoxide functionality were both
observed in 1:1 stoichiometry EMs, and therefore the previously established post-cure
prescription was utilized. Following the post-cure no residual epoxide or amine
functionality was observed in either sub 50 or 50+ µm fraction of PCGPs. RA
microparticles exhibited the desired amine functionality and a small residual epoxide
peak, while the RE microparticles displayed the opposite trend. The 100 °C synthesis
temperature leads to some degree of under cure in the particles. As previously, no

Figure 5.6 Near FTIR analysis of EMs’ amine functionality.
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further action was taken as maintaining the fidelity of particle-matrix interactions was the
priority.

Figure 5.7 ATR-FTIR analysis of EMs’ residual epoxide functionality.

5.3 Matrix Formation
Based on results from Chapter 3, alloys prepared were 10wtPCGP sub50,
10wtPCGP 50+, 10wtRA sub50, and 10wtRE sub50 as 10 wt% was observed to have the
most profound impact on material properties. Matrix formation was studied utilizing
DSC. As can be seen in Figure 5.8, and in agreement with previous results, EMs did not
significantly impact the onset of cure. It was initially hypothesized that RA
microparticles would catalyze the cure reaction due to the proximity of reactive amine
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functionality to catalytic tertiary amines, however, as can be observed in Figure 5.6 only
less reactive secondary amine functionality was observed in RA EMs. Both PCGP alloys

Figure 5.8 DSC study of alloy cure reactions.
Table 5.1 Filtered particle impact on matrix formation and degree of cure.
Neat
10wtPCGP 50+
10wtPCGP Sub50
10wtRA Sub50
10wtRE Sub50

Onset (°C)
96.44
92.01
91.57
97.24
96.42

Total Heat (J/g)
529.2
412.1
431.57
423.70
442.37

Degree of Cure (%)
80.75
75.41
76.92
72.52
78.68

demonstrated a slight decrease, which we believe can be attributed to the high
concentration of tertiary amines on their surfaces. The effect is largely mitigated by the
presence of catalytic tertiary amines in TGDDM, however. Literature reports indicate that
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EMs in DGEBA formulations can reduce the onset of reaction by up to 20 °C, as tertiary
amines only exist on the particle surface.59 As every TGDDM molecule contains two
tertiary amines, it is logical that the impact would be minimal as is observed here. The
overall heat of reaction in the EM alloys decreased (Table 5.1). This has a significant
upside in the form of improved safety when handling large quantities of epoxide amine
chemistries in industrial processes.
Interestingly, despite having no impact on the onset of cure, EMs did lead to a
measurable change in the degree of cure as can be observed in Table 5.1. It is apparent
from this result that particle size did not play a significant role in the impact of EMs on
network formation. Both PCGP sub50 and 50+ alloys reached the same degree of cure
(77% and 75%, respectively). RA sub50 exhibited the lowest degree of cure at 72%,
which is due to its reacting with oligomers during the cure reaction and decreasing
mobility in the matrix. In fact, we postulate that all particles herein studied are decreasing
mobility during the cure reaction. As the onset of cure was not observed to be different
between the various systems the constraint on mobility must increase as reaction
proceeds. To more fully understand this phenomenon Fourier transform mechanical
spectroscopy was performed to elucidate the impact that EMs have on gelation in these
alloys.

5.4 FTMS Investigation of Gelation Behavior
Immediately apparent in Figures 5.9 – 5.13 is that EMs decrease the gelation time
by 10-15% compared to the neat material. As with onset of cure and degree of cure, both
PCGP 50+ (Figure 5.10) and PCGP sub50 (Figure 5.11) exhibit similar gel times
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(1509.38 s and 1513.48 s respectively). The RE sub50 alloy (Figure 5.13) gelled in
1524.87 s, similarly to the PCGP alloys, while the RA sub50 alloy (Figure 5.12) gelled
the most rapidly, in 1460 s. We believe that two mechanisms are

Neat

1713.63 s

Figure 5.9 Gelation time of neat TGDDM/IPDA.

responsible for this trend. The first, present in all particles, is a decrease in
molecular mobility caused by the EMs as oligomers increase in size. Initially, monomers
and small oligomers are able to freely diffuse as mobility in this regime is high, meaning
the impact of the particles is low. As reaction progresses, the physical presence of EMs
becomes more impactful, however. Because 10% of the system is pre-cured in the form
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10wt PCGP 50plus

1509.38 s

Figure 5.10 Gelation time of 10wt PCGP 50plus alloy.

of EMs oligomers are forced into close proximity at a lower conversion compared to an
unfilled formulation. Large oligomers are forced to react and form a gelled network at a
lower conversion than would otherwise be observed. Traditionally this behavior has been
treated in literature as a catalytic effect of EMs on the epoxide amine cure reaction59
despite evidence that EMs increase the activation energy of cure.42,71 It is apparent from
the combination of DSC and rheology results presented herein that EMs impact the cure
reaction by a constrained space mechanism rather than a catalytic one.
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10wt PCGP Sub50

1513.48 s

Figure 5.11 Gelation time of 10wt PCGP Sub50 alloy.

The second mechanism, which is only relevant in reactive particle alloys, involves
the reaction of oligomers with the reactive functionality on particle surfaces. The reaction
would essentially convert EMs into grafted microparticles, further decreasing mobility in
their vicinity. It was hypothesized that the reactive particle alloys would therefore have
the lowest gel times. The RE alloy results was surprising, as its gel time was nearly
identical to the unreactive PCGP alloys. However, literature indicates that it is difficult to
achieve a significant excess of epoxide functionality when synthesizing EMs via
precipitation polymerization.72,79 Due to the decreased functionality, we believe that the
RE particles impact cure almost exclusively by the constrained space mechanism. It is
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10wt RA Sub50

1460 s

Figure 5.12 Gelation time of 10wt RA Sub50 alloy.

possible to prepare EMs with significant excess of amine functionality, however.72,79
Therefore, RA alloys have a greater impact on the cure reaction due to a relatively higher
concentration of reactive sites on the particle surface. Further, from the trends observed
we postulate that the impact of constrained space is greater, given the difference between
the reactive and non-reactive particle alloys is relatively smaller than the gap between the
particle-filled alloys and the neat matrix.
Utilizing the Chambon and Winter criterion for the gel point allows additional
information to be gleaned regarding the network architecture at the gel point.88 From the
Fourier transform mechanical spectroscopy data and equations 1-5 the gel strength and
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10wt RE Sub50

1524.87 s

Figure 5.13 Gelation time of 10wt RE Sub50 alloy.

relaxation exponent were calculated using the fundamental frequency of 3 rad/s (Table
5.2). The fundamental frequency was chosen as measurement of the gel strength is only
valid at low frequencies.87 The relaxation exponent was not observed to change
measurably between the neat sample and the EM alloys, indicating that the different
networks still relax similarly to applied strain despite differences in gel time. The
inclusion of EMs does not change the chemical identity of the network and therefore
would be expected to exhibit the same relaxation behavior unless EMs had changed the
network architecture. This result indicates that while constrained space clearly impacts
the time to gelation, it does not lead to the formation of an interphase. Any interphase
formed would be expected to lead to a “softer” network,34 which in turn would lead to an
96

increase in the relaxation exponent.87 In addition, the magnitude of 𝑛𝑐 is similar to values
reported for epoxide networks.86
In contrast to this, the stiffness of the gels (𝑆𝑐 ) is significantly increased by the
inclusion of EMs. PCGP alloys exhibited the largest increase, with the PCGP 50+ alloy
slightly higher than the sub50 alloy. This points to the impact of size on stiffness once a
network forms, though it was apparent that it did not impact mobility in the pre-gel
regime (i.e. no change in onset of cure or gel time). The reactive EM alloys were not as
stiff as the PCGP alloys, however, their 𝑆𝑐 values were still approximately double that of
the neat network. It is worth noting that the RA sub50 alloy reached gelation the most
rapidly of the EM alloys, demonstrated the lowest stiffness, and ultimately it led to the
lowest degree of cure as well. In spite of this it is clear that incorporation of EMs leads to
decreases in gel time, while simultaneously increasing stiffness of the gel formed.

Table 5.2 Gel time and material properties of gels in filtered particle alloys.

Neat
10wtPCGP
50+
10wtPCGP
Sub50
10wtRA
Sub50
10wtRE
Sub50

Gel Time (s)
1713.63

Tanδ
2.90

𝒏𝒄
0.789

G’(ω) (Pa)
8159.22

𝑺𝒄
42,638.12

1509.38

2.60

0.766

25,507.5

109,058.10

1513.48

2.67

0.772

22,247.0

100,035.90

1460

2.74

0.777

15,994.1

75,080.48

1524.87

2.82

0.783

17,657.9

87,393.32

As 𝑆𝑐 is dictated by flexibility at the molecular level and on crosslink density at
gel86 we postulate that the trend in 𝑆𝑐 values reflects the properties of the EMs
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themselves. The PCGP alloys display the highest stiffness, and given they are post cured,
should be the stiffest particles as well. The RE alloy is not post cured and therefore is
expected to be less stiff, however, as previously discussed it is believed to be closer to 1:1
stoichiometry than the RA microparticles. As the RA microparticles were offstoichiometry and undercured they were expected to be the least stiff and indeed yield the
lowest 𝑆𝑐 value. Future work in this area could easily utilize particles at varying degrees
of cure and/or stoichiometric ratios to build upon these results. Said work would gain
valuable fundamental knowledge regarding the relationship between gelled network
mechanics and cured network properties.

5.5 Thermomechanical Properties of Alloys
The ramifications of decreased mobility on cured network properties were
investigated through a number of techniques. Firstly, the network homogeneity and Tg
were quantified utilizing DMA (Figure 5.14), and no change was observed in either case.
As can be seen in Table 5.3 the full width at half maximum (FWHM) of the tanδ peak,
commonly used as an indicator of the homogeneity of a polymer network,5,59,102 is
between 18-20 °C for all alloys. This demonstrates that in spite of changes in network
formation discussed previously, the homogeneity of the final network is not negatively
impacted.
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Figure 5.14 Thermomechanical properties of alloys.

Table 5.3 Thermomechanical properties and network homogeneity of alloys.

Neat
10wtPCGP 50+
10wtPCGP Sub50
10wtRA Sub50
10wtRE Sub50

Tg (°C)
258.18
260.52
257.48
260.24
260.20

FWHM (°C)
19.82
19.19
20.09
18.29
19.71

5.6 Alloys Compression Properties
In agreement with thermomechanical results, and despite the clear impact of the
EMs on matrix formation, no major changes in compression properties were observed
(Figure 5.15). This is despite a 5-8 % lower degree of cure in the alloys than the neat
matrix, which would be expected to decrease the stiffness of the network. Neither
modulus nor yield stress (Table 5.4) were impacted, however. The neat matrix exhibited a
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modulus of 2343 MPa and yielded at 150 MPa, while the 10wtRA sub50 alloy, which
reached the lowest degree of cure, was observed to yield at 147 MPa with a modulus of

Figure 5.15 Representative stress-strain curves for filtered particle alloys.

Table 5.4 Modulus and yield stress of filtered particle alloys.

Neat
10wt PCGP 50plus
10wt PCGP Sub50
10wt RA Sub50
10wt RE Sub50

Modulus (MPa)
2343.4 ± 209.1
2361.2 ± 116.2
2469.4 ± 93.8
2295.0 ± 152.8
2234.6 ± 153.0

Yield Stress (MPa)
150.49 ± 2.73
154.13 ± 2.94
154.04 ± 2.44
147.46 ± 3.87
150.20 ± 1.69

2295 MPa. The PCGP alloys demonstrated the highest moduli and yield stress, however,
neither result is significantly different than the neat network.
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5.7 Fracture Toughness of Alloys
Plane strain fracture toughness (K1c) of all alloys was tested to investigate the role
of particle size on fracture mechanics in these highly crosslinked, brittle networks. No
major improvements were observed in any of the alloys tested (Figure 5.16). The PCGP
sub50 alloy was slightly tougher than the PCGP 50plus alloy (0.83 vs. 0.75 MPa * m1/2),
however, both were within the experimental error of the neat material (0.79 MPa * m1/2).
The RA sub50 (0.92 MPa * m1/2) and RE sub50 (0.91 MPa * m1/2) alloys demonstrated
the highest toughness values, however, due to the high experimental error associated with
the test even these were within error. Examining the fracture surfaces from this test led to
an interesting observation (Figure 5.17A-D); the PCGP 50plus surface exhibited a high
number of through-particle fractures (Figure 5.XA) compared to the other alloys. It is
believed that this result is intimately related to the slight decrease in K1c observed for the
same alloy. In all three sub50 alloys, the predominant mechanism is the same, the
propagating crack was forced to deviate around smaller EMs increasing its surface area.
The largest particles in these alloys, such as the one visible in Figure 5.17D, exhibited
similar behavior to those in the 50plus alloy. This leads the authors to conclude that there
must be a critical particle diameter above which the energy penalty of matrix-particle
delamination is higher than through-particle fracture. We hypothesize that the maximum
increase in fracture toughness would occur in the case of a particle whose diameter
approached this limit.
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Figure 5.16 K1c results for filtered particle alloys.

Figure 5.17 SEM micrographs of K1c fracture surfaces.
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5.8 Conclusions
The efficacy of microparticle filtration was confirmed, and utilized to prepare
microparticle fractions with discrete particle size distributions. In the case of non-reactive
PCGP microparticles both a sub 50 µm and a 50+ µm fraction were utilized to investigate
the relationship between particle size and constrained space. Additionally, RE and RA
microparticles were filtered and their sub 50 µm fractions retained and used. All particle
size distributions were observed to be narrow and monomodal after filtration. Matrix
formation was studied utilizing a combination of DSC and FTMS. No change in the onset
of cure was observed, indicating no catalysis of the cure reaction was occurring in any of
the alloys. Upon probing the degree of cure in the alloys, however, it was noted that EMs
consistently affected a lower degree of cure than the neat matrix. FTMS was then utilized
to study the gelation behavior of the formulations following the Winter and Chambon
gelation criteria. All the microparticle alloys exhibited decreased gelation times
compared to the neat material, which can be attributed to a constrained space mechanism
caused by the presence of the microparticles. In addition, the pre-cured and highly
crosslinked microparticles were observed to significantly stiffen the gel formed, where
the post cured ghost particles led to the stiffest gels. Despite these changes in gelation
time and stiffness of the gel, the relaxation behavior of the network was unaffected, as
were the Tg and network homogeneity. These results combine to demonstrate that the
final network formed is unchanged by the presence of constrained space, despite the
apparent impacts on gelation. Further supporting this conclusion the compression
properties and in-plane fracture toughness were maintained in the EM alloys. Throughout
the chapter, no major differences were observed between the two PCGP alloys. In
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addition, when the results discussed in this chapter are compared to those presented
previously in Chapter 3 few changed are observed. We postulate, therefore, that the
particle loading level rather than particle size is the dominant factor controlling the
impact of constrained space on network formation.
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CHAPTER 6 – Preparation of Ghost Particle Modified Carbon Fiber Reinforced Polymer
Composites
6.1 Objective
CFRP panels were prepared by hand as outlined in Section 2.4. The hand layup
technique was chosen over a more sophisticated technique such as prepregging due to the
kinetics of the cure reaction. IPDA reacts slowly with TGDDM at room temperature,
meaning obtaining consistently high quality material would be difficult. Therefore, in
order to maintain the selfsame particle and matrix chemistry, hand layups were selected.
From the results in Chapter 3 RA microparticles were chosen as they exhibited the
greatest magnitude of change in gelation and degree of cure compared to the neat matrix.
We hypothesized that the RA microparticles would therefore maximize any trends that
would be observed with the incorporation of EMs. Specifically of interest were the
impacts of decreased gelation time and lower degree of cure observed in the matrix.
Upon curing composite panels, it was immediately apparent that due to the balanced
layup no cure induced strain (warpage) had occurred in any of the panels. While this
result was expected, it nonetheless confirmed that parts were balanced and acceptable for
testing.

6.2 Fiber Content of CFRPs
Small cross sections (~3 x 3 mm) were cut from the CFRP panels to measure the
fiber content (Figure 6.1) per ASTM D3171. The samples were cut such that they
incorporated all plies of the layup and such would give a representative result. It was
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immediately clear that the incorporation of EMs had an impact on the composition of
CFRPs, with char yield decreasing as EM loading level increases. In all cases the

Figure 6.1 Fiber content of ghost particle composites.

degradation behavior was similar, and very little mass loss was observed during the 2
hour isothermal hold at 600 °C. It was previously observed that the matrix itself produces
a non-negligible char yield, and therefore the matrices were subjected to the same heating
profile and the char yield utilized to calculate the true fiber content (Table 6.1).
Table 6.1 Fiber content results for CFRPs prepared.

Neat
1wtRA
5wtRA
10wtRA

Composite Residue
(%)
74.71
73.64
70.76
68.29
106

Matrix Residue
(%)
8.51
4.40
7.47
5.56

Fiber Content
(wt %)
66.20
69.24
63.29
62.73

After accounting for the matrix residue, a similar trend is observed, with the
exception of the 1wtRA composite whose fiber content (69.24 wt%) is 3% higher than
that of the neat composite (66.20 wt%). It is hypothesized that the particles acted to
maintain the interlaminar distance as designed in this instance, and allows more matrix
material to be removed as the part was cured under vacuum. The 5wtRA (63.29 wt%) and
10wtRA (62.73 wt%) composites, however, clearly exhibit lower fiber contents. This is
because, at the higher loading levels, the particles decrease the time to gelation more
significantly. Thus, they decrease mobility of the matrix earlier in the reaction and
prevent efficient removal of excess material.

6.3 CFRP Thermomechanical Properties
Figure 6.2 demonstrates the implications of higher matrix content on the
thermomechanical properties of the composite. The neat matrix yielded the lowest Tg
(256.01 °C) as well as the broadest tanδ peak (FWHM = 47.04 °C), which reinforces the
impact of the interphase in CFRPs on the properties of the composite. The FWHM of the
neat CFRP is nearly double that of the neat matrix itself. Incorporation of 1wt% of RA
EMs did not impact the Tg (256.67 °C) but exhibited a 7 °C decrease in FWHM to 40.63
°C. Increasing the particle loading to 5wt% did not measurably change the FWHM (40.33
°C) compared to the 1wtRA composite, however, the Tg increased to 261.67 °C. The
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Figure 6.2 Thermomechanical properties of RA modified CFRPs.

10wtRA CFRP exhibited both the highest Tg (265.47 °C) and lowest FWHM (32.01 °C)
of all CFRPs prepared herein. The composition of the CFRPs was previously observed to
become more rich in the matrix phase with increasing particle loading. As that occurs, the
composite behaves more like the matrix (i.e. higher Tg, lower FWHM). Additionally
observed was an increase in the height of the low temperature shoulder of the tanδ peak
with increasing particle loading. This is attributed to lower degree of cure in the matrix,
which was previously observed in Chapter 3 to decrease with increasing particle loading
level.
As fiber content decreases the composite will behave more like the matrix,
meaning it will become more homogenous, however, it should also become less stiff.
This is indeed the case as is observed in Figure 6.3, where the impact
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Figure 6.3 Storage moduli of CFRPs.

of increased particle loading on the CFRP storage modulus is clear. At all temperatures
the neat matrix CFRP exhibits the highest storage modulus, with a steady decrease as
particle loading increases. Storage modulus values at 30 °C were measured to quantify
the impact. The neat matrix, exhibited a storage modulus of 31.5 GPa followed by the
1wt RA composite at 29.1 GPa and 5wt RA at 25.3 GPa. The 10wt RA composite was
the least stiff at 19.3 GPa. This trend was hypothesized to indicate that EMs were being
filtered by the plies of carbon fiber, holding them apart as the composite was cured. The
particle rich interlaminar region would lead to an increase in the interlaminar distance,
which, along with decreased time to gelation, would explain the increasingly matrix rich
character of the higher particle loadings. Optical microscopy was utilized to measure both
the interlaminar distance and void content of the composites.
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6.4 Interlaminar Spacing and Void Content of CFRPs
As expected from both TGA and DMA results previously discussed, the
interlaminar spacing of CFRPs increased with increasing particle loading (Table 6.2).
While the neat matrix led to an interlaminar distance of 470 µm, the 1wtRA (497 µm)
and 5wtRA (536 µm) led to slight increases. The 10wtRA matrix further increased the
spacing (598 µm). We hypothesize that this trend is directly related to the trends observed
in network formation and time to gelation in the previous chapter. Specifically, we
postulate that decreasing gelation led to a more rapid decrease in mobility in the forming
network, which in turn prevented full consolidation of the composite panel. Due to the
use of a hand layup procedure, nearly all of the matrix material will be in the interlaminar
region before the application of vacuum. Upon application of vacuum the panel begins to
consolidate, as the matrix material wets out the fiber bed and excess material is removed.
Despite the low viscosity of the formulations the wetting process is not instantaneous,
and indeed composites are cured under vacuum to ensure this process proceeds to
completion. Based on the results presented thus far, we postulate that while the fiber bed
is fully wetted out, the incorporation of EMs accelerated the time to gelation sufficiently
to prevent removal of excess matrix material. This phenomena leads to the increasingly
matrix-rich nature of the composites with increasing particle loading. It is expected that
utilization of a prepregging process to prepare
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Table 6.2 Interlaminar spacing and void content of CFRPs

Neat
1wtRA
5wtRA
10wtRA

Interlaminar Distance (µm)
470.84
496.67
535.62
598.18

Void Content (%)
3.87
3.69
4.73
7.22

Figure 6.4 Void content and interlaminar spacing of CFRPs.

CFRP panels would eliminate this trend, as there would not be excess matrix material in
the initial layup. This would mean the faster gelation time would not impact the overall
quantity of matrix in the composite, and potentially allow for a more in depth
understanding of the impact EMs have on CFRP preparation on final composite
properties.
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Figure 6.4 depicts the void content of the panels prepared, where the areas outlined in red
indicate voids. Immediately apparent is the high volume of voids in all the panels. For
example, the neat matrix yielded a void content of 3.87% while an aerospace composite
is considered acceptable with a void content of 1% or below.103 Incorporation of EMs
further increased the void content, from 3.69% at 1wt% to 7.22% at 10wt% (Table 6.2).
This too can be attributed to the decreased time to gelation. Application of vacuum serves
to degas the matrix material during cure to prevent the formation of voids, while
simultaneously consolidating the part. As with consolidation, degassing is not an
instantaneous process, and therefore a decrease in time to gelation would be expected to
limit the efficacy of degassing. A period of consolidation and degassing at room
temperature has the potential to improve the interlaminar distance as well as void content
of EM modified CFRPS. This would not be trivial, however, as pulling vacuum for an
extended period can lead to the removal of too much matrix material, causing there to be
areas of dry fibers and unusable CFRP panels. One experimental panel was produced was
allowed to degas and slowly react at room temperature under vacuum overnight. Upon
removal from the vacuum bagging the panel delaminated and split between two plies of
fiber, because so little matrix material was left in the part. In light of this result, the
decision was made to continue testing the panels discussed thus far as fully optimizing
the process for each panel would have been prohibitively expensive.

6.5 Tensile Properties and Toughness of CFRPs
The composites tensile properties (Figure 6.5) demonstrate the ramifications of
increased interlaminar distance and matrix to fiber ratio. Compared to the neat matrix,
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increasing particle loadings decreased the modulus of the composite. The 1wtRA and
5wtRA matrices increased the strain at break to the greatest degree, while the 10wtRA
matrix led to a slight increase as well (Table 6.3). In addition, this increase in ultimate
strain was accompanied by an increase in the ultimate stress for both 1wtRA and 5wtRA
matrices. The 10wtRA did not improve the ultimate stress compared to the neat matrix.
The same trend is apparent when the area under the stress-strain curves is integrated to
compare the toughness of the composites. Overall, the 1wtRA CFRP exhibited a very
intriguing and promising combination of properties. A ~10% decrease in modulus was

Figure 6.5 Stress-strain curves of RA modified CFRPs tested in tension.

accompanied by ~20% increases in both ultimate stress and ultimate strain, and an
impressive 37% increase in composite toughness. The 1wtRA was the toughest of all the
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composites tested, and exhibited the highest modulus of the particle loaded CFRPs. This
trend leads the authors to postulate that lower loading levels will have an increased

Table 6.3 Tensile Properties of RA modified CFRPs.

Neat

Modulus
(GPa)
31.7

Ultimate Stress
(MPa)
569.82

Ultimate Strain
(%)
2.25

Toughness
(MPa*m1/2)
7.47

1wtRA

28.8

672.79

2.76

10.21

5wtRA

27.3

620.00

2.74

9.43

10wtRA

26.7

568.03

2.50

7.79

impact in CFRPs compared to their impact in the matrix itself as they are constrained to
the interlaminar region. For example, trends observed in Chapter 3 were observed to be
maximized at the highest particle loading, however, this behavior did not translate to the
composite materials. In fact, the lowest particle loading herein studies exhibited the best
properties of all those studied. If this trend were due solely to the increased matrix
fraction in the particle-modified composites, it would be expected that the ultimate strain
and toughness would increase with particle loading. Simultaneously, decreases in
modulus and ultimate stress were anticipated. As this was clearly not the case, it is
hypothesized that the presence of the RA particles at low loading levels (e.g. 1-5 wt%)
improves the toughness of the interlaminar region. The improved toughness allows the
composite to reach higher ultimate stresses and strains than the neat matrix. At higher
particle loadings, however, the volume of particles in the interlaminar region becomes too
high and the improvements are no longer observed. Specifically, we believe that the
reason this occurs is due to the constraint of EMs to the interlaminar region, which
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represents the minority of the composite volume. Because of this the properties of the
particle-modified matrices reach their maximum at a lower loading in the composite. In
order to gain a complete understanding of the phenomena at play in these complex
systems, however, a more controlled technique such as carbon fiber prepregging would
be necessary. This would minimize process-induced differences between the various
loading levels, such as changes in the matrix to fiber ratio, and lead to a higher degree of
confidence in the trends observed.

6.6 Conclusions
RA microparticles were incorporated at 1-10 wt% into CFRP panels to test their
viability in composites applications. As particle loading increased, the fiber content was
observed to decrease compared to the neat panel, which was attributed to a decreased
time to gelation preventing full consolidation of the part during cure. The interlaminar
distance and void content both increased with particle loading because of the earlier
gelation. The decrease in fiber content corresponded to increases in Tg and network
homogeneity. The 10wtRA panel increasing Tg by 10 °C and decreasing FWHM by 15
°C compared to the neat panel. Young’s modulus decreased from 31.7 GPa in the neat
panel to 26.7 GPa for the 10wtRA panel. However, the 1wtRA only decreased modulus
by 10% and led to a 40% increase in toughness as it improved both the ultimate stress
and ultimate strain of the composite. While this demonstrates the potential of EMs to
improve CFRP toughness, a more in depth study is required. Specifically, utilizing
carbon fiber prepreg would lead to a higher degree of confidence in results by ensuring
higher quality parts with consistent fiber content across particle loading levels.
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CHAPTER 7 – Conclusions and Future Work
While metals are increasingly replaced by CFRPs in aerospace structures,
significant research is ongoing to understand network formation in these complex
environments. This dissertation has developed a novel model system comprised of
selfsame epoxide amine microparticles to study constrained space during cure and its
influence on matrix mechanics. Unlike a traditional composite, the selfsame EMs do not
present an enthalpic driving force for interphase formation. This has enabled a
fundamental understanding of the role additives play in restricting mobility during
network formation, which could not be previously investigated.
In the third chapter of this dissertation, EMs were synthesized via precipitation
polymerization and surface functionality was controlled to yield unreactive, amine and
epoxide functional EMs. EMs were not observed to impact the onset of cure upon
incorporation into the selfsame monomer formulation. Particles acted as thermal sinks
during the cure reaction, lowering the enthalpy of reaction, which has the potential to
significantly improve the safety of handling epoxide amine chemistries. In addition,
degree of cure decreased as particle loading increased, a ramification of increased
constrained space preventing functional groups from encountering one another at high
conversion. Thermomechanical properties were unchanged despite the lower conversion,
and network homogeneity was maintained, indicating that no interphase had formed in
the network during cure. Reactive EMs improved modulus 15-20% in compression where
RA particles showed the greatest improvement. While it was anticipated that the
increased moduli would increase brittleness, fracture toughness was maintained in all
cases through the incorporation of energy absorbing mechanisms such as crack pinning
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and particle-matrix delamination. Future work building upon this chapter should focus on
additional characterization of the network formation and mechanics. For example, real
time FTIR analysis of the cure could be employed to explore the impact of constrained
space on the network’s cure path. Additionally, preparation and application of EMs with
greater molar excesses of functionality shows great promise as they were observed to
improve network properties.
Ultimately, it was observed in the third chapter that the particle size distribution
was bimodal, and that particle sizes were not controlled as was initially thought.
Therefore, the fourth chapter focused on establishing a fundamental understanding of
precipitation polymerization using a combination of experimental and computational
techniques. A library of epoxides, amines and solvents was selected and their solubility
parameters were calculated utilizing Schrodinger modeling software. It was observed that
as the functionality of the epoxide moiety increased the solubility parameters of solvent
and epoxide must be closer in order to produce low dispersity particles. Conversely, an
epoxide of lower functionality can tolerate a greater disparity in solubility parameters,
because it forms a more linear oligomer that allows for efficient interactions with solvent.
It was also observed that increasing the backbone flexibility of the diamine curative
would improve solvent interactions and produce low dispersity particles. Future work in
this area should focus on the preparation of low dispersity particles suitable for aerospace
composite applications. Utilizing high-functionality chemistries leads to formation of
larger particles than were previously achievable in precipitation polymerization, however,
the dispersity tended to broaden as particle size increased. Developing a method to
provide targeted particle diameters with controlled dispersity would be of great value in
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composite toughening applications. Potentially fruitful avenues of investigation include
the use of solvent blends to control solvent the solubility parameter, as well as
investigation of additional tetrafunctional epoxides and diamines.
The fifth chapter made use of filtered particles to explore the effect of particle size
on constrained space. Particle filtration was observed to be an efficient method for the
preparation of discrete particle fractions. These fractions were then applied to the
selfsame chemistry in a similar manner to the third chapter. The onset of cure was not
altered, however, particles limited degree of cure independent of particle size. Time to
gelation was observed to decrease significantly due to the presence of EMs, where
particle size was not observed to have an effect. Despite the decreased gel time, network
relaxation behavior was unaffected, indicating network architecture was unchanged by
the incorporation of EMs. Future work in this area could focus on additional loading
levels of particles as well as particles that are known to catalyze reaction to further
explore the gelation behavior of these networks. Additionally, preparation of epoxide
amine nanoparticles using precipitation polymerization in very dilute regimes (e.g. <
1wt%) has the potential to extend and complement the current study.
The sixth chapter demonstrated the potential of EMs in composite applications,
wherein reactive EMs were incorporated into a CFRP. EMs were demonstrated to
increase the interlaminar distance as particle loading increased, leading to matrix-rich
composites. The decreased time to gelation is responsible for preventing complete
consolidation of the part, leading to increased void content. Modulus was sacrificed upon
EM incorporation, however, low loading levels led to significant improvements in
toughness. Future work in this area should complement particle synthesis, as
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incorporation of EMs with controlled diameters into CFRPs would be of great
fundamental value. CFRPs should be prepared utilizing advanced techniques such as
prepregging to ensure the most reliable results, where specifically of interest should be
the control of interlaminar distance utilizing EMs. These studies would aid in the
understanding of interlaminar fracture mechanics and composite toughening, and would
inform next generation aerospace composite design.
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APPENDIX A

Figure A.1 Near FTIR of TGDDM and IPDA validates the absence of TGDDM
absorbance at 6500 cm-1.

Figure A.2 Near FTIR of 1:1 stoichiometry EMs did not exhibit primary amine
functionality, but a small secondary amine band was observed at 6500 cm-1.
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Figure A.3 Near FTIR of PCGP EMs did not exhibit residual functionality.

Figure A.4 Near FTIR of RE EMs exhibited slight secondary amine functionality, but no
primary amine was observed.
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Figure A.5 Near FTIR of RA EMs did not exhibit primary amine reactivity, but
secondary amine reactivity was observed at 6500 cm-1.
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