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Abstract (English)
This thesis investigates the use of 20nm in size alumina (Al2O3) and
silica (SiO2) hard inorganic nanoparticles for toughening of an amine
cured high glass-transition temperature (Tg) epichlorohydrin bisphenol A (DGEBA) epoxy resin system for use in fiber reinforced
composites. In particular, the use of the nanoparticles is studied in
correlation with their processability for liquid composite molding
(LCM) processes.
Both the nanoalumina and nanosilica particles were observed to be
Tg neutral and increase the fracture toughness of the base epoxy
system. The toughness gains were transferred over to fiber reinforced composites when the modified-epoxy is used as a matrix.
Between the two nanoparticle types, nanoalumina was found to be
the more effective at toughening the epoxy in terms of the achievable
fracture toughness on both a mass and volume addition basis. This
was found for both the bulk epoxy on its own and when the epoxy is
used as a matrix in a composite. At 20.5wt% nanoalumina addition,
the bulk epoxy fracture toughness increased from 0.697MPa·m1/2 to
nearly 1MPa·m1/2. A key observed difference between the two nanoparticle types was a micro-scale agglomeration behavior with the
nanoalumina particles when dispersed in the epoxy resin. The small
2-3μm agglomerates were observed to break apart during the epoxy
fracturing process, and were hypothesized to contribute as an additional and beneficial epoxy toughening mechanism for the highly
cross-linked epoxy system.
Hybrid toughening involving the simultaneous use of the hard nanoparticles together with traditional soft epoxy tougheners in the
hopes of obtaining synergistic toughening effects is also investigated.
No beneficial results from hybrid toughening were found, with all of
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the combinations examined resulting in a lower bulk epoxy fracture
toughness than using the soft tougheners on their own as a singletoughener system.
Examining the processing of the particle toughened epoxy for use in
fiber reinforced composites, the filtration of the nanoparticles is studied for common LCM processes (e.g. resin transfer molding). Even
with the use of nominally nano-scale particles, particle filtration and
uneven particle distributions were found to occur if the nanoparticles agglomerated in the epoxy resin prior to infusion into the reinforcement fibers. The agglomerates as small as 2-3µm were still
found to be filtration sensitive. The filtration behavior agreed with a
simplified micro-scale particle filtration model developed in the literature, which was applied through filtration simulations. The observed particle filtration behavior was similar for both the in-plane
and out-of-plane (through-thickness) resin flow directions, despite
occurring over a much shorter distance in the thickness direction.
Improving toughener efficiency for composites through the purposeful deposition of nanoparticles only in the interlaminar regions of the
laminate is examined. Beneficial effects were found with nanosilica
particles strategically placed only in the interlaminar laminate regions. Laminate delamination fracture energy was maintained or
increased in comparison to the conventional distribution of particles.
This optimization represents a more effective use of the tougheners
on a mass and volume basis, reducing the amount of required particle usage; providing the potential for both material cost and laminate
weight savings. The strategy also allows a greater flexibility in
toughener choice to include those tougheners that are filtration sensitive, which otherwise may have been considered problematic to process.
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Zussammenfassung (Deutsch)
Diese Doktorarbeit untersucht die Nutzung von 20nm grossen,
harten, anorganischen Aluminiumoxid- (Al2O3) und Siliziumdioxid(SiO2) Nanopartikeln für die Verbesserung der Zähigkeit eines
Amin-gehärteten Epichlorhydrin Bisphenol A (DGEBA) Epoxy
Harzsystems mit hoher Glasübergangstemperatur (Tg) für die
Nutzung in faserverstärkten Kunststoffen. Insbesondere wird die
Verwendung von Nanopartikeln im Zusammenhang mit deren Verarbeitbarkeit in Liquid Composite Molding (LCM) Prozessen untersucht.
Sowohl die Nanoaluminiumoxid- als auch die Nanosiliziumdioxidpartikel verhielten sich Tg neutral und erhöhen die Bruchzähigkeit
von Epoxy Harzsystemen. Der Zähigkeitsgewinn konnte auf faserverstärkte Kunststoffe übertragen werden, wenn als Matrixsystem das
modifizierte Epoxy Harz verwendet wurde. Beim Vergleich der zwei
Typen von Nanopartikeln wurde festgestellt, dass die Zugabe von
Nanoaluminiumoxid die Bruchzähigkeit effektiver erhöht, sowohl
bei der Zugabe in Massen- als auch in Volumenanteilen. Dies wurde
sowohl für das Epoxy selbst als auch für dessen Verwendung als
Matrixsystem in faserverstärkten Kunststoffen festgestellt. Bei einer
Zugabe von 20.5wt% Nanoaluminiumoxid stieg die Bruchzähigkeit
des Epoxy von 0.697MPa·m1/2 auf fast 1MPa·m1/2. Ein Hauptunterschied, der zwischen den zwei Partikeltypen festgestellt wurde, war
eine Agglomeration von Nanoaluminiumoxidpartikeln im
Mikrobereich, sobald diese im Harz verteilt wurden. Es wurde beobachtet, wie diese kleinen Agglomerationen von 2-3μm Grösse
während des Bruchvorgangs des Epoxy Harzes auseinanderbrachen.
Dies führte zur Hypothese, dass dieser Mechanismus zur erhöhten
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und verbesserten Bruchzähigkeit des hoch vernetzten Epoxysystems
beiträgt.
Hybridverfestigung, welche simultan harte Nanopartikel zusammen
mit traditionellen weichen Epoxy-Zähigkeitsvermittlern verwendet,
wurde ebenfalls untersucht, in der Hoffnung, dass diese Kombination zu einer weiteren Verbesserung der Zähigkeit führt. Es wurden
allerdings keine nutzbringenden Resultate für Hybridverfestigungen
gefunden, wobei sämtliche Kombinationen untersucht wurden, welche jedoch in einer tieferen Bruchzähigkeit resultierten, als bei der
alleinigen Verwendung von weichen Verbesserungssystemen.
Bei der Untersuchung der Verarbeitbarkeit von mit Partikeln verfestigtem Epoxy für den Gebrauch in faserverstärkten Kunststoffen
wurde die Filtration von Nanopartikeln für gängige LCM Prozesse
erforscht (z.B. Resin Transfer Molding). Sogar bei der Verwendung
von Partikeln im nominalen Nanobereich traten Partikelfiltration
und ungleichmässige Partikelverteilung auf, falls sich die Nanopartikel im Epoxy vor der Faserinfusion ansammelten. Diese Agglomerationen, welche im Bereich von 2-3µm Grösse waren, waren
ebenfalls sensitiv hinsichtlich der Filtration. Das Filtrationsverhalten
stimmte mit einem vereinfachten mikroskalierten Partikelfiltrationsmodel aus der Literatur überein, welches für Vergleichssimulationen verwendet wurde. Das beobachtete Partikelfiltrationsverhalten war sowohl für die Harzflussrichtung in der Ebene
als auch normal dazu (durch die Dicke) ähnlich, ausser dass jenes
durch die Dicke über eine viel kleinere Distanz auftrat.
Eine Steigerung der Zähigkeitseffizienz mithilfe einer zielgerichteten
Ablagerung von Nanopartikeln wurde nur in den interlaminaren
Regionen des Laminates untersucht. Vorteilhafte Effekte wurden mit
Nanosiliziumdioxidpartikeln gefunden, welche nur in den interlaminaren Laminatregionen strategisch platziert wurden. Die Delaminationsenergie des Laminates wurde erhalten oder erhöht im
Vergleich zu einer konventionellen Partikelverteilung. Diese Optimierung repräsentiert eine effizientere Nutzung von Verfestigern auf
iv

Basis von Volumen und Masse, was die benötigte Menge an
Partikeln reduziert; dies bietet ein Potential für Einsparungen bei
den Materialkosten und beim Laminatgewicht. Diese Strategie erlaubt zudem eine grössere Flexibilität bei der Wahl des Verfestigers,
um die filtrationssensitiven Verfestiger zu berücksichtigen, welche
sonst möglicherweise als problematisch bei der Verarbeitung
angesehen worden wären.
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Chapter 1

Introduction
1.1. Overview
The work in this thesis is conducted within the framework of the
cooperative research project Advanced Epoxy Resins for Structural
Liquid Composite Molding (LCM) Applications (AERoSLiM) between ETH Zurich and the Dow Chemical Company (Dow). Dow is
seeking toughening of their VoraforceTM high glass-transition temperature (Tg) epoxy-based system, which can obtain a Tg in the
range of 220°C. The current state-of-the-art toughening for Dow is
their Dow FortegraTM line of tougheners, which have a temperature
limit of 180°C. Epoxy toughening for a Tg up to 220°C requires new
toughening materials and strategies.
Epoxies are a popular matrix material for fiber reinforced polymer
matrix composites due to their desirable mechanical properties (e.g.
Young’s modulus, creep resistance, etc.) and chemical resistance.
However, due to their brittle nature, epoxy resin systems require
toughening for use in structural composites. In particular, epoxies
have a poor resistance to the initiation and growth of cracks [1]. To
prevent against composite delamination, a main failure mode of
composite structures, one of the primary methods to resist the
growth of interlaminar cracks is by matrix toughening [2-5].
Epoxy toughening involves adding constituents which onset various
fracture mechanisms, toughening the normally brittle epoxy resin
system. The fundamental for all toughening techniques is having a
two-phase solid microstructure [6]; where the second phase is responsible for initiating a variety of toughening mechanisms during
3
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crack growth in the epoxy [7]. The specific choice of toughening system often depends on the constraints given by the application of the
toughened epoxy.
A popular manufacturing technique for implementing an epoxy into
a fiber reinforced composite laminate is by liquid composite molding
(LCM). LCM represents a family of resin infusion flow-based processes where liquid resin is infused into a fiber reinforcement preform, after which the resin is cured. Typical examples of LCM processes include resin transfer molding (RTM), vacuum assisted resin
infusion (VARI) and loosely placed in the category – resin film infusion (RFI).

1.2. Problem Statement
For high Tg epoxy systems, the use of traditional epoxy tougheners,
such as rubbers, is limited for two main reasons: 1) the toughening
ability decreases with increasing cross-link density (high Tg epoxy
systems), and 2) the thermal breakdown of the toughener at temperatures above 180°C. Therefore, alternative toughening materials and
methods from the current Dow product line-up of core-shell rubber
(CSR) and block co-polymer (BCP) epoxy tougheners are required.
A prospective solution is the recent emergence of nano-scale inorganic particles for epoxy toughening. Their high temperature stability and typically inert nature make them attractive for toughening
high Tg systems. However, regarding the use of nanoparticle toughened epoxy as a matrix in fiber reinforced composites, little information exists in the literature regarding their behavior in LCM flow
processes. Despite the large amount of literature concerning nanoparticle toughening, few studies address the practical implementation of nanoparticles into composites. It is assumed that filtration is
not a processing issue due to their small physical size, and are commonly assumed suitable for resin infusion processes [8-11]. Nonetheless, there is very little literature to support this assumption. In addition, the toughening ability of inorganic nanoparticles to toughen is
4
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generally lower than the more conventional epoxy tougheners such
as rubbers. To date, there is also minimal work surrounding optimizing the usage and efficiency of inorganic nanoparticles.

1.3. Challenges and Research Needs
Challenges
Several challenges exist concerning material suitability and processing of particle toughened high Tg epoxy for composite applications.
Material suitability
Toughenability decrease (fundamental)
Fundamentally, the ability of the epoxy to be toughened decreases
with increasing Tg of the epoxy system (increased cross-link density). As a result, tougheners effective for low Tg (e.g. 60°C) epoxy
systems may not be as efficient, nor effective when applied to high
Tg epoxy systems. This is observed for elastomeric (rubber) toughened epoxy systems [12] as shown in Figure 1.1. The epoxy toughening solution sought in this research must remain effective with high
Tg.
Toughener thermal stability
Traditionally used “soft”1 tougheners, such as rubbers, physically
breakdown at temperatures above 180°C. Inorganic “hard” 2 particles
on the other hand remain thermally stable at higher temperatures
(e.g. 220°C and above). However, as the particle name suggests,
these materials are only available in solid particle form.
Soft tougheners: a classification of physically soft materials.
Hard tougheners: a classification of physically hard materials.
The classification of “hard” and “soft” tougheners is explained further in Chapter 2.
1
2
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Untoughened Epoxy

Figure 1.1. Relationship between epoxy toughenability and glass-transition temperature (Tg). The fracture energy of a rubber toughened epoxy system decreases with
increasing epoxy Tg. Note: Tg increases rapidly with decreasing monomer molecular
weight (which corresponds to increasing cross-link density). Meanwhile the fracture
energy of the untoughened epoxy system remains effectively unchanged (independent) regardless of the Tg. Source: [12]

Material processing
Toughener filtration (in LCM processing)
The use of particle tougheners is potentially problematic for popular
liquid composite molding (LCM) manufacturing processes. When
resin systems are infused (e.g. by injection) into fiber reinforcement
preforms, the use of solid phase tougheners in particle form are inherently sensitive to filtration with the particles having to flow
through the porous space between the reinforcement fibers. This is a
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known issue with the infusion of resins containing large micro-scale
particles
Research needs
The development of suitable toughening solutions for highly crosslinked high Tg epoxy systems involves addressing several research
needs.
First is identifying an appropriate toughening solution suitable for
high temperature applications (e.g. above 200°C). High temperature
suitability entails that the toughening phase be thermally stable at
elevated temperatures. The toughener must also allow for the high
Tg of the epoxy to be maintained without having an adverse effect
by allowing for full epoxy network formation during the epoxy curing reaction. Although reviewing the literature can identify prospective solutions, the achievable toughening is very much dependent
upon the specific combination of the toughener and the particular
epoxy system to which it is implemented. Therefore, investigation
and characterization is necessary with the specific epoxy system to
be toughened – in this thesis, the Dow D.E.R. 330 epoxy resin system.
The second research need is in the area of composite processing and
toughener optimization when the toughened epoxy is applied to
composite laminates. A majority of the research concerning epoxy
toughening to date has been focused on toughening the epoxy systems on their own, without considering the processing of the epoxy
(as a matrix) into composites. As touched upon in the problem
statement, if nano-scale inorganic particles are used, there is little
research regarding the processability of nanoparticle toughened
resin systems by infusion into the reinforcement fibers with popular
LCM processes. Addressing this lack of current research requires
exploring the filtration behavior of nanoparticle tougheners in LCM
processes. Furthermore, the current state-of-the-art does little to derive strategies for optimizing nanoparticle toughening performance
7
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based upon the toughener distribution in the laminate. Investigating
both of these processing aspects represents significant novelty and
contribution to the research topic.

1.4. Research Objectives
The overall aim of this research is to develop strategies for toughening high Tg epoxy systems while considering application as a matrix
into fiber reinforced composites.
The first objective is to investigate and develop suitable epoxy
toughening solutions compatible with the project selected Dow
epoxy resin system. This entails identifying and evaluating prospective toughening solutions. The solution must sufficiently increase the
fracture toughness K1C of the bulk epoxy system while still maintaining its high Tg.
The second objective is to refine the implementation of the toughened epoxy system into fiber reinforced composite laminates. This
includes the toughener distribution after conventional LCM processing, and if necessary a processing strategy to address this. A
follow up is to explore if specific processing can be used to further
optimize the toughener effectiveness in the composite.

1.5. Research Approach
This thesis explores the use of nanoalumina (Al2O3) and nanosilica
(SiO2) particles for toughening high Tg epoxy to be applied in fiber
reinforced composites. Identified through a review of the literature
(Chapter 2), the use of inorganic nanoparticles as prospective toughening solutions for high Tg epoxy systems is investigated. The epoxy
resin system studied is Dow D.E.R. 330, an epichlorohydrin bisphenol A epoxy resin system (DGEBA) cured with Air Products
Ancamine 2167, a cycloaliphatic/aromatic amine curing agent.
Through a set of comprehensive experimental studies, the research
focuses on the aspects outlined in Figure 1.2.
8
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Filtration
Conventional
LCM
Processing
MATERIAL

Toughened
Epoxy

PROCESSING

Toughened
Composite

Epoxy
Toughening
• Evaluation of
nanoparticle
toughening of
high Tg epoxy

Alternative
Processing

• Evaluation of the
influences of
common process
variables on
particle
distribution

Localized
Toughening
• Examination of
alternative
process
• Focus on
localized particle
toughening

Figure 1.2. Outline of topics examined in this thesis for the toughening of high Tg
epoxy matrices for fiber reinforced composites.

1.

Material Development

Mechanical evaluations comparing nanoalumina and nanosilica particle toughened high Tg amine cured epoxies are performed. Both
epoxy fracture toughness (the bulk epoxy on its own) and laminate
fracture energy (using the toughened epoxy as a matrix) are investigated. For implementation into composite laminates by LCM, the
viscosity of the nanoparticle/epoxy blends are also characterized.
The new prospective tougheners are benchmarked against the current Dow epoxy toughening product line up. The potential use of
synergistic hybrid toughening, combining the simultaneous use of
the nanoparticles with the current Dow tougheners, is also examined.
Keeping in mind the intended processing of the modified epoxy by
LCM, a resin viscosity limit of 1000mPa·s at 50°C is set to allow for
9
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LCM processing. In all of the bulk epoxy evaluations, the amount of
particle toughener addition is restricted to minimize the associated
resin viscosity rise and meet this processing limit.
2.

Material Processing

The implications of using the nanoparticle modified epoxy with
common LCM processes is evaluated. The filtration of the nano-scale
tougheners when processed by traditional LCM processes is examined by characterizing particle distribution after the resin flow process for both in-plane and out-of-plane (through-thickness) flows.
The effects of changes to common process variables on the resulting
particle distribution are also examined. The nanoparticle filtration
behavior is compared to filtration simulations using a simplified
particle filtration model based upon a previously developed model
for micro-scale particle filtration. The applied model is simplified
with some assumptions that simplify the model to require only the
particle inlet and outlet values being as fitting parameters.
An alternative processing route is then considered to better handle
the nanoparticle toughened epoxy while allowing for a more controlled particle distribution. This is achieved by using a modified
prepreg processing route meant to represent on a laboratory-scale
the use of an untoughened prepreg in combination with a toughened
resin film. Using the controlled particle distribution, further optimizing the toughening efficiency of the nanoparticle tougheners by selective localized toughening of only the interlaminar regions of the
laminate is examined.

1.6. Structure of the Thesis
This thesis is divided into two main parts: 1) material development
of the toughened high Tg epoxy, and 2) processing of the toughened
epoxy as a matrix in fiber reinforced composites. The remainder of
this thesis is structured into the following sections and chapters:
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MATERIAL DEVELOPMENT
This section concerns the toughening of high Tg epoxy and consists
of several chapters. All of the evaluations in this section of the thesis
are performed on the project defined amine cured high Tg epoxy
system (Dow D.E.R. 330 cured with Air Products Ancamine 2167).
Chapter 2 – State-of-the-Art
Ch. 2 reviews the general state-of-the-art epoxy toughening techniques. This is followed by a specific review of the identified suitable
techniques and strategies specifically for toughening high Tg epoxy.
Chapter 3 – Hard nanoparticle epoxy toughening
Ch. 3 investigates the application of nanoalumina and nanosilica
particles for toughening a high Tg epoxy. The evaluations are performed on a 150°C Tg amine cured DGEBA epoxy resin system.
Chapter 4 – Soft particle epoxy toughening
Ch. 4 benchmarks the existing Dow core-shell rubber and block copolymer toughening solutions. Evaluations are performed on the
same 150°C Tg amine cured epoxy resin used in Chapter 3.
Chapter 5 – Hybrid epoxy toughening
Ch. 5 examines the combined simultaneous use of the hard nanoparticle tougheners together with the existing Dow soft tougheners for
hybrid toughening. The results are compared to the baseline toughening ability of each toughener constituent on its own (Chapter 3
and Chapter 4), and examines whether synergistic toughening effects
are generated.
Chapter 6 – Composite toughening
Ch. 6 examines the effectiveness of the hard nanoparticle toughened
150°C Tg amine cured epoxy (focus of Chapter 3) when employed as
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a matrix in fiber reinforced composites. Uni-directional carbon fiber
laminates are evaluated for mode 1 delamination fracture energy.
PROCESSING HIGH TG NANOPARTICLE TOUGHENED
EPOXY
This section concerns the implementation of the hard inorganic nanoparticle toughened high Tg epoxy as a matrix in fiber reinforced
composites. Two processing aspects of implementing the nanoparticle toughened high Tg toughened epoxy into a composite are investigated; particle filtration and the potential for localized laminate
toughening with the nanoparticles.
Chapter 7 – State-of-the-Art
Ch. 7 reviews the literature for processing aspects of using nanoparticle toughened epoxy in fiber reinforced composite laminates. Topics include particle flow in liquid composite molding (LCM) processing, and selective localized laminate toughening.
Chapter 8 – Particle filtration
Ch. 8 examines the filtration aspects of using nanoparticle filled resins in conventional LCM infusion processes. Investigations are performed for both in-plane and through-plane (laminate throughthickness) principal resin flow directions. Particle filtration simulations based on a micro-scale particle filtration model are also carried
out.
Chapter 9 – Local deposition of particles by modified prepreg
Ch. 9 examines the use of an alternative modified prepreg processing
route where the nanoparticle tougheners are restricted to being
placed only in the interlaminar regions. Selective placement of the
nanoparticle tougheners in the laminate represents one approach to
further optimizing their usage and efficiency.
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CONCLUSIONS
Chapter 10 – Conclusions
Ch. 10 summarizes and concludes the overall research carried out in
this thesis. Discussed are the findings for the current as-is use of
nanoparticles for toughening high Tg epoxy, including their identified short comings and demonstrated further improvements that can
be made to current composite implementation practices.
Chapter 11 – Outlook
Ch. 11 discusses the outlook of the research and potential directions
for future research.
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Chapter 2

State-of-the-Art
2.1. General Epoxy Toughening Techniques
A review of the current literature finds that there are traditionally
three common epoxy toughening techniques. These are: rubber, inorganic particles, and thermoplastic additives. More recent research
has also included the use of hyperbranched polymer modifiers as
epoxy tougheners [13, 14] and block co-polymers [15, 16]. For each of
the techniques, their toughening mechanisms differ, as do their
toughening effectiveness. An extensive review of epoxy tougheners
and their toughening mechanisms was done by Garg and Mai [17].
Their review looked at studies regarding the use of rubbers and inorganic particle tougheners. Their conclusions were that researchers
agree that multiple toughening mechanisms existed for each toughening technique.
The key for all toughened epoxy systems, regardless of the toughening technique and its toughening mechanism, is to have a two-phase
solid microstructure [6]. The second phase is responsible for initiating a variety of toughening mechanisms during crack growth in the
composite [7]. The chemical compatibility of the toughener with the
epoxy, and morphological parameters such as volume (physical
amount), size, shape and distribution of the toughening phase, all
influence their toughening effectiveness.
Tougheners may be added to the uncured epoxy as a solid phase, or
as a solution which then phase separates from the epoxy during the
epoxy curing process.
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Solid Addition
Adding tougheners directly to the epoxy as solid phase particles is
the most robust method to guarantee an exact volume fraction of
toughener in the epoxy. Solid phase addition is practiced for rubber,
thermoplastic, and particle tougheners. However, to get a good distribution of toughener, solid phase additions must be thoroughly
mixed, and distributed in the epoxy. Infusion of the two phase resin
into the reinforcement fiber to produce a composite presents a challenge as the fiber preform may act as a filter. The final effectiveness
of the toughened matrix is determined by the toughener phase distribution in the composite. Infusion is also complicated by a viscosity
increase in the resin due to the particle addition. Additionally for
solid particle addition, good particle/epoxy adhesion is desired
where a surface treatment of the particles is sometimes carried out.
Solution Addition (Phase Separation)
An alternative to direct solid phase addition, some tougheners may
be added to the uncured epoxy as a solution which phase separates
into a solid phase (precipitating) during the epoxy curing process.
Solution addition phase separation tougheners include: rubber,
thermoplastics, block co-polymers, and hyperbranched polymers.
With temperature and time during the curing process, the toughener
comes out of solution (epoxy matrix) as solid phase precipitates (depicted in Figure 2.1).
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Increasing Time/Temperature
Matrix
Precipitate Toughener

Matrix

Figure 2.1. Precipitation of toughening phase from the epoxy matrix system.

The timing of the phase separation process is important in relation to
the toughened resin’s processability. To avoid filtering, phase separation of the tougheners should ideally occur after the fiber preform
has been fully impregnated [13]. However, incomplete toughener
precipitation (some amount of toughener still remains in solution)
has detrimental effects. Incomplete phase separation lowers mechanical and glass-transition temperature (Tg) properties of the epoxy
[17, 18]. The processing balance of precipitated tougheners is that the
curing cycle of the epoxy can in some cases act as a processing
boundary which may limit the phase separation of the toughening
agent which is diffusion controlled [18].
General toughening mechanisms
Multiple toughening mechanisms are possible for the variety of
epoxy toughening techniques available. Some mechanisms contribute more so than others. They are the result of the two phase material microstructure that exists (epoxy and toughener phase) in the
toughened epoxy system. The toughening mechanisms are usually
based on fracture mechanics for the case of a sharp crack loaded in
tension, Mode 1 crack opening/failure (e.g. Figure 2.2).

19

CHAPTER 2: STATE-OF-THE-ART

σ

σ
Figure 2.2. Mode 1 crack opening.

Toughening techniques can be grouped into hard and soft phase
toughening. Fundamentally, the fracture behavior of hard and soft
phases is the opposite. Generally, inorganic particles such as alumina, glass, etc. are considered to be hard phases, while the other
toughening techniques can be considered to be soft phases. Some
examples of common hard and soft tougheners are listed in Table
2.1.
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Table 2.1. A selection of common epoxy tougheners.

Hard Toughener Phases

Soft Toughener Phases

Alumina (micro and nano-scale)

Rubbers

Glass beads

Thermoplastics

Carbon nanotubes, nanofibers

Block co-polymers

Silica (micro and nano-scale)

Hyperbranch polymers

Nanoclay

The basic crack behavior of hard and soft toughening phases is illustrated in Figure 2.3.
Hard Particles

Crack
Deflection
Crack Initiation

Soft Particles

Crack Initiation

Crack progression direction

Crack
Attraction

Crack progression direction

Figure 2.3. Hard vs. soft particle crack behavior.

As a simplified generalization: hard tougheners tend to deflect or pin
cracks, while soft tougheners pull cracks in towards them or themselves deform absorbing energy.
The coefficient of thermal expansion (CTE) of the toughening phase
relative to the matrix can also have an influence on the local stress
state in the adjacent matrix (epoxy) vicinity and toughening phase
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upon cooling after the cure process. It is assumed that the stress state
is zero when the resin cures. Then upon cooling, various local stress
states result from the CTE differences between toughener and epoxy
matrix.

CTEt > CTEm
t

CTEt < CTEm
t

matrix

(a)

matrix

(b)

Figure 2.4. Local stress states in the vicinity of toughener phase and matrix due to CTE
mismatch upon cooling from the cure process.

When the CTE of the toughener (CTEt) is greater than that of the
matrix (CTEm) as in Figure 2.4(a), upon cooling, the toughener phase
tends to contract more than the matrix. However, the matrix constrains this contraction, effectively “pulling open” the toughener
phase. Meanwhile, the toughener effectively imposes the opposite on
the matrix, trying to pull it in. The consequence is a tensile stress
state on the toughener phase, and local compressive stress in the
adjacent matrix. When the thermal expansion of the matrix is greater
than that of the toughening phase as in Figure 2.4(b), the opposite
local stress states result. Specific fracture mechanisms for the common epoxy tougheners vary from one another and are described in
more detail with discussion of each toughening technique.
Toughening evaluation criteria
In engineering, tougheness is simply defined as the amount of energy a material can absorb prior to failure. This is usually considered
the area under the engineering stress-strain curve. For a composite,
the definition of “tough” is more ambiguous. There is argument
whether toughness should be evaluated from damage (impact ener22
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gy) or fracture (fracture toughness and fracture energy) criteria.
Some authors use impact energy as the evaluation criteria [18, 19].
Although all authors admit damage (impact energy) is an important
tougheness criteria, a large majority of the literature primarily use
fracture toughness from fracture mechanics as the criteria [6, 7, 17,
20-24].
Where generally, toughness is measured as:
Bulk epoxy toughness

Composite toughness

Reported as:

Reported as:

Mode 1 critical fracture toughness (K1C) [MPa·m1/2].

Mode 1 delamination fracture
energy (G1C) [J/m2].

Some sources report as generic
stress intensity factor or critical
fracture toughness (K or KC) –
but in context, can be assumed to
be in reference to Mode 1 critical
fracture toughness.

Testing evaluation:

Fracture toughness is also sometimes converted and reported as
fracture energy (G1C) [J/m2].

Fracture modes:
Mode 1 – opening
Mode 2 – in-plane shear
Mode 3 – out-of-plane shear

Double cantilever beam (DCB);
ASTM D5528.

Testing evaluation:
Compact-tension (CT) or singleedge notch bend (SENB), both
methods considered equivalent;
ASTM D5045.
Mode 1 fracture is overwhelming encountered in the majority of engineering situations involving cracked components, and therefore receives the most attention [25]. It
is also the most established and commonly tested fracture mode in the literature.
(Note: ASTM only recently established its Mode 2 composite delamination testing
standard in 2014 – ASTM D7095 based on an edge-notched flexure (ENF) test)

23

CHAPTER 2: STATE-OF-THE-ART

Current state-of-the-art tougheners
Rubbers
Rubbers are perhaps the most common form of epoxy toughening.
Rubber toughening can be done with a minimal amount of 5-15
weight % [7, 18], while adding up to a sixty fold increase in fracture
energy absorbed for the system [20]. The dominant toughening
mechanism of rubber toughened systems is not from the energy absorbed by the rubber itself, but from the associated fracture mechanisms resulting from the rubber addition. The toughening effect of
rubber modified epoxies is dependent on the microstructure of the
solid rubber phase within the epoxy matrix. This depends on the
phase separation (for solution phase separation addition) and the
size, distribution and morphology of the rubber phase. Numerous
studies have been carried out in this area [19, 26-28]. Bucknall and
Yoshii investigated the relationship between microstructure and the
resulting mechanical properties [28]. They defined the following
factors known to affect fracture resistance and other mechanical
properties of rubber toughened (solution phase separation addition)
epoxy resins as [28]:
1.

Rubber content

2.

Type of hardener

3.

Concentration of hardener

4.

Curing temperatures

5.

Solubility parameter of the rubber

6.

Initial molecular weight of the rubber

7.

Choice of end group on the rubber

8.

Concentration of Bisphenol A

Some authors argue that rubber toughening may be increased
through increased bonding with functionalization of the epoxy
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groups, while other authors argue that this is not necessary [14, 17,
18].
The requirements for suitable rubber tougheners include: 1) compatibility requirement: the rubber must dissolve and become dispersed
in the epoxy resin, 2) chemical requirement: the rubber must react
with the epoxide group.
A selection of rubber toughening examples found in the literature is
shown in Table 2.2.
Table 2.2. A selection of rubber tougheners in the literature.

Toughener

Matrix

Notes

Ref.

General trend as CTBN content increases:

Carboxylterminated
butadieneacrylonitrile
(CTBN)

DGEBA

Aminoterminated
butadieneacrylonitrile
(ATBN)

Unknown

[17]

Vinyl-terminated
butadieneacrylonitrile
(ATBN)

Unknown

[17]

Siloxane
elastomers

Unknown

[17]

Fluorocarbon
elastomers

Unknown

[17]




Fracture energy
increase
Tg decreases

[17, 28]
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Toughening mechanism
The secondary rubber phase responsible for toughening has been
reported to be in the size range of 0.5µm to 3µm [27]. Garg and Mai
thoroughly summarized all the possible fracture mechanisms that
may occur by rubber toughening.

Figure 2.5. Crack toughening mechanisms in rubber-filled modified polymers: (1)
shear band formation near rubber particles; (2) fracture of rubber particles after cavitation; (3) stretching, (4) debonding and (5) tearing of rubber particles; (6) transparticle
fracture; (7) debonding of hard particles; (8) crack deflection by hard particles; (9)
voided/cavitated rubber particles; (10) crazing; (11) plastic zone at craze tip; (12)
diffuse shear yielding; (13) shear band/craze interaction. Source: Garg and Mai [17].

Despite the thirteen possible mechanisms listed, it is widely accepted
that rubber toughening is primarily the result of rubber cavitation
followed by shear yielding. Rubber cavitation is caused by the tensile
stress state induced during Mode 1 crack opening, and additionally
by the thermal induced stresses with cooling following the curing
process (see local stress state illustrations in Figure 2.4. The cavita26
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tion results in a cavity lined with rubber. Kinloch proposed that this
process partially reduces the stress local in the vicinity of the void
[27]. However, the onset of cavitation voidage promotes the occurrence of shear yielding between the cavities. The distribution of
small microvoids promotes shear yielding between them. It is this
shear yielding that is considered the primarily responsible for rubber
toughening. As the voids grow during loading, shear band formation occurs giving rise to a plastic zone. As the propagating crack
tip arrives, it is blunted by the plastic zone. Crack propagation continues until net section yielding occurs through the voided plane.
General LCM processability
Rubber tougheners may be added into the epoxy in one of two ways.
Rubber may be added directly to the epoxy as solid particles, or
blended as a solution in the epoxy to be precipitated out during the
epoxy curing process. Both techniques have their advantages and
disadvantages with regards to processing.
Adding rubber physically into the epoxy directly as a secondary
solid phase controls the exact volume fraction of toughener. The
effectiveness of the rubber toughener when added directly as a rubber phase to the epoxy is related to the distribution obtained in the
processed composite. Like all particle additions, a large sensitivity to
filtering is present, particular for in-plane infusion LCM processes.
Filtering is impacted by the fiber preform architecture (porosity size
available for flow), and the rubber particle size.
Precipitating phase separating rubber solutions are perhaps the most
ideal with respect to flow processability. In this case, there is no filtering sensitivity by the fiber preform. This makes blended rubbers
ideal for LCM processes. Unfortunately, incomplete phase separation has a risk of low toughening effectiveness and poor thermomechanical behavior (glass-transition temperature Tg). To ensure complete phase separation, following a specific cure cycle with minimal
flexibility, is required. In order to obtain specific rubber phase mor27
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phologies responsible for the toughening mechanisms, sufficient
time and temperature processing is required.
Effect on glass-transition temperature (Tg)
The largest drawback to rubber toughening of epoxies is its effect on
the glass-transition temperature (Tg), particularly for blended rubber
tougheners that phase separate from the epoxy. Incomplete phase
separation of the rubber phase not only results in low mechanical
properties, but results also in a drastically reduced Tg. In the literature, at substantial rubber addition amounts, almost no clear examples of rubber toughened epoxies have a Tg above 180°C likely due
to the onset of rubber thermal degradation.
Thermoplastics
Thermoplastics represent another common epoxy toughening technique. Like rubbers, thermoplastic addition can lower mechanical
properties and Tg of the epoxy. However, this is generally not to the
same extent as in the case of rubber addition. The selection criteria
for suitable thermoplastic toughening systems for epoxy resins was
summarized by Varley in Table 2.3 [23]:
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Table 2.3. Prospective thermoplastic toughener criteria. Source: Varley et al. [23].

Critical Criteria

Processing Considerations

Thermoplastic backbone

Good thermal stability, should be
soluble in uncured epoxy

Morphology

Affects toughness efficiency

Reactive end groups

Unclear in the literature

Ductility of epoxy resin

Thermoplastics toughen highly
cross-linked materials more
efficiently

Molecular weight

Increasing molecular weight shown
to increase toughness

Epoxy cure

Must be taken to completion

Like with rubber toughening, the effective toughening of thermoplastic tougheners has been found to be related to the morphology of
the thermoplastic phase. For phase separation solution addition, the
thermoplastic phase evolves during the epoxy cure process and is
dependent on cure temperature/dwell time and mechanism of phase
separation. Epoxy toughening using thermoplastic tougheners has
been reported to be in the range of 20-30 weight % addition without
a loss in mechanical properties [7]. Table 2.4 shows a selection of
thermoplastic toughening found in the literature.
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Table 2.4. Selection of thermoplastic tougheners from the literature.

Toughener

Matrix

Notes

Ref.

Polyethersulphone
(PES)

TGDDM,
TGAP,
DGEBA

Phase separation method

Polyetherimide (PEI)

DGEBA

Phase separation,
& solid phase addition

Polyphenylene oxide
(PPO)

DGEBA

Phase separation method

[29]

Polycarbonate (PC)

DGEBA

Solid phase addition

[29]

Polybutylene terephthalate (PBT)

DGEBA

Solid phase addition

[29]

Reactive polystyrene
(RPS)

DGEBA

Phase separation method

[29]

Polybutylene terephthalate (PBT-PBE)

DGEBA

Phase separation method

[29]

Polyether imidedimethyl siloxane
(PEI-PDMS)

DGEBA

Phase separation method

[29]

Polycarbonatedimethyl siloxane
(PC-PDMS)

DGEBA

Phase separation method

[29]

Polystyrene-butadienestyrene (SBS)

DGEBA

Phase separation method

[29]
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Toughening mechanism
The microstructure of thermoplastic toughened epoxy can consist of
either distinct particulate thermoplastic phases, or co-continuous
(described to be more diffuse, 3-dimensional interface between
thermoplastic and epoxy interfaces) phases. Pearson reviewed the
effect of thermoplastic particle morphologies on toughening epoxies
[29]. The four main parameters identified by Pearson to influence
thermoplastic toughening effectiveness were: (1) size of thermoplastic phase particles, (2) strength of the thermoplastic particles, (3)
adhesion between particles and matrix, and (4) distribution of particles. In his review, Pearson describes possible toughening mechanisms to include: crack pinning, particle bridging (valid only for
rigid particles), crack-path deflection, shear banding, and microcracking [29]. Pearson goes on to state that the optimum particle size
is dependent on the toughening mechanism.
Despite the toughening mechanisms proposed by Pearson, other
authors propose that it is actually the energy taken up by thermoplastic itself through stretching and tearing that are responsible for
the majority of its toughening abilities. Here, the ideal phase morphology for effective toughening is agreed to be phase inverted
elongated co-continuous phases [6, 7, 21, 23, 30]. Min et al. found
that for phenolic hydroxyl-terminated polysulfone (PSF) toughening
of epoxy (at 15wt%), the more effective phase inverted microstructure was obtained at lower epoxy curing temperatures (140°C and
160°C) [6].
General LCM processability
The processability of thermoplastic tougheners is similar to that of
rubber toughening. Thermoplastics may be added physically as a
solid phase, or solution which phase separates from the epoxy during the cure process. Of the two processing routes, the latter is more
conventional. The main drawback to the physical addition approach
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are the general problems associated with particle addition mentioned earlier.
The temperature profile required for the optimum thermoplastic
morphology with phase separation solution addition is typically a
moderate temperature and a long dwell time; followed by a post
cure for obtaining optimum epoxy properties.
Effect on glass-transition temperature (Tg)
The toughening efficiency of thermoplastics is stated to increase with
increasing epoxy cross-link density (indicative of high Tg) [23]. A
selection of thermoplastic toughened epoxies with their associated
Tg in the literature are listed in Table 2.5.
Table 2.5. A selection of thermoplastic tougheners with their corresponding epoxy
glass-transition temperature (Tg).

Thermoplastic
Toughener

Tg

Matrix/Hardener

% Added

Poly(ether imide)
(PEI)

DGEBA-Piperidine
Epoxy System

Unknown

220

[29]

Poly(phenylene
oxide) (PPO)

DGEBA-Piperidine
Epoxy System

Unknown

205

[29]

Tri-glycidyl p-amino
phenol (TGAP)/4,4’diamino diphenyl
sulphone (DDS)

30 (wt%)

208, 251

[23]

Tri-glycidyl p-amino
phenol (TGAP)/4,4’diamino diphenyl
sulphone (DDS)

30 (wt%)

251

[23]

DGEBA/4.4’diaminodiphenyl
sulfone (DDS)

15 (wt%)

~170

[6]

PSF
(pre-reacted)

PSF
(not pre-reacted)

PSF

32

(°C)

Ref.
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Hyperbranched Polymers
More recent in the literature, is research into the use of hyperbranched polymers (HBP) as epoxy tougheners. Hyperbranched
polymers are polymers with a large number of dendritic or branchlike molecular structures. Their application for toughening is based
on indications that they do not alter processability (flow) or Tg of the
base epoxy system [13, 14]. Although their potential looks promising, outside of academia it is unclear whether hyperbranched polymers are actually used in any industrial products.
Mezzenga et al. describe a drawback to HBP to be related to their
synthesis process making them expensive polymer additives. HBP
polymers form their required toughening phase morphology
(branched structure) during the epoxy cure process. Mezzenga et al.
found using a HBP with a dendritic branch structure gave a two-fold
increase in G1C, without loss of thermo-mechanical properties or
resin processability for both glass and carbon fiber composites. Ratna
[14] reported similar toughening results with epoxy/HBP for glass
fiber composites. However, Ratna found no change when HBP were
applied to carbon fiber composites.
Toughening mechanism
The phase separation microstructure of the HBP acts in the same
manner as other soft tougheners, inducing a variety of fracture
mechanisms. Additionally, Mezzenga et al. reported a reduction in
internal stresses resulting from the epoxy cure process when using
HBP additives [13].
General LCM processability
The HBP processability is considered excellent as no filtering issues
exist, and resin viscosity remains low.
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Effect on glass-transition temperature (Tg)
A slight decrease in the ultimate Tg was reported with the use of
HBP. However, this was on the order of a small temperature change
of only 8°C (with an epoxy Tg in the range of 160°C) [13].
Block Co-Polymer
The use of self-assembling amphiphilic block co-polymers (BCP) as
epoxy tougheners has been examined. In the epoxy matrix, the block
co-polymers self-assemble, forming nano-scale micelle or vesicle
structures depending on the particular BCP used. In the work of
Dean et al. [15], spherical and wormlike micelles were formed using
PEO-PEP-9 BCP, while vesicles (larger spherical structures with a
hollow interior) were formed with P(MMA-ran-GMA)-PEHMA-4
BCP in Bisphenol A-co-epichlorohydrin epoxies. The BCP selfassemble into their toughening structures which are then locked into
their final morphology by the epoxy during the cure process. Liu et
al. used self-assembling amphiphilic block co-polymers (PEP-PEO)
formed into micelles structures in the size range of 15nm. Less than
5% (wt.) addition was required to provide toughening while not
effecting E-modulus of the epoxy [16].
Dean et al. looked at the effect of differing micelle shapes [15]. A past
study they had performed showed that vesicle structures outperformed nano-scale micelles as toughening additives. However, They
found that spherical and wormlike PEO-PEP micelles provided increased fracture energy (GIC) compared to vesicle structures.
Toughening mechanism
Toughening mechanisms of micelle BCP modified epoxy was investigated by Liu et al. [16]. They reported a nanocavitation effect was
present in their BCP/epoxy. This is noteworthy as previously, other
authors have proposed models and shown experimentally a cavitation limit (for rubber toughening), in the range of 200-250nm. The
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fracture behavior was observed to be similar to microcrack failure
mechanisms. The failure mechanisms observed was cavitation followed by shear banding. Although it should be mentioned that the
authors describe the size of the shear banding zone to be too small
for significant toughening contribution. Instead, they attribute other
mechanisms such as crack tip blunting to play a role. The initial
cause of the nano-cavitation was not conclusively determined.
General LCM processablilty
In neither of the studies of Dean et al. or Liu et al., is the composite
processability of using BCP as epoxy matrix tougheners discussed.
Dean et al. only briefly mention a minimal viscosity change occurring with the low volume addition of BCP [15]. The processability of
the BCP will largely depend on the time and temperature cycle required to form the BCP structure responsible for toughening. In particular, it will depend on the time required for the self-assembling
BCP to form their micelle or vesicle structure in relation to the resin
curing cycle and resin infusion (in LCM processes).
Effect on glass-transition temperature (Tg)
The addition of block co-polymer was found to increase Tg (more
correctly, the authors defined as Tδ = Tg + 20°C). Increases as high as
55°C with the addition of block co-polymer was reported [15]. The
BCP morphology and fracture toughness appeared to correlate with
fracture toughness. The maximum increases in Tδ were found for
wormlike micelles, followed by spherical micelles (no more than
25°C increase), and lastly by vesicles (less than 15°C increase).
Hard Inorganic Particles (micro-scale)
Hard inorganic micro-scale particles such as glass beads, alumina,
and silica are common epoxy tougheners. Unlike rubbers and thermoplastics, some inorganic particles not only increase toughness, but
also improve mechanical properties and Tg [17]. Traditional particle
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additives have been on the micro-scale, with more recent research
examining the use of nano-scale particles (see Nanoparticles section).
However, compared to “soft” rubbers and thermoplastics, the overall effectiveness of particles, at least on the micro-scale, is the lowest
of all the common epoxy toughening techniques. At the micro-scale,
a substantial amount of particles must be added for adequate increases in fracture toughness. Due to the density of many inorganic
particles, the associated mass increase to the epoxy can be substantial.
A selection of mico-sized inorganic particle tougheners are listed in
Table 2.6.
Table 2.6. A selection of microparticle inorganic tougheners.

Particle

Matrix

% Added
(effective toughening)

Ref.

Silica

Epoxy

20, 50 (vol%)

[20]

Alumina

Epoxy

30 (vol%)

[20]

Alumina (treated)

Epoxy

30 (vol%)

[20]

Alumina trihydrate

Epoxy

21.5 (vol%)

[20]

Glass beads

Epoxy

20 (vol%)

[31]

A general summary by Moloney et al. for the effect of specific properties of micro-sized particle tougheners on the toughened epoxy is
found in Table 2.7.
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Table 2.7. Summary of effect of particle properties on epoxy toughening. Source:
Moloney et al. [20].

Effect on:
Property
Modulus

Kc

Strength

Increase volume filler

Increase

Increase

~Constant at
matrix value

Particle size

Constant

Constant

Decrease

Increase aspect ratio

-

Increase

Increase

Increase strength and
modulus filler

Increase

Increase

Increase

Improved adhesion

Constant

Constant

Increase

Small decrease

Increase

Decrease

Tougher matrix

Interestingly from Table 2.7, it is stated that particle size (at the micro-level) did not have an effect on toughness. Instead, it was the
volume content which had the most significant influence. Moloney et
al. described this from the work of Spandoukis and Young who
compared 4.5μm and 62μm glass beads and found no conclusive
evidence of an increase in toughness with the use of smaller glass
beads. The minor toughness increase observed was just outside the
scatter of the data [20]. In disagreement to this, reducing particle size
to the nano-scale is shown in more recent literature to add matrix
toughness. In addition, a much lower volume of particles is required
at the nano-scale. (More to follow in the Nanoparticles tougheners
section)
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Attempts for adhesion improvements between the particle and matrix are done by specific particle surface treatments on the particles.
These may range from silane treatments, to treatments with mold
release agent. However, Moloney et al. described there to be no
substantial effect on toughness for surface treated glass, alumina, or
silica particles [20].
Toughening mechanism
The most dominant toughening mechanism from inorganic particles
is from crack pinning – which is analogous to dislocation pinning
that occurs with metals. Because of this, the strength of the particles
themselves is of importance to prevent premature fracturing of the
particles (where premature fracturing of the particles would reduce
their effectiveness to inhibit crack growth) [20]. The size and distribution of the particles is also critical for their toughening effectiveness as this affects the ability of the crack to bow around the pinned
locations. This was illustrated by Moloney et al. (Figure 2.6).

Figure 2.6. Illustration of crack pinning by hard particle tougheners. Source: Moloney
et al. [20].

Figure 2.6 observes the mode 1 crack propagation when viewed from
above. Here, the particle diameter is considered as 2r, and the interparticle spacing as 2c. The interparticle spacing (2c) is fundamen38
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tal for the effectiveness for particles to stop crack growth. Decreasing
the particle spacing, increases the difficulty for the crack front to bow
and pass through the particle obstacles. Therefore, to ensure a small
interparticle spacing, it is necessary for a fundamentally high number of particles to be present in order for the toughening to be effective.
With respect to toughening due to increase crack length path, it has
been suggested that the aspect ratio of the particles themselves, and
their orientation, might also contribute to toughening by imposing a
twist on the crack front (altering it away from a straight crack front)
[17, 20]. This may be achieved by using particles with a longer aspect
ratio (tubular) rather than spherical. Thereby forcing a longer crack
path as the propagating crack is forced to twist around an elongated
particle.

Figure 2.7. Proposed crack deflection with use of non-spherical, increased aspect ratio
particles. Source: Moloney et al. [20].

Other mechanisms may include particle bridging (particularly for
tubes/fibers), particle pull out, or particle breakage scenarios. These
failure mechanisms in particular have been suggested for tubular or
fibrous nano-scale particles [32]. Additionally, others report possible
plastic deformation in the local matrix adjacent to the particle [17,
20].
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General LCM processability
The general advantages of particle processing were previously mentioned. In summary, the advantages are: controlled volume fraction
of toughener, and mitigation of the risk of incomplete phase separation of a precipitating toughener from the epoxy.
The processablity concerns of particle toughened epoxy systems
surround particle distribution in the epoxy matrix. This is a general
problem mentioned previously is particularly difficult for resin infusion composite processes as the fiber preform acts to filter the particles. Additionally, as shown in Table 2.7, the high content of particle
tougheners required for substantial toughening has an associated
high increase in resin viscosity; further complicating resin infusion
into the reinforcement fibers.
Effect on glass-transition temperature
Particle tougheners generally do not have detrimental effect on Tg of
the epoxy matrix. In some cases, the Tg can rise given enough hard
inorganic particle addition [17].
Nanoparticles
Recent research examining the use of nano-scale particles is gaining
traction due to their increased benefits per mass addition compared
to their traditional micro-scale counterparts [33]. Transitioning from
micro-scale particles to nano-scale particles gives dramatic changes
in physical properties due to the large surface area (nano-particles
have a substantial greater surface area to volume ratio) and associated surface interactions [34]. To be considered a nano-scale particle,
the particles must be below 100nm. Sub-micron particles, size range
of 200-500nm, are often for simplification considered nanoparticles
[33]. The addition of nanoparticles to resin systems, such as epoxy, is
often referred to as nanocomposites.
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Toughening mechanism
Nanoparticles are much more attractive for their effectiveness per
weight added compared to micro-scale particle toughening. This is
explained by the following plot from Wetzel et al [33].

Figure 2.8. Relationship between the number of particles, particle diameter (size),
inter-particle spacing and particle surface area. Example is for a filler volume content
of 3% (vol.). Source: Wetzel et al. [33].

When at the nano-scale regime, the number of particles that can occupy a given area of space increases substantially. Likewise, the particle/matrix interface area also increases (due to the high surface area
associated with nano-scale particles) – yielding surface interaction
effects, while the inter-particle spacing dramatically decreases – increasing crack pinning effects.
Nanocomposites have been found to have toughening effects at lower volume fractions than the micro-scale particles. Additionally,
when going from the micro-scale to the nano-scale, additional
toughening mechanisms may be present. For example, for nanosilica
it has been observed particle debonding followed by nanocavitation
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or void growth around the particles [1, 35-37], which is similar to the
cavitation occurrence with rubber toughening.
Common nanoparticle additions found in the literature include: carbon nanotubes (multi-walled (MWNT), and single-walled (SWNT))
[38, 39], carbon nanofibers (CNF) [32], nanoclay, nanosilica (SiO2)
[40-42], nanoalumina (Al2O3) [33, 43-45], and nanotitanium dioxide
(TiO2) [33]. Other particles identified to be of interest, include: zinc
oxide (ZnO), calcium carbonate (CaCO3), silicon carbide (SiC) [46],
and metals (Al, Fe, Au, Ag) [34].
A selection of various nanoparticle toughening found in the literature are summarized in Table 2.8.
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0.5, 1, 2
(vol%)

0.5, 10
(vol%)

1.6, 4.6
(vol%)

1.6, 4.6
(vol%)

Epoxy (DER 331,
DOW)/cycloaliphatic amine
(Huntsman)

Huntsman Araldite F – bisphenol A/Aradur HY905 –
modified dicarboxylic anhydride hardner/DY062 –
amine catalyst

Huntsman Araldite F – bisphenol A/Aradur HY905 –
modified dicarboxylic anhydride hardner/DY062 –
amine catalyst

Al2O3 (13nm)

Al2O3
(45nm)

Al2O3
w/ Silane surface
treatement for
functionalization

%
added

Epoxy DGEBA/polyoxyalkylene

Matrix

Al2O3

Particle

[44]

[44]

[33]

Increasing K1C with
increasing vol%

170(0%),
177(2%),
185(5%),
183(10%)

Ref.

[43]

Notes

Slight increase,
or no change

Tg
(°C)
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Table 2.8. A selection of nanoparticle tougheners found in the literature.

Continues onto next page
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44
2, 3
(wt%)

5
(vol%)

1, 15
(vol%)

0.3
(wt%)

SiO2
Epoxy DGEBA
Surface modified
Araldite – F/
dispersed solution

Epoxy DGEBA
Araldite – F

Epoxy bisphenolF/acid anhydride curing agent (Albidur
HE600)

Epoxy DGEBA/amine
hardener

SiO2
(<50nm)
Produced from
colloidal sol-gel

SiO2
(25nm)
From in-situ
sol-gel process

Continues onto next page

Carbon black

122(0%),
119(3%),
110(15%)

100.4(0%),
101.8(2%),
100.2(3%),
102.1(6%),
102.1(8%)

K1C increases steadily with increased
vol%

K1C increased in
elevated temp.
tests

K1C plateaus at 3%
addition,
K1C was unchanged
from neat resin for
elevated temp.
testing (70°C)

[39]

[42]

[41]

[40]
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Table 2.8 continued.

0.1, 0.3
(wt%)
0.3
(wt%)

Epoxy DGEBA/amine
hardener
Epoxy DGEBA/amine
hardener

MWCNT

MWCNT-NH2

SWCNT
(Plasma
produced)

0.3
(vol%)

0.3
(vol%)

0.3, 0.5
(wt%)

Epoxy DGEBA/amine
hardener

DWCNT-NH2

SWCNT
(Laser produced)

0.5
(wt%)

Epoxy DGEBA/amine
hardener

DWCNT

Epoxy Araldite
MY0510 Huntsman/Aradur 5200
aromatic diamine
Epoxy Araldite
MY0510 Huntsman/Aradur 5200
aromatic diamine

0.1
(wt%)

Epoxy DGEBA/amine
hardener

SWCNT

[32]

[32]

[39]

[39]

[39]

[39]

[39]
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Table 2.8 continued.

Continues onto next page
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46
0.4
(vol%)

0.4
(vol%)

0.5, 8.0
(vol%)

Epoxy Araldite
MY0510 Huntsman/4,4Diaminodiphenyl
Sulphone (DDS)

Epoxy Araldite
MY0510 Huntsman/4,4Diaminodiphenyl
Sulphone (DDS)

Epoxy (DER 331,
DOW)/cycloaliphatic
amine (Huntsman)

SWCNT
(Laser produced)

SWCNT
(Plasma
produced)

TiO2 (300nm)

170(0%),
172(1%),
173(5%),
174(10%)

K1C increases with
vol%

[33]

[32]

[32]
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A general trend is for there to be a continual increase in fracture
toughness with increasing volume content. However, processing
conditions or excessive weight may limit the maximum volume of
particles that can be added. Processing conditions include a significant rise in resin viscosity, particle agglomeration and distribution
issues, and filtering (where large volume amounts made lead to cake
filtering).
General LCM processability
A major drawback in using nanoparticle filled resin systems is their
processability, particularly for LCM processes such as RTM. Nanoparticles give a rapid rise in viscosity, and sometimes alterations in
the epoxy cure kinetics [34]. For LCM processes, a relatively low
resin viscosity is considered ideal for a properly infused fiber preform. This is seen as a weakness for LCM processing for using nanocomposites. The literature shows a large increase in resin viscosity
with nanoparticle addition [34, 38, 42, 47].
Due to the large surface area associated with nanoparticles, and the
surface forces that result, agglomeration is considered to be another
processing issue. As found extensively in the literature, agglomeration is widely considered a processing problem associated with the
use of CNTs, in particular for composites. Typical methods used to
break down agglomerates include mechanical milling, or dispersion
in a solvent with ultrasonic mixing. A major drawback to the latter is
the need to fully remove the solvent prior to curing of the epoxy.
Failure to do so may result in a plasticized resin with significantly
lower properties, such as Tg. For nanosilica particles, the literature
shows it is popular to add the particles as a so-gel mixture in which
the particles are formed in-situ.
Examples of processing with nanocomposites (epoxy resin containing nanoparticles) using conventional LCM techniques was demonstrated by Chisholm et al. [46]. They fabricated SiC/epoxy nanocomposites between 1.5-3wt% SiC in a satin-weave carbon fiber preform
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using traditional VARTM processing. They infused both spherical
nano-scale particles (29nm) and micron-scale particles (1μm). No
significant solvent or mechanical milling was used. Only standard
mixing techniques were employed. Their study demonstrates the
ability to infuse nanoparticles into a composite and without the use
of anti-agglomeration techniques (solvent). Gojny also found CNTs
to be infusible in an RTM process without noticeable filtering effects
at low concentration (0.3wt%) [38]. Although no filtering effects were
noticed, re-agglomeration of the CNTs themselves was observed.
In general, there appears to be a large gap in the literature regarding
resin flow of nanocomposites. The sparse resin flow studies performed to date are discussed later in Chapter 7 of this thesis.
Effect on glass-transition temperature
An advantage of hard inorganic particles is that their general effect
on Tg is minimal, and in theory like micro-scale hard particles
should remain inert to the epoxy reaction. In the literature, the use of
nanosilica particles is reported to have minimal effects on epoxy Tg
(not effecting the epoxy network formation) as observed by Hseih
[35] and other researchers [1, 36, 48]. In addition, Liang reported
nanosilica particles to have no effect on polymer chain mobility during the curing process [36]. However, particle interaction and particle participation during the epoxy reaction, resulting in a Tg increase
of 15°C, was reported by Wetzel [33] and attributed to the surface
functionality of the particles.
Hybrid Toughening
Hybrid toughening involves using a combination of two of more
toughening techniques in combination for effective toughening. In
this thesis, this specifically entails combining the use of both hard
and soft tougheners. The aim of hybrid toughening is to utilize their
different toughening mechanisms and to have them interact in a
synergistic manner to obtain a fracture toughness greater than either
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constituent could obtain on their own as a single-toughener system.
Combined toughening has the potential to:
1.

Obtain desired mechanical and thermal properties

2.

Improve or maintain processablity of the resin

For example, using less rubber (where increasing rubber content has
an increasing negative effect on Tg) and compensating with adding
inorganic particles to keep a desired Tg of the epoxy; while keeping
other mechanical properties such as Young’s modulus (traditionally,
soft toughener addition lowers modulus while hard toughener addition increases modulus) and tensile strength (compared to using
only rubber toughening). Hybrid toughening also potentially means
lower volume amounts of inorganic particles, and solution blended
rubber (to phase separate during the epoxy cure process) to keep
resin viscosity low for processablity.
The synergistic effectiveness of hybrid toughening is mixed in the
literature. Some studies found synergistic toughening to be present,
while other researchers found no effect or even negative toughening
results. Initial studies into hybrid toughening involved the use of
CTBN rubber with glass beads. The synergistic effects of combining
the two was observed by multiple researchers [31, 49-51]. The use of
CTBN in combination with nanosilica particles, was by some researchers, also found to be synergistic in nature [48, 52]. Another
synergistic combination found in the literature is the combination of
hard clay particles with rubber [53, 54].
On the other hand, other authors have observed non-synergistic
toughening effects when combining hard and soft tougheners. These
ranged from no change in fracture toughness compared to only using one of the toughener constituents on their own (usually the soft
toughening phase), to a negative reduction of fracture toughness.
With the aforementioned situation, the addition of a hard toughener
usually increases other mechanical properties such as Young’s Modulus. In this case, the hybrid combination of tougheners can be seen
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as a way to recover the loss of properties usually associated with the
addition of the soft toughener (e.g. a drop in Young’s Modulus) even
if the overall fracture toughness is not improved with hybrid combinations. For example, 30wt% addition of core-shell rubber to a 170°C
Tg epoxy adhesive can lead to a drop in Young’s modulus of 10-15%.
The addition of hard inorganic particles on the other hand will allow
modulus to be maintained [55].
Liang et al. found no synergistic effects when combining CTBN rubber with nanosilica particles [37]. This was in contrast to Tsai et al.,
who for CTBN rubber with nanosilica observed synergistic toughening effects [52]. However, in the same study, Tsai et al. found that
using rubber particles (CSR) with nanosilica on the other hand was
not synergistic [52]. Other non-synergistic combinations reported in
the literature include CSR with multi-walled carbon nanotubes
(MWNT) which was found by Scobbie et al. to lower fracture toughness [56]. Although, in this particular study, the authors argued that
the results involving the use of MWNT, which had a large scatter in
properties, was in part inherently an issue related to poor dispersion
of the nanotubes themselves.
It should also be noted that the application of block co-polymer as a
soft toughener in hybrid combinations compared to rubber, has been
minimally published in the literature. One other notable exception is
by Scobbie et al. [56]. They investigated using a tri-block co-polymer
in hybrid combination with nanosilica particles. The addition of nanosilica to the block co-polymer was found to have a minimal decrease in fracture toughness compared to the BCP used alone as a
single-system.
Toughening mechanisms
Micro-scale hybrid toughening was carried out by Zhang and Berglund with the addition of glass beads to a CTBN-rubber toughened
epoxy [31]. An improvement in toughness of the base CTBN-rubber
toughened epoxy was observed with the fracture mechanisms found
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to change with the addition of glass beads. The size of the local plastic zone around the crack was found to decrease (compared to
CTBN-rubber toughening only), while the crack path was observed
to be more tortuous. This is indicative of the glass beads having a
crack pinning effect.
Gam et al. investigated the fracture behavior of a core-shell rubber
(CSR) epoxy in combination with nanoclay particle addition [53]. A
significant improvement in K1C was observed with the hybrid combination of CSR/nanoclay compared to the nanoclay only toughened
epoxy. A combination of fracture mechanisms were observed; cavitation by the rubber, followed by limited shear yielding, crack deflection and crack bridging and massive shear banding. It was concluded that CSR was effective in combination of nanoparticle composites
with regards to toughening.
Scobbie et al. examined the effect of combining “hard” and “soft”
nano-tougheners [56]. Soft nanofillers examined were a tri-block copolymer (SBM), and core shell rubber (CSR), while hard fillers examined were nanosilica (SiO2) and multi-walled carbon nanotubes
(MWCNT). The hard/soft toughener combinations evaluated were
SBM/SiO2 and CSR/MWCNT. The SBM/SiO2 hybrid was found to
have about the same fracture toughness (marginally lower) as SBM
only toughening, with slight gains in flexural modulus. It should be
noted that only 2.2% (vol.) SiO2 was added. Performance is expected
to increase with increasing SiO2 content. CSR/MWNT was found to
have lower fracture toughness than CSR toughening on its own.
Scobbie et al. attributed this to observed MWCNT agglomeration.
However, despite the lower fracture toughness, the hybrid combination of CSR/MWNT was found to alter fracture behavior from CSR
toughening only.
General LCM processability
The processability of hybrid toughened systems depends on the
particular toughener combinations. In the case of particle tougheners
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being one of the utilized constituents, processability with regards to
resin viscosity should improve due to the need of less particles required.
Effect on glass-transition temperature
The glass transition temperature of a hybrid toughened system also
will be dependent on the tougheners used in combination and how
much of each toughening constituent is added to the epoxy.

2.2. Toughening High Tg Epoxy Systems
In general, inorganic particles such as glass beads, alumina, and silica are ideal tougheners for high Tg epoxy systems because of their
thermal stability above 200°C and no detrimental impact on Tg.
Although traditionally used soft tougheners, such as rubbers, are
generally the most effective at epoxy toughing, the use of these
tougheners is limited to epoxy systems with a Tg of around 180°C
and lower. Beyond this temperature, the toughener itself can begin
to thermally breakdown. Core-shell rubber (CSR) for example is
typically viewed as temperature stable up to 150°C [55]. Although
the application of CSR has been reported for epoxy Tg as high as
170°C [55], examples with temperatures above 200°C appear to be
absent. In internal discussion with Dow, 180°C was set as the approximate limit for appropriate application of the soft toughener
class of epoxy tougheners.
As mentioned earlier in Chapter 1 (shown in Figure 1.1), fundamentally the toughenability of epoxy systems decreases with increasing
Tg. In particular, the toughening effectiveness of soft tougheners like
rubber decreases substantially [12]; and as a result, larger quantities
are required to maintain toughness. When added in large quantities,
rubber can decrease the Tg of the bulk system (as they themselves
typically have a low Tg) [57] making it difficult to achieve a high Tg
(e.g. above 200°C) even if thermal stability of the rubber can be
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achieved. Even if maintaining moderate Tg is possible with CSR, an
additional drawback is the large amounts of rubber addition required (as the toughening efficiency of rubber decreases with increasing epoxy Tg, Figure 1.1) is the lowering of other mechanical
properties like Young’s modulus [37, 49]. For example, 30wt% of
CSR addition to the moderately-high Tg epoxy (Tg 170°C) resulted
in a lowering of 10-15% in modulus [55].
Hard inorganic particles on the other hand have no theoretical temperature limit below that of the epoxy itself. Particles such as silica,
alumina, and titanium dioxide have been shown in the literature to
increase fracture toughness in epoxy. In addition to fracture toughness increases, other properties such as the enhancement of mechanical [36, 44, 45, 58], thermal [3, 58, 59], electrical [3, 60] and fire retardancy [61, 62] properties of the matrix can also be achieved with
particle addition. Nano-scale particles are attractive for hard tougheners as they have been shown to be more effective at toughening
than their micro-scale counterparts.
Nanosilica particle toughening
Among the various nanoparticles in the literature, nanosilica has
been gaining the most research interest for the implementation into
epoxy systems.
Nanosilica toughening for a low cross-linked epoxy system was
evaluated by Liang and Pearson [36]. They observed a good improvement in fracture toughness for a low cross-link density system.
Ma et al. [63] investigated the effect of nanosilica and report improvements. However, the Tg and therefore the toughenability of the
epoxy system was not reported. They showed nanosilica to be effective to varying extents, depending on the two different hardeners
evaluated with the same neat epoxy resin. Other studies were also
carried out by Masania [8] who examined the toughening effect of
nanosilica on various neat resins and hardener systems, demonstrat-
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ing the effectiveness of nanosilica on low and high Tg epoxy systems.
Nanoalumina particle toughening
Compared to the use of nanosilica, investigations into the use of
nanoalumina are less prevalent in the literature. However, its application for epoxy toughening has been made by a few authors. Wetzel
et al. examined the effectiveness of nanoalumina vs. nanotitanium
dioxide [33]. Good fracture toughness improvements were found for
both particle types, with nanoalumina found to be the more effective.
Zhao et al. investigated fracture mechanisms of nanoalumina addition as well as the effect of surface treatment to the particles [44, 45].
They did not find a substantial effect with surface modification of the
nanoalumina particles compared to the untreated nanoalumina with
regards to the resulting epoxy fracture toughness.
Selected results from different research groups comparing specifically nanosilica and nanoalumina toughened epoxy resin systems are
listed in Table 2.9.
In general, it should be noted that a lower Tg system (corresponding
to a low cross-link density) allows a higher achievable fracture
toughness increase than a system with a higher Tg (corresponding to
a high cross-link density) [12]. As the epoxy network formation (related to Tg) plays a large role in the ability for the epoxy system to be
toughened, those publications where data was available regarding
the resin and hardener type, as well as the Tg of the given system
were primarily considered.
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186

68

142

DDS

4, 4’-methylenebis (2,
6-diisopropylaniline)
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Polyether-amine

Methylhexahydro
-phthalic Anhydride

DGEBA

TGMDA

DGEBA
/F

DGEBA

NA

Polyetheramine

DGEBA

80-85

Tg
(°C)

Piperidine

Hardener

DGEBA

Epoxy Resin

0.51

Nanosilica
(20nm)/ 20wt%

Nanosilica
(20nm)/ 20wt%

Nanosilica
(20nm)/ 20wt%

0.54

0.78

0.51

0.73

Nanosilica
(20nm)/ 20wt%

Nanosilica
(20nm)/ 20wt%

1.11

0.90

1.76

0.87

0.82

1.68

2.25-2.75

Neat Resin Toughened
K1C
K1C
(MPa·m1/2) (MPa·m1/2)

Nanosilica
(20nm)/ 24.6wt%

Particle
Content

[8]

[8]

[8]

[63]

[63]

[36]

Ref.
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Table 2.9. Selected examples of silica and alumina nanoparticle toughened epoxy resin
systems found in the literature.
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112
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Cycloaliphatic Amine

Modified dicarboxylic Anhydride

Modified dicarboxylic Anhydride

DGEBA

DGEBA

DGEBA

128

4-methyl-1,2cyclohexanedicarboxylic Anhydride

DGEBA

Nanoalumina
(45nm)/ 20wt%

0.94

0.94

0.50

Nanoalumina
(13nm)/ 10vol%
(*approx. 5wt%)

Nanoalumina
(45nm)/ 20wt%

0.51

Nanosilica
(8-50nm)/
25wt%

1.08

1.03

1.15

0.957

[44, 45]

[44, 45]

[33]

[64]
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Table 2.9 continued.

2.3. CONCLUSIONS

Of the selected examples, both nanosilica and nanoalumina are
shown to be applicable to high Tg epoxy systems. As to which of
these two nanoparticles is more effective is unclear. A comparison
between the different studies in the literature is difficult, as a particle’s toughening effectiveness can be restricted by the particular
epoxy/hardener system. In a majority of studies, often only a single
particle type was examined per epoxy system. From the selected
examples, the only particle type comparison on the same epoxy system was made by Wetzel et al., who examined nanoalumina against
titanium dioxide, finding nanoalumina to be more effective.

2.3. Conclusions
Ranging from soft toughening with the addition of rubbers, thermoplastics, block co-polymers and hyper-branched polymers to hard
toughening with the addition of hard particles, a multitude of strategies exist to epoxy.
Hard inorganic particles are identified to be ideal for high Tg epoxy
systems, in particular due to their temperature stability above 180°C.
For the same amount of addition (mass or volume), the use of nanoscale particles have shown to be more effective at epoxy toughening
than micro-sized hard particles. As a result, studies involving the use
of nano-scale hard particles for toughening epoxy have been gaining
popularity in the literature.
In general, comparison between the different nanoparticle tougheners found in the literature is difficult, as the effectiveness to toughen an epoxy is dependent on the particular resin and hardener combination [1, 8, 65]. In a majority of studies, often only a singletoughener particle was examined per epoxy system. As a result of
the toughening dependency on the particular resin and hardener
system used, characterization of the identified prospective tougheners with the Dow epoxy resin system, is unavoidable and necessary.
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In particular, an evaluation between nanosilica, the most prevalent
in the literature, and nanoalumina, also shown to be beneficial but
evaluated in less studies, as particle tougheners on the same resin
system has yet to be carried out in the literature. Evaluating performance differences between the two particle types would be beneficial to determine if there is a material dependency, or if both materials perform the same if given similar geometries (e.g. particle size).
Hybrid toughening has had mixed results in the literature. Hybrid
toughening combinations constituting of the soft tougheners under
the Dow product line up and either nanosilica or nanoalumina particles have not been evaluated in the literature. Comparing the use of
both these nanosilica and nanoalumina hard particle types in hybrid
toughening, should also be made.
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Chapter 3

Hard nanoparticle epoxy toughening
In this chapter, the toughening effectiveness of alumina and silica
nanoparticles are compared on the same 150°C glass-transition temperature (Tg) epoxy system. These two particle types were identified
from review of the literature to be the most ideal candidate toughening solutions for high Tg epoxy systems. The results from the evaluations in this chapter was published as a manuscript in the Journal of
Composite Materials [66]. An earlier preliminary toughener selection
study was performed prior to this study and is found in Appendix
A.

3.1. Introduction
Examining alumina and silica nanoparticles of the same nominal size
for the same epoxy system, the following investigations are performed in order to determine the processing behavior and toughening effectiveness for the different tougheners:







The agglomeration behavior studied by micrographs in order to identify the suitability of the particles for LCMprocesses with regards to possible filtering problems
The reaction profile by dynamic scanning calorimetry (DSC)
in order to determine whether there is an impact of particle
loading on the epoxy reaction and final epoxy network formation
The viscosity behavior for a defined isothermal temperature
The epoxy toughening effectiveness of both particle types by
performing fracture toughness (K1C) testing
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3.2. Experimental
Materials
Resin and hardener
The base epoxy system used in this work was Dow D.E.R. 330 epoxy
resin in combination with Air Products Ancamine 2167 cycloaliphatic/aromatic amine hardener. Dow D.E.R. 330 is an epichlorohydrin
bisphenol A epoxy resin system (DGEBA), that when combined with
a suitable hardener, is capable of obtaining a medium to high Tg
epoxy network. The various tougheners were mixed and formulated
into the various resin blends from particle/epoxy master batches;
dispersed high concentrations of particles in epoxy. Resin formulations of various particle loadings were formulated by blending the
master batch concentrates down to the desired particle loading with
addition of the pure D.E.R. 330 neat resin.
Hard nanoparticle/epoxy dispersions
Two types of hard inorganic particles were evaluated in this research: nanoalumina (Al2O3) and nanosilica (SiO2). Both types of
particles were approximately spherical in morphology with both
having an average diameter of 20nm (dry state).
The nanoalumina/epoxy master batch was a custom dispersion produced by Nanosperse (Kettering, OH, USA). The nanoalumina particles (20nm) were purchased from Nanostructured & Amorphous
Materials (Houston, TX, USA) and were dispersed into Dow D.E.R.
330 neat resin, at a loading of 40wt% particles. No surface treatment
was applied to the nanoalumina particles.
The nanosilica/epoxy master batch dispersion was commercially
available Evonik Nanopox F400. The nanosilica particles (20nm)
were provided dispersed into a bisphenol A diglycidyl ether Evonik
epoxy resin at 40wt%. Although different from the neat resin in the
study (Dow D.E.R. 330), the Evonik resin was found to be compatible
60

3.2. EXPERIMENTAL

with the neat resin. In this study, no significant changes in the final
Tg of the combined epoxy formulations were observed when the
Evonik resin was combined at an equal or less ratio with Dow D.E.R.
330. However, a minor shift in the reaction profile (approximately
5°C) was observed at 20.5wt% loading of nanosilica, where the proportional amount of the Evonik resin in the epoxy formulation approached that of D.E.R. 330.
Mixing of the master batch particle dispersions and pure D.E.R. 330
resin was done using a SpeedMixerTM (SpeedMixer DAC 150.1 FV) at
2500 rpm. For curing of the particle blended epoxies, the appropriate
stoichiometric amount of amine hardener (53 g/eq) [67] was added
using the epoxy equivalent weight (EEW) [68, 69] of the various resin
blends. Adding the appropriate stoichiometric amount of hardener
to initially prepared blends of 5wt%, 10wt%, and 25wt% particle/epoxy dispersions resulted in final particle concentrations of
3.9wt%, 7.9wt%, and 20.5wt% respectively, after the hardener addition.
Experimental characterization methodologies
Particle agglomeration
Micro-scale particle agglomeration is potentially problematic for
LCM processing as micro-size agglomerates are severely sensitive to
cake filtering during the resin infusion step (see Appendix D). Here,
the liquid resin must flow between the inter-fiber tow spacing and
inter-fiber spacing. Depending on the fiber preform and the volume
fraction of fibers, the inter-fiber tow spacing can be in the order of
only a hundred of microns or less, while the inter-fiber spacing is in
the order of only a few microns.
The particle loaded resin formulations were checked for micro-scale
agglomeration by performing thin-film through-light microscopy.
Thin-film samples were produced by placing a small drop of particle
loaded resin (resin only, no hardener) onto a glass slide. This was
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followed by carefully placing a second glass slide on top, compressing the resin droplet into a thin-film specimen. The thin-film specimens were examined using optical microscopy (Leica DMRXA with
digital camera Leica DC480) using through-light transmission. Using
this technique, particle rich regions and micro-scale agglomerates in
the resin could be determined by the varying amount of absorbed
light passing through the thin-film specimen.
Curing reaction profile and glass-transition temperature (Tg) analysis by DSC
Differential scanning calorimetry (DSC) characterization was carried
out to test whether the nanoalumina or nanosilica particles affected
the epoxy curing reaction and the resulting epoxy network formation which could adversely affect Tg. The samples were characterized on a power compensation type DSC (Perkin Elmer Pyris 1) from
-25°C to 250°C at a heating rate of 10°C/min. Three heating/cooling
cycles (cooling rate also at 10°C/min) were performed:
1st cycle: To cure the resin sample
2nd cycle: To verify full sample cure from the first heating
cycle
3rd cycle: Repetition
The DSC samples were verified to be fully cured by checking that the
glass-transition temperature (Tg) varied by no more than 3.5°C between heating cycle ramps. Tg was determined by using the half-Cp
method. Average Tg taken from the 2nd and 3rd heating cycles are
reported.
Rheology
The LCM suitability of the nanoalumina and nanosilica resin formulations was evaluated by performing a series of rheological experiments. Rheological characterization was carried out on a cone and
plate style heated rheometer (Physica MCR 301, with a 50mm cone
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diameter with a 1° angle set at 0.054mm gap, using a shear rate of
20s-1). The base resin (D.E.R. 330/amine hardener) and the different
resin formulations were characterized at various isothermal hold
temperatures. Viscosity measurements were made every 30 seconds
and carried out until a defined viscosity limit of 1000mPa·s. This
viscosity limit was internally agreed upon with the technical supervisors at Dow, and is used within Dow as a guideline for LCM processable resin systems.
The D.E.R. 330/amine hardener (Air Products Ancamine 2167) combination had a relatively fast reaction rate (approximately 20 minutes
until approaching 1000mPa·s at 50°C). To minimize the influence of
reaction time on the viscosity measurement and for sample to sample consistency, 15g of epoxy was mixed with the corresponding
amount of amine hardener immediately before each measurement.
After mixing, approximately 7mL of the mixed sample was placed
directly into the rheometer for measurement.
Sample fabrication for mechanical testing (epoxy)
Epoxy test samples for fracture toughness testing were cut from
cured resin plaques. Nearly void-free resin plaque samples of nominally 120mm x 120mm x 4mm were produced by casting into a preheated release coated (Freekote NC-700) steel gravity mold. Prior to
casting, the resin and hardener were pre-heated, mixed together and
then degassed.
The resin plaques were cured according to the manufacturer’s recommended cure cycle of the amine hardener [67]. The temperature
was verified by placing a Type K thermocouple in the mold. The
resin was first cured at 80°C for 2 hours. After the first cure, the mold
was allowed to slowly cool to ambient temperature by opening the
oven door by only a small amount. Once demolded, a second, toolfree post-cure at 150°C was performed for 3 hours. The resin plaques
were heated to 150°C in two steps to minimize thermal stresses; to a
first temperature dwell of 80°C for 10 minutes, and then heated fur63
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ther to 150°C. A Type K thermocouple was placed on the resin
plaque to ensure the final target curing temperature was met. After 3
hours, the resin plaques were again slowly cooled to ambient temperature by again opening the oven door by only a minimal amount.
The fully cured resin plaques were cut into test specimens according
to ASTM D5045 [70] (single-edge notch bend fracture toughness)
standards by water-jet cutting. For the single-edge notch bend
(SENB) fracture toughness specimens, the initial 0.5mm wide starter
notch was made by water-jet cutting. The length of the initial crack
was continued from the starter notch by carefully see-sawing a fresh,
thin (0.38mm) razor blade into the sample. The location of each sample from its relative position on the plaque was tracked to check if
any effects on fracture toughness due to particle settling with the
vertically oriented mold were present. No differences attributed to
sample location (indicative of particle settling) were observed. Therefore, it was assumed that substantial particle settling did not occur.
Fracture toughness testing (epoxy)
Fracture toughness testing was performed according to ASTM D5045
[70]. In this study, single-edge notch bend (SENB) specimens of dimensions 35.2mm x 8mm x 4mm with an initial crack length (a) of
nominally 4mm were tested under plane-strain conditions in 3-point
bending (illustrated in Figure 3.1). The initial crack length was
measured using a caliper to a precision of 0.05mm prior to fracture
testing. Testing was performed on a Zwick universal testing machine
where the SENB specimens were subjected to 3-point bending with a
constant cross-head displacement movement of 10mm/min. A loading cell of 100N was used with force and cross-head displacement
recorded. A minimum of 3 samples of each formulation was tested.
Test samples were cut from multiple produced plates to ensure sample repeatability.
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Figure 3.1. Illustration of single-edge notch bend (SENB) test setup according to
ASTM D5045.

The conditional fracture toughness (KQ), later validated to be K1C
post-testing, was calculated from the following equations in accordance to ASTM D5045 [70]:

 PQ 
 f x 
K Q  
1/ 2 
 BW 

(1)

where

f x   6 x1 / 2

1.99  x1  x2.15  3.93x  2.7 x 
2

1  2 x 1  x 3 / 2

(2)

and

x

a
W

(3)

given the test parameters shown in Table 3.1.
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Table 3.1. Test parameters for the performed single-edge notch bend (SENB) fracture
toughness testing (ASTM D5045) of cured epoxy samples.

Symbol

Parameter

Dimension

PQ

Load at fracture (max. load) measured
by load cell

–

B

Specimen thickness

a

Initial crack length
(pre-notch + fine crack)

W

Sample depth

8mm

S

Roller-span in test setup (S = 4W)

32mm

4mm
4mm,
nominally

Following the ASTM D5045 testing standard, PQ for the materials in
this study was determined to be the maximum load recorded during
the 3-point bend test.

3.3. Results and Discussion
Particle agglomeration
Thin-film micrographs of the particle/epoxy dispersions are shown
in Figure 3.2 and Figure 3.3. The technique allowed for the resin
formulations to be checked for micro-scale agglomerates.
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Agglomerates

5wt%

10wt%

25wt%

Figure 3.2. Thin-film through-light microscopy images of nanoalumina / epoxy (Dow
D.E.R. 330) formulations.

Figure 3.2 shows the agglomeration behavior of the nanoalumina
blends. Some micro-scale agglomerates were visible. These were
found to increase in number with increasing particle loading.

Agglomerates

5wt%

10wt%

25wt%

Figure 3.3. Thin-film through-light microscopy images of nanosilica / epoxy (Dow
D.E.R. 330) formulations.

Figure 3.3 shows the micrographs of the nanosilica blends which
were predominantly ultra-fine with no definitive micro-scale particle
agglomerations visible. The even dispersion combined with small
particle agglomerate sizes (sub-micron), light transmission through
the resin film was effectively constant, meaning no significant objects
can be differentiated and observed with this thin-film lighttransmission technique. Only at the higher loadings, were some particle agglomerates visible.
Despite both the nanoalumina and nanosilica particles having the
same average size of 20nm [69, 71], large differences in agglomerate
sizes were observed. The difference between the two is likely resulting from the differing dispersion/manufacturing method of each
particle master batch. Here, a major difference is that the nanosilica
production is linked to the epoxy dispersion method; the silica parti67
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cles are grown in situ in a sol-gel medium, introduced into the epoxy
and then the sol-gel is removed. Conversely, the nanoalumina was
provided as a dry powder and later dispersed into the epoxy.
The size of the larger nanoalumina agglomerates approaches the size
scale of carbon and glass fiber reinforcement. An implication is a
potential for particle filtration sensitivity at higher volume fractions
of fibers. In particular, there is an expected sensitivity for particle
deposition inside the fiber tows between individual fibers.
Particle effect on reaction
The reaction profiles normalized by maximum peak height for the
various nanoalumina and nanosilica loaded epoxy formulations
obtained by DSC in comparison to the unmodified neat resin are
plotted in Figure 3.4 and Figure 3.5. No substantial change in the
reaction profile was observed for either nanoalumina or nanosilica at
the various particle loadings evaluated. It is concluded that these
two particle types remain inert to the epoxy reaction. A positive implication of this is that no alteration to the neat resin epoxy cure cycle
is required.
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Base Resin (D.E.R. 330)
Al2O3, 3.9wt% (1.2vol%)
Al2O3, 7.9wt% (2.5vol%)
Al2O3, 20.5wt% (7.2vol%)

1.5

1

0.5

0
0

50

100
150
Temperature (°C)

200

250

Normalized Reaction Rate (-)

Figure 3.4. Normalized reaction profile for nanoalumina-loaded amine cured epoxy.
Measurements made by DSC.

Base Resin (D.E.R. 330)
SiO2, 3.9wt% (2.8vol%)
SiO2, 7.9wt% (4.3vol%)
SiO2, 20.5wt% (12.0vol%)

1.5

1

0.5

0
0

50

100
150
Temperature (°C)

200

250

Figure 3.5. Normalized reaction profile for nanosilica-loaded amine cured epoxy.
Measurements made by DSC.
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Only a small shift of approximately 5°C in the 20.5wt% (12.0vol%)
nanosilica loaded sample was observed. This may be the result of the
nanosilica master batch dispersion being comprised of nanosilica
particles dispersed into a bisphenol A diglycidyl ether Evonik resin,
instead of the Dow D.E.R. 330 neat resin. Inherently, with higher
nanosilica addition, the proportional amount of the Evonik resin in
the formulation increases.
Glass-transition temperature (Tg)
The results of the glass-transition temperature (Tg) measured by
DSC for the various nanoalumina and nanosilica particle/epoxy formulations are shown in Figure 3.6 and tabularized in Table 3.2.

155

Glass-Transition Temperature (°C)

154

153
152
151
150

149
148
D.E.R. 330

3.9wt% 7.9wt% 20.5wt%

Untoughened

Al2O3

3.9wt%

7.9wt% 20.5wt%

147
SiO2

146
145
Figure 3.6. Glass-transition temperature (Tg) of various particle/epoxy amine cured
formulations measured by DSC. Error bars denote +/- one standard deviation.
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Table 3.2. Glass-transition temperature (Tg) of various particle/epoxy amine cured
formulations measured by DSC.

Formulation

Tg
(°C)

D.E.R. 330/Amine

150

Nanoalumina (Al2O3) 3.9wt% (1.2vol%)

150

Nanoalumina (Al2O3) 7.9wt% (2.5vol%)

152

Nanoalumina (Al2O3) 20.5wt% (7.2vol%)

150

Nanosilica (SiO2) 3.9wt% (2.8vol%)

150

Nanosilica (SiO2) 7.9wt% (4.3vol%)

154

Nanosilica (SiO2) 20.5wt% (12.0vol%)

153

The neat resin (D.E.R. 330/Air Products Ancamine 2167) was found
to have a Tg in the range of 150°C. The various loadings of both the
nanoalumina and nanosilica particles were not found to have a negative effect on Tg. A slight scattering in the obtained Tg was observed
for the nanoalumina and nanosilica formulations. The result is similar to Kinloch et al. who observed similar Tg scattering, as high as +/2°C, with the addition of nanosilica particles to epoxy [48]. It can be
discounted that the particles play a catalytic role participating in the
epoxy reaction, where a larger shift in the Tg would be expected.
This was observed by Wetzel et al. [33] who found up to a 15°C increase in Tg with the addition of nanoparticles which was attributed
to added surface functionality of the specific nanoparticles that were
used. Although a slight increase in Tg was observed with the nanoparticle addition, it is assumed that both the nanoalumina and nano71
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silica particles primarily remain inert and do not interfere with the
epoxy network formation.
Viscosity behavior

Log-Scale Viscosity (mPa·s)

At room temperature and applying a defined viscosity limit of
1000mPa·s, the base resin/hardener system in this study (Dow D.E.R.
330/Air Products Ancamine 2167) was not LCM processable in terms
of viscosity, requiring heated infusion. In this chapter, 50°C was
chosen as the processing temperature for the resin system, as it represents a temperature at which the viscosity is low enough for LCM
processing, while still maintaining a slow resin reaction minimizing
the resin infusion under reactive flow conditions. Viscosity behaviors
for the formulations during an isothermal hold at 50°C are shown in
Figure 3.7 (nanoalumina) and Figure 3.8 (nanosilica).

Defined Infusion Limit

1000

Processing time reduced

D.E.R. 330
Al2O3 3.9wt% (1.2vol%)
Al2O3 7.9wt% (2.5vol%)
Al2O3 20.5wt% (7.2vol%)

100
0

5

10

15
Time (min)

20

25

30

Figure 3.7. Viscosity vs. time for various loadings of nanoalumina with D.E.R.
330/amine (Air Products Ancamine 2167) at an isothermal temperature of 50°C.
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Log-Scale Viscosity (mPa·s)

The defined viscosity processing limit of 1000mPa·s is the internal
guideline used at Dow for LCM processable resin viscosity. All viscosity tests were carried out to this point to define the processing
time of the resin formulation. Further rheology evaluation is found
in Appendix B.

Defined Infusion Limit

1000

Processing time reduced

D.E.R. 330
SiO2 3.9wt% (2.8vol%)
SiO2 7.9wt% (4.3vol%)
SiO2 20.5wt% (12.0vol%)

100
0

5

10

15
Time (min)

20

25

30

Figure 3.8. Viscosity vs. time for various loadings of nanosilica with D.E.R. 330/amine
(Air Products Ancamine 2167) at an isothermal temperature of 50°C.

The effects of particle addition were greatly evident. The addition of
both nanoalumina and nanosilica resulted in an increase in viscosity
over the neat resin. The 20.5wt% (12.0vol%) nanosilica formulation
had a dramatic viscosity increase to 1118mPa·s, which would not be
LCM processable (above the defined viscosity limit of 1000mPa·s) at
the defined 50°C working temperature. In terms of mass addition,
the nanoalumina particles exhibited a lower viscosity increase compared to the nanosilica addition. However, taking into account density differences of the particles and comparing by volume addition,
where the nanosilica particles have a density of 2.1g/cm 3 and
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nanoalumina particles have a density of 3.7g/cm 3, the viscosity increase from the addition of both types of particles were identical
(plotted in Figure 3.9).
Examining the log viscosity vs. time behavior in Figure 3.7 and Figure 3.8, it can be seen that as the particle loadings increase, the slope
of the log viscosity vs. time remains nearly the same as the neat resin. This was supported in the DSC measurements (Figure 3.4 and
Figure 3.5), which in most cases did not show that the particles had
an effect on the curing profile and the final glass-transition temperature of the system. Predominantly, only a factorial shift change in the
viscosity curves with particle addition from the neat resin is present.
The particle addition only alters viscosity due to its physical influence on the rheological properties of the fluid, with no change in the
epoxy resin reaction. Such a behavior allows for prediction of a scalable viscosity change if the initial viscosity and cure kinetic properties of the neat resin have been characterized.
The only exception was 20.5wt% (12.0vol%) nanosilica addition. This
formulation was observed to behave differently from the neat resin
and the lower nanosilica loading formulations. The exact reason for
this change in behavior is unknown. At higher nanosilica loadings, a
higher proportion of Evonik resin (used as the nanosilica masterbatch) is present; however, the cure kinetics shown in Figure 3.5
does not indicate a substantial shift. Testing of this formulation was
repeated, verifying this result. Another possibility is that at the higher particle concentrations, the nanosilica particles reagglomerate and
further enhance the non-newtonian behavior at the low shear rate.
This occurrence has been observed for other nanoparticle fluid systems [72, 73]. Although this is a possibility, any agglomerates that
did form are below the micro-scale as determined by the thin-film
micrographs. Additionally, the viscosity measurements were made
within a short time period (minutes) after mixing the resin formulations which should have broken up and minimized any particle
reagglomeration.
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Adjusting for respective particle densities, comparisons between the
two particle types for various volume loadings and their initial mix
viscosity at 50°C are shown in Figure 3.9. Additional particle loading
formulations to those mechanically evaluated in this study are included.

1200

Initial Viscosity (mPa·s)

1000

800
600

Al2O3 at 50C

SiO2 at 50C

400
200

0
0

5
10
Particle Content (volume %)

15

Figure 3.9. Initial mix viscosity for nanoalumina and nanosilica particle/epoxy blends
vs. particle content (volume %) at 50°C.

It was observed that at lower particle loadings, both nanoalumina
and nanosilica particle/epoxy blends had effectively the same viscosity for the same given volume addition. For the particles evaluated
(both having the same shape and nominal particle size of 20nm), this
indicates only a volume dependency of solid particles. This shows
that there is not a particle type dependency on resin viscosity. This
finding is in agreement to the literature, where models exist describing the viscosity increase as a function of volume loading. A fundamental example is Einstein’s Law, which predicts a linear increase
for small amounts of particle loading attributed to the interaction of
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a solid single particle to its environment in a shear flow [74]. Einstein’s Law predicts a viscosity rise of 2.5% for every percent increase in volume addition of hard particles. For higher loadings, the
interaction is extended as the effect of particles on shear flow has a
mutual influence [75]. In our study, a linear region was observed
until a volume addition up to about 8%. However, the viscosity increase is much higher (approximately 6 times greater) than predicted
by Einstein’s Law. In the literature, this trend is also observed in
other studies examining the viscosity of nanoparticle fluids [72, 76].
Although the particles are likely interacting with each other in terms
of shear flow, as the two selected types of particles have the same
nominal size and spherical morphology, their effect was quantified
to be the same. Therefore, the selection of materials in this study is
assumed not to have an influence on viscosity.
Despite both particle types exhibiting a similar viscosity increase
with volume addition, the effectiveness between the two particle
types to toughen the epoxy system at given loadings was found to
differ, as it is shown in the next section.
Fracture toughness (epoxy)
The fracture toughness K1C of the cured epoxy formulations were
evaluated by single-edge notch bend (SENB) testing and evaluated
according to ASTM D5045.
The mode 1 fracture toughness of the different particle formulations
against their particle weight content and volume content are plotted
in Figure 3.10 and Figure 3.11. For examination of toughening effectiveness, it should be remarked that the use of a high cross-link
epoxy, represented by a high glass-transition temperature (Tg), limits the overall toughenability of the epoxy system (refer to Table 2.9).
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Figure 3.10. Fracture toughness (K1C) vs. particle content (in weight %) for various
particle/epoxy samples. Error bars denote +/- one standard deviation.
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Fracture Toughness, K 1C (MPa*m1/2)
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Figure 3.11. Fracture toughness (K1C) vs. particle content (in volume %) for various
particle/epoxy samples. Error bars denote +/- one standard deviation.

Compared to a fracture toughness of 0.697MPa·m1/2 of the neat resin,
both nanoalumina and nanosilica formulations showed an improvement in fracture toughness. Comparing between the two particle types, nanoalumina was found to be more effective at toughening
than nanosilica by both weight addition, and volume addition (indicated on Figure 3.10 and Figure 3.11). At the maximum nanoalumina
particle loading evaluated of 20.5wt% (7.2vol%), the fracture toughness was 40% higher than the fracture toughness of the base resin.
For the same amount of weight addition, with nanosilica an increase
of approximately 20% was achieved.
Considering volume addition which was shown to affect viscosity, in
accordance to Figure 3.11, the efficiency of nanoalumina is even
more beneficial compared to nanosilica. Considering that a high Tg
system (150°C and above) was used, the fracture toughness values
obtained for both nanoalumina and nanosilica additions were com78
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parable to those found in the literature (Chapter 2 shown in Table
2.9). However, the comparability issue of different studies using
different resin systems and particle sizes is addressed by performing
the study using particles of the same nominal size and shape morphology on the same resin/hardener system.
Both nanoalumina and nanosilica additions were found to increase
epoxy toughness with increasing particle loading. However, with
viscosity being an important and limiting factor for LCM processing,
the particle toughener loading is limited by viscosity constraints.
Although both particles were shown to exhibit the same viscosity
increase for the same given volume addition, the epoxy toughening
effectiveness between the two particle types was different. With
regards to the toughening increase vs. loss in processability (viscosity), nanoalumina is advantageous compared to nanosilica if the
modified epoxy resin is to be used in LCM processing. For nanosilica, the viscosity penalty observed is greater with a larger viscosity
increase for the corresponding fracture toughness improvement.
Fracture mechanisms
Literature reported mechanisms
For a given volume of particles, reducing particle size has inherent
advantages of increasing the number of particles, decreasing the
inter-particle spacing, and increasing the particle interfacial surface
area [33]. All of these factors increase the efficiency of the traditionally dominant hard particle crack pinning and crack deflection mechanisms. However, as particle size is reduced from the micro-scale
down to the nano-scale, some researchers have observed changes in
the toughening mechanisms. This has been particularly noted for
nanosilica particles.
It is argued that at 20nm, a particle is spatially too small relative to
the diameter of the crack to effectively pin or deflect the propagating
crack [36, 77]. Instead, the toughening mechanisms of nanosilica
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have been described to resemble those typically associated with soft
toughening phases. Researchers have observed plastic deformation
in the form of extensive shear band formation [8, 35]. The evidence
suggests that the toughening process is initiated by the nanosilica
particles debonding from the epoxy, followed by small-scale void
formation and growth (cavities usually in the nano size-scale observed only with transmission electron microscopy) – a sequence of
events promoting plastic deformation. 1) First, the nanosilica particles debond from the epoxy (effectively creating a void) reducing
matrix triaxiality stress at the crack tip. 2) Then void growth takes
place, which is followed by the subsequent onset of shear banding [8,
35, 36].
Conversely, epoxy toughening with nanoalumina particles has not
been widely studied in the literature. As a result, the mechanisms
have not been extensively discussed. However, one notable
nanoalumina study was done by Wetzel et al. [33], who detected
evidence of crack pinning through the observation of “tail-like” features along the fracture surface. However, when compared to theoretical predictive toughening models for micro-scale particles adjusting for geometrically smaller particle sizes, discrepancies from the
obtained results were found. Their conclusion was that crack pinning was at least partially accounting for the toughening observed,
but that other inconclusive mechanisms in contrast to the normal
micro-scale particle toughening behavior were also occurring.
Fractography
To observe the qualitative differences between toughening with the
two different particle types, a brief visual examination of the fracture
surfaces was performed. The fracture surfaces of the 20.5wt% particle toughened samples (7.2vol% Al 2O3 and 12.0vol% SiO2 respectively) are observed by scanning electron microscopy (SEM). A typical
three-zone brittle polymer fracture surface [25] featuring a crack
initiation, a mist zone, and lastly a fast fracture hackle zone was observed. In Figure 3.12, the fracture surface of the nanoalumina
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(Al2O3) toughened epoxy is shown. In Figure 3.13 that of the
nanoalsilica (SiO2) toughened epoxy. Both images are taken in the
hackle zone, where plastic deformation is at its highest. An overview
across the entire facture surface and additional images are found in
Appendix F.

Figure 3.12. Fracture surface observed by SEM. 20.5wt% (7.2vol%) nanoalumina
toughened epoxy sample.
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Crack Direction

Figure 3.13. Fracture surface observed by SEM. 20.5wt% (12.0vol%) nanosilica
toughened epoxy sample.

The observed differences in the fracture surfaces reflects the differences obtained in the measured fracture toughness. The fracture
surface of the nanoalumina toughened sample is observed to be significantly rougher than that of the nanosilica toughened sample. The
higher degree of surface roughness indicates a greater crack deviation and plastic deformation occurring during fracture. No “tail-like”
or crack bowing surface marks, indicative of typical micro-scale particle crack pinning mechanisms, are observed for either toughened
epoxy. Instead, it appears that the soft toughener-like mechanisms as
described in the literature are occurring. For the nanosilica toughened epoxy, to observe the debonding and cavitation of the nanosilica particles from the epoxy requires a much a higher resolution than
provided here by the SEM. However, some larger features are visible
in the nanoalumina toughened sample. Here, it is hypothesize that
the agglomeration behavior and a separation of the agglomerated
particles during fracture contributes to the fracture toughening
mechanisms. In the literature, a similar occurrence has been pro82
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posed for toughening epoxy with layered graphene, where the separation of the graphene layers during epoxy fracture acts as a toughening mechanism [78]. A closer examination of the agglomerate behavior during fracture is shown in Figure 3.14, Figure 3.15 and Figure 3.16.

Figure 3.14. Fracture surface behavior in the vicinity of a nanoalumina agglomerate.
Cavitation around the agglomerate and splitting, or bifurcation of the agglomerate is
evident.
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Figure 3.15. Fracture surface behavior in the vicinity of a nanoalumina agglomerate.
Only cavitation around the agglomerate is observed. No agglomerate splitting is
evident.
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Figure 3.16. Fracture surface behavior in the vicinity of a nanoalumina agglomerate.
Another example of an agglomerate where splitting, or bifurcation of the agglomerate
is evident.

Examining the fracture surface closer, the agglomeration behavior of
the nanoalumina particles appear to participate in this observed
toughening behavior. Visually apparent is a debonding of the bulk
epoxy from the nanoalumina agglomerates followed by cavitation
growth. Additionally, a bifurcation splitting of the agglomerations is
observed for multiple agglomerates along the fracture surface. This
is illustrated in Figure 3.17. Here, the splitting of the agglomerates
occurs both along the fracture plane and somewhere between perpendicular and 45° to the fracture direction.
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Al2O3 agglomerate
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Cavitation

Bifurcation

Crack direction
Figure 3.17. Illustration of cavitation and bifurcation observed for nanoalumina agglomerate after epoxy sample fracture.

This occurrence is indication that the nanoalumina agglomerates
themselves do not behave as a larger individual hard particle promoting substantial crack pinning. Instead, it is believed that the splitting of the 2-3µm average sized nanoalumina agglomerates is similar
in behavior to the fracturing of epoxy toughened with layered graphene [78], where epoxy fracture energy is dissipated and the splitting of the agglomerates aids in crack deviation.

3.4. Conclusions
The appropriate toughener choice for an epoxy system depends on
the Tg and the intended operational temperature of the epoxy. For
temperatures below 180°C, the CSR or BCP soft tougheners are still
applicable. However, for temperatures above this, the use of hard
inorganic nanoparticles becomes the viable choice due to their extended range of temperature stability. Both nanoalumina and nanosilica particles showed their ability to effectively toughen a highly
cross-linked epoxy system with a reasonable amount of toughening
provided. Furthermore, the addition of inorganic particles has been
documented to also beneficially increase other mechanical properties
of the epoxy (e.g. Young’s modulus and yield strength) [36, 44, 45,
58].
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A direct comparison between nanoalumina (Al2O3) and nanosilica
(SiO2) of nominally the same particle size (20nm) as epoxy tougheners for a high cross-link density amine cured DGEBA epoxy was
made. The goal of the study was to examine suitable tougheners for
high Tg (highly cross-linked) epoxy. The following conclusions can
be made:
1) Both nanoalumina and nanosilica particles remained
inert to the epoxy reaction with no significant change in
the reaction profile being observed. A positive implication is that no change in the neat resin epoxy cure cycle
is required. Upon curing, the full epoxy network was
formed resulting in maintaining the Tg of the neat resin.
2) Both nanoalumina and nanosilica particle additions increased the fracture toughness of the neat epoxy resin.
Between the two types of particles, nanoalumina addition showed better fracture toughness performance
than nanosilica for the same given amount; both in
terms of mass and volume addition.
3) Both nanoalumina and nanosilica behaved similarly for
the associated viscosity increase over the neat resin per
volume addition. However, with the nanoalumina
found to be more effective at toughening the resin used
in this study, lower additions are required which is
beneficial for viscosity aspects and therefore, for LCM
processing.
An additional reduced set of evaluations performed with a second
amine hardener (Dow Experimental Exp-S2-H0.00) was also performed on the nanoalumina modified D.E.R. 330 epoxy (see Appendix C). Similar results to those obtained here with the cycloaliphatic/aromatic amine hardener (Air Products Ancamine 2167), were
observed. The addition of 6.5wt% nanoalumina increased the epoxy
fracture toughness from 0.577MPa·m1/2 to 1.375MPa·m1/2.
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Chapter 4

Soft particle epoxy toughening
In this chapter, the toughening effectiveness of existing soft epoxy
tougheners commercially produced by Dow is examined. These
tougheners are limited to temperatures below 180°C. However, their
limited suitability up to 180°C still represents the lower end of the
high glass-transition temperature (Tg) regime. The aim of this chapter is to benchmark the toughening effectiveness of the high Tg
toughening solutions in the previous chapter. The tougheners examined here are core-shell rubber (CSR) and block co-polymer (BCP).
The evaluations are performed on the same 150°C Tg epoxy system
used in the previous chapter for the hard particle examination.
The benchmarking of the soft tougheners is performed in order to
evaluate the epoxy toughening difference between using the hard
nanoparticle tougheners to the existing Dow soft tougheners. The
difference in epoxy fracture toughness is not expected to be substantial given the fundamental toughening limitation of high Tg epoxies.
For example, high fracture toughness values of 3MPa·m1/2 or greater
which can be achieved using the soft tougheners for low Tg epoxy
systems are not expected to be achieved here given the high Tg
epoxy toughenability constraint discussed in Chapter 1.

4.1. Introduction
Repeating the investigations done in the previous chapter (for the
hard nanoparticles), the following investigations are performed in
order to determine the processing behavior and toughening effectiveness for existing Dow CSR and BCP soft tougheners:
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The agglomeration behavior studied by micrographs in order to identify the suitability of the soft tougheners for LCMprocesses with regards to possible filtering problems
The reaction profile by dynamic scanning calorimetry (DSC)
in order to determine whether there is an impact of toughener loading on the epoxy reaction and final epoxy network
formation
The viscosity behavior for a defined isothermal temperature
The epoxy toughening effectiveness of both soft tougheners
by performing fracture toughness (K1C) testing

4.2. Experimental
Materials
Resin and hardener
The base epoxy system used in this work is the same Dow D.E.R. 330
epoxy resin in combination with Air Products Ancamine 2167 cycloaliphatic/aromatic amine hardener as examined in the hard particle
study. Again, the various tougheners were mixed and formulated
into the various resin blends from particle/epoxy master batches;
dispersed high concentrations of particles in epoxy. Resin formulations of various particle loadings were formulated by blending the
master batch concentrates down to the desired particle loading with
addition of the pure D.E.R. 330 neat resin.
Soft particle/epoxy dispersions
The soft tougheners evaluated in this chapter were pre-existing
epoxy tougheners produced by Dow. Two types of soft tougheners
were evaluated in this research: core-shell rubber (CSR) and a phase
separating block co-polymer (BCP). The CSR consists of rubber
spheres covered with a proprietary thin-shell material. The average
size of these spheres is 200-300nm [79]. The BCP is an amphiphilic
compound which self assembles into a spherical micelle structure of
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an average size of 15nm during the epoxy cure cycle. Both tougheners are pre-existing commercial systems under the FortegraTM 301
(CSR/epoxy master batch), and FortegraTM 100 (BCP solution) tradenames. The core-shell rubber was supplied as a CSR/epoxy master
batch consisting of 15wt% CSR dispersed in epoxy. The BCP toughener was provided as a 100% pure solution and added directly to the
epoxy to the desired concentration.
The mixing of the master batch toughener dispersions and pure
D.E.R. 330 resin was the same as done with the hard particle toughened systems. For curing of the particle blended epoxies, the appropriate stoichiometric amount of amine hardener (53 g/eq) [67] was
again added using the epoxy equivalent weight (EEW) [68, 80, 81] of
the various resin blends. Resin blends were prepared with 5wt%,
and 10wt% toughener additions. Adding the appropriate stoichiometric amount of hardener resulted in 3.9wt%, and 7.9wt% respectively.
Conversion of the particle content by volume from weight content
was determined using the densities of each toughener, the resin, and
the hardener. In the case of core-shell rubber (CSR), the density of

the CSR spheres was not provided. The density of the CSR (  CSR )
was approximated to be 0.851 g/cm3 (calculations found in Appendix
E).
Experimental characterization methodology
Particle agglomeration
Micro-scale particle agglomeration was evaluated in the same manner as done for the hard particle study using thin-film microscopy
(details can be found previously in Chapter 3). The thin-film specimens were examined using optical microscopy (Leica DMRXA with
digital camera Leica DC480) using through-light transmission. Using
this technique, particle rich regions and micro-scale agglomerates in
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the resin could be determined by the varying amount of absorbed
light passing through the thin-film specimen.
Curing reaction profile and glass-transition temperature (Tg) analysis by DSC
Differential scanning calorimetry (DSC) characterization was carried
out using the same protocol as in Chapter 3. The samples were characterized for Tg on a power compensation type DSC (Perkin Elmer
Pyris 1) from -25°C to 250°C at a heating rate of 10°C/min with three
heating/cooling cycles (cooling rate also at 10°C/min). The DSC samples were verified to be fully cured by checking that the glasstransition temperature (Tg) varied by no more than 3.5°C between
heating cycle ramps. Tg was determined by using the half-Cp method. Average Tg taken from the 2nd and 3rd heating cycles are reported.
Rheology
The same rheological characterization test program that was carried
out on the hard particle tougheners was repeated with the soft
tougheners. The procedure was outlined previously in Chapter 3.
Testing was carried out on a cone and plate style heated rheometer
(Physica MCR 301, with a 50mm cone diameter with a 1° angle set at
0.054mm gap, using a shear rate of 20s-1). Viscosity measurements
were made until the defined viscosity limit of 1000mPa·s (the internal Dow guideline).
Sample fabrication for mechanical testing (epoxy)
Epoxy test samples for fracture toughness testing were cut from
cured resin plaques. Nearly void-free resin plaque samples of nominally 120mm x 120mm x 4mm were produced by casting into a preheated release coated (Freekote NC-700) steel gravity mold. The resin curing was carried out as described in Chapter 3.
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Fracture toughness testing (epoxy)
Fracture toughness testing was performed according to ASTM D5045
[70]. In this study, single-edge notch bend (SENB) specimens of
dimensions 35.2mm x 8mm x 4mm with an initial crack length (a) of
nominally 4mm were tested under plane-strain conditions in 3-point
bending. The parameters were outlined earlier in Chapter 3. A minimum of 3 samples of each formulation was tested. Test samples
were cut from multiple produced plates to ensure sample repeatability.

4.3. Results and Discussion
Particle agglomeration
Through-light microscopy examination of the soft tougheners in the
D.E.R. 330 epoxy found no visible micro-scale agglomerations for
either Dow CSR or BCP soft toughener. The sub-micron 200-300nm
CSR particles remained dispersed with no large visible agglomerations being observed in the epoxy. For the liquid state BCP, no physical agglomerations were expected in the liquid epoxy and this was
confirmed.
Glass-transition temperature (Tg)
The results of the glass-transition temperature (Tg) determined by
DSC for the various core-shell rubber and block co-polymer epoxy
formulations are shown in Figure 4.1 and Table 4.1.
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Glass-Transition Temperature (°C)
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7.9wt%

BCP
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Figure 4.1. Glass-transition temperature (Tg) of various core-shell rubber and block
co-polymer/epoxy amine cured formulations measured by DSC. Error bars denote +/one standard deviation.
Table 4.1. Glass-transition temperature (Tg) of various core-shell rubber and block copolymer/epoxy amine cured formulations measured by DSC.

Formulation

Tg
(°C)
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D.E.R. 330/Amine

150

Core-shell rubber 3.9 wt% (5.0 vol%)

153

Core-shell rubber 7.9 wt% (10.1 vol%)

154

Block co-polymer 3.9 wt% (4.2 vol%)

155

Block co-polymer 7.9 wt% (8.5 vol%)

155
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The neat resin (D.E.R. 330/Air Products Ancamine 2167) was found
to have a Tg in the range of 150°C. The various loadings of both the
core-shell rubber and block co-polymer additions were not found to
have a negative effect on the Tg. Slight increases in the Tg were in
fact observed, likely due to the tougheners altering the stoichiometric ratio of hardener reacting with the epoxy.
Viscosity behavior
An identical rheological examination to that performed in the hard
toughener study was applied to the evaluation of the soft tougheners. As mentioned earlier, applying the defined viscosity limit of
1000mPa·s at room temperature, the base resin/hardener system in
this study (Dow D.E.R. 330/Air Products Ancamine 2167) was not
LCM processable in terms of viscosity, and requires heated infusion.
For evaluation, 50°C was chosen as the processing temperature for
the resin system, as it represents a temperature at which the viscosity
is low enough for LCM processing, while still maintaining a slow
resin reaction minimizing the resin infusion under reactive flow
conditions. Additional viscosity measurements at various isothermal
hold temperatures were also performed, and are found in Appendix
B. Figure 4.2 shows the viscosity vs. time for CSR blends, and Figure
4.3 shows the 50°C isothermal for BCP blends.
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Log-Scale Viscosity (mPa·s)
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Figure 4.2. Viscosity vs. time for various loadings of core-shell rubber (FortegraTM 301)
with D.E.R. 330/amine (Air Products Ancamine 2167) at an isothermal temperature of
50°C.

The addition of core-shell rubber (CSR) to D.E.R. 330 was found to
substantially increase the viscosity of the resin compared to the untoughened D.E.R. 330/amine. The increase was more severe than that
observed with the hard nanoparticle addition. 3.9wt% addition of
CSR was found to rise the initial viscosity from 208mPa·s (untoughened D.E.R. 330) to 332mPa·s, while 7.9wt% addition of CSR increased the initial viscosity further to 565mPa·s. From analyzing the
slope of the log-viscosity vs. time, it is observed that both 3.9wt%,
and 7.9wt% addition of CSR show an identical slope to the untoughened D.E.R. 330 only. This indicates that the CSR addition has no
effect on the epoxy reaction, and only contributes to a viscosity
change independent from the viscosity change associated with the
epoxy reaction.
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Although a significant viscosity rise was observed, it should be noted that the viscosity increase is linked to the amount of toughener
loading. Unlike using hard tougheners, soft tougheners typically
require low additions (typically around 10wt% or less) for fracture
toughening effectiveness, maintaining LCM processability (suitable
viscosity).

Log-Scale Viscosity (mPa·s)
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BCP 7.9wt% (8.5vol%)
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10
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Time (min)
Figure 4.3. Viscosity vs. time for various loadings of block co-polymer (FortegraTM 100)
with D.E.R. 330/amine (Air Products Ancamine 2167) at an isothermal temperature of
50°C.

The addition of the BCP was found to change the resin viscosity by
only a relatively low amount. 3.9wt% BCP addition increased the
initial viscosity of the untoughened D.E.R. 330/amine from 208mPa·s
to 244mPa·s, while 7.9wt% addition of BCP resulted in a viscosity
increase to 313mPa·s. The minimal viscosity increase is the result of
the BCP being a phase separating toughener. The spherical BCP micelle phase responsible for toughening is absent during the initial
liquid phase of the resin and forms during the epoxy curing process.
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Therefore, during the viscosity measurement and initial phase of the
epoxy cure process, the BCP can be considered a liquid phase and
not a solid; with only a minimal effect on the resin viscosity.
Examining the log-viscosity vs. time behavior, the slope of the
3.9wt% and 7.9wt% BCP blends are similar, but are observed to be
less steep than the D.E.R. 330. The change in slope of the BCP addition blends indicates a retardation in the epoxy/amine reaction.
Fracture toughness (epoxy)
The fracture toughness K1C of the cured epoxy formulations were
evaluated by single-edge notch bend (SENB) testing and evaluated
according to ASTM D5045. The fracture toughness of the different
toughener formulations against their weight content and volume
content are plotted together in Figure 4.4.

Fracture Toughness, K1C (MPa*m1/2)
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Figure 4.4. Fracture toughness (K1C) vs. CSR and BCP content (weight %) for various
soft toughener/epoxy samples. Error bars denote +/- one standard deviation.
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Figure 4.5. Fracture toughness (K1C) vs. CSR and BCP content (volume %) for various
soft toughener/epoxy samples. Error bars denote +/- one standard deviation.

The overall K1C of the soft toughener formulations is higher than that
achievable with the hard particles in the previous section. 3.9wt% of
CSR was observed to increase fracture toughness from 0.697MPa·m1/2
to 1.467MPa·m1/2 (~approximately 110% increase). Increasing the CSR
content to 7.9wt%, the fracture toughness dropped slightly to 1.35
MPa·m1/2.
BCP addition was found to increase the fracture toughness of the
D.E.R. 330/amine cured epoxy. Both 3.9wt% and 7.9wt% additions
increased fracture toughness to 1.243MPa·m1/2 and 1.218MPa·m1/2
respectively. These values are slightly lower than the CSR toughening effectiveness for the same mass additions, but with the added
benefit of being a more LCM suitable viscosity. Despite only a minor
viscosity penalty with BCP addition, its addition is recommended in
the 3-8vol% range by Dow. Extreme additions beyond this (at
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20.5wt% / 21.8vol%) was tried, and found to result in incomplete
curing of the epoxy.
Fracture mechanisms
Literature reported mechanisms
The main toughening mechanisms reported for both soft tougheners
are fundamentally similar to each other. Described in Chapter 2,
there are as many as 13 possible (and contributing) epoxy toughening mechanisms for rubber [17]. However, the main toughening
mechanism is generally considered to be the formation of microvoids, in the form of cavitations, which is then followed by shear
yielding between them. In the case of the CSR rubber particles, the
microvoid cavitations can occur within the rubber particles themselves, or be initiated through debonding of the particle from the
epoxy. Both occurrences have been described by researchers [82, 83].
For BCP, the toughening mechanisms are described to be fundamentally similar. Epoxy toughening is achieved by cavitation/void induced shear yielding in the form of micro-cracking (dilation bands
and crazes) running between them. The cavitation originates from
the spherical BCP micelle structures that form during the epoxy cure
process, and the pre-existing nano-scale voids within them. Initiation
occurs within the micelle structure through the separation of weakly
bonded adjacent BCP molecules (weak secondary van der Waals and
hydrogen bonds). The separation energy required is described to be
less than the energy required to induce the internal cavitation process in rubber tougheners that requires the breaking of stronger covalent bonds. The size of the BCP cavitations are reported to be
small, in some cases only observable with transmission electron microscopy (TEM) [16].
Fractography
Scanning electron microscopy (SEM) images of the soft particle
toughened epoxy fracture surfaces are shown in the following fig100
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ures. Like in Chapter 3, the images provide an overview of the entire
fracture surface and particular features in the fast fracture hackle
zone, where the plastic deformation is at its highest. For both the
CSR and BCP soft tougheners, three distinct regions are observed:
crack initiation, a mist zone, and a hackle zone.
Images of the 3.9wt% CSR toughened epoxy fracture surface are
shown in Figure 4.6 to Figure 4.9.

Crack
Initiation
Mist Zone

Hackle Zone
(fast fracture)

Crack Direction

Figure 4.6. Fracture surface observed by SEM. 3.9wt% (5.0vol%) core-shell rubber
(CSR) toughened epoxy sample. The general crack propagation regions are indicated.
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Crack Direction
Extensive
Plastic Deformation
Extensive
Plastic Deformation

Cavitation

Figure 4.7. Fracture surface behavior in the fast fracture hackle zone of the core-shell
rubber (CSR) toughened epoxy.

Crack Direction
Cavitation

Figure 4.8. Visible cavitation formations are observed in the core-shell rubber (CSR)
toughened epoxy.
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Crack Direction
Cavitation

Micro-cracks

Figure 4.9. Micro-cracks are visible running between the cavitations in core-shell
rubber (CSR) toughened epoxy.

Reflecting the obtained fracture toughness value above 1MPa·m1/2,
the CSR toughened epoxy exhibits extensive plastic deformation in
the hackle zone. Visibly observed are spherical shaped cavitations,
which based on the literature, originate from the CSR particles. Any
remnants of the rubber particles themselves cannot be defined, so it
cannot be determined if either internal particle cavitation or matrix
debonding is occurring. The cavitations are approximately 0.25μm in
diameter, about the size range of the CSR particles themselves (200
to 300nm [79]). The comparable sizes indicate that limited (cavitation) void growth occurs during the epoxy fracture process.
Zoomed-in (Figure 4.9), fine micro-cracks are visible at approximately 45° to the crack growth direction. These fine cracks contribute to
reducing crack tip triaxiality, and are evidence of diffuse shear band
yielding occurring between the CSR particles.
Micrographs of the 3.9wt% BCP toughened epoxy are shown in Figure 4.10 to Figure 4.12.
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Crack
Initiation

Mist Zone

Hackle Zone
(fast fracture)

Crack Direction

Figure 4.10. Fracture surface observed by SEM. 3.9wt% (4.2vol%) block co-polymer
(BCP) toughened epoxy sample. The general crack propagation regions are indicated.

Crack Direction
Extensive
Plastic Deformation

Cavitation

Figure 4.11. Fracture surface behavior in the fast fracture hackle zone of the block copolymer (BCP) toughened epoxy.
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Crack Direction
Abundant
Cavitation
Abundant
Cavitation

Micro-cracks

Figure 4.12. Cavitations and micro-cracks running between them are observed in the
block co-polymer (BCP) toughened epoxy.

Again in agreement with the high fracture toughness values (above
1MPa·m1/2), the BCP toughened epoxy exhibits heavy plastic deformation in the hackle zone. The region is strewn with cavitations originating from the formed BCP micelle structures in the epoxy, and are
observed to be relatively uniform in size at around 0.5μm in diameter. Unlike the cavitations observed in the CSR toughened sample,
the much larger size of the BCP cavitations compared to the initial
BCP micelle structures (spherical structures approximately 15nm in
diameter [16]), indicates substantial plastic growth during the epoxy
fracture process. Under high magnification (Figure 4.12), the presence of fine surface micro-cracks between the cavitations running at
approximately 45° to the crack direction is evidence of the high shear
stresses and shear band yielding occurring, between the BCP initiated cavitations.

105

CHAPTER 4: SOFT PARTICLE EPOXY TOUGHENING

4.4. Conclusions
The existing Dow soft tougheners of core-shell rubber and block copolymer were evaluated in order to gain baseline values for the
hybrid toughening investigations. Following evaluations for the
effect on the glass-transition temperate (Tg), and epoxy fracture
toughness, the following conclusions can be made. For small
amounts (10% or less in volume addition):
1) No negative Tg affects were found for either core-shell
rubber (CSR) or block co-polymer (BCP) – in low
additions – when added to D.E.R. 330/amine cured
epoxy.
2) Both CSR and BCP were found to be more effective at
toughening the D.E.R. 330/amine cured epoxy system
than the hard tougheners evaluated. Both were able to
achieve a fracture toughness of over 1MPa·m1/2.
3) CSR was found to be more effective at toughening the
epoxy per mass addition than BCP.
Both the core-shell rubber and the block co-polymer were more effective than either the nanoalumina or nanosilica hard particles
evaluated in the previous chapter. Both soft tougheners were able to
achieve epoxy fracture tougheness values of over 1MPa·m1/2 at addition levels still permitting low resin viscosities suitable for LCM processing. In particular, the pre-cure cycle liquid solution state of the
BCP toughener had only a minimal impact on the epoxy resin viscosity. Based on the evaluations carried out, both Dow soft tougheners
remain the more effective epoxy toughening choice over the hard
particles for temperatures up to 180°C. However, it should be emphasized that due to the moderate to high Tg of the epoxy system,
the toughening effect of both soft tougheners is modest and not substantially greater than those obtained with the hard nanoparticles in
Chapter 3. In addition, as discussed earlier in Chapter 2, both soft
tougheners evaluated here are limited to temperatures below 180°C,
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representing the lower end of the high Tg regime. For elevated temperatures, the hard inorganic alumina and silica nanoparticles remain the ideal tougheners.
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Chapter 5

Hybrid epoxy toughening
In this chapter, hard nanoparticles and soft tougheners from the two
preceding chapters are used together in hybrid toughening combinations. Various combinations of the soft core-shell rubber (CSR) and
block co-polymer (BCP) tougheners together with the hard
nanoalumina and nanosilica particles are evaluated. The evaluations
are carried out to determine if combining the two different classifications of tougheners, both with vastly differing toughening mechanisms, results in synergistic toughening effects that have been reported in the literature. The evaluations are carried out on the same
150°C glass-transition temperature epoxy system used in the previous chapters.
The use of nano-scale toughening phases in hybrid epoxy toughening is a relatively new practice being investigated in the emerging
literature. In particular, there is minimal (almost non-existent) reporting of the use of BCP soft tougheners in hybrid combinations
together with nano-scale hard particle tougheners. The use of BCP in
nano-scale hybrid toughening combinations is one of the key interests in the evaluations carried out in this chapter.
With the temperature limits for the soft tougheners already discussed, these hybrid combinations would be restricted to temperatures below 180°C. However, due to the potential for synergistic
toughening effects, examining any further possible toughening gains
is still attractive despite the limited high temperature suitability.
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5.1. Introduction
In addition to the sought synergistic toughening effects, another
justification and the original historic intent for hybrid toughening, is
to maintain the toughening benefit of highly toughening soft toughener phases, while recovering some of the lost epoxy properties associated with the use of soft tougheners by compensating with the
addition of hard toughening phases [84]. For example, the epoxy
properties of Young’s modulus and yield stress are documented to
increase with addition of hard phase tougheners to the epoxy. Early
historic works of hybrid epoxy toughening with carboxyl-terminated
butadiene-acrylonitrile (CTBN) rubber applied simultaneously with
micro-glass spheres, showed recovery of these properties while
maintaining the toughening effect of the rubber phase [49, 84, 85].
Repeating the evaluations carried out in the previous studies, the
following investigations are performed to determine the processing
behavior and toughening effectiveness for the different tougheners:
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The agglomeration behavior studied by micrographs in order to identify the suitability of the particles for LCMprocesses with regards to possible filtering problems
The reaction profile by dynamic scanning calorimetry (DSC)
in order to determine whether there is an impact of toughener addition on the epoxy reaction and final epoxy network
formation
The viscosity behavior for a defined isothermal temperature
The epoxy toughening effectiveness of the hybrid toughening combinations by performing fracture toughness (K1C)
testing

5.2. EXPERIMENTAL

5.2. Experimental
Materials
Resin and hardener
The base epoxy system used in this work was the same Dow D.E.R.
330 epoxy resin in combination with Air Products Ancamine 2167
cycloaliphatic/aromatic amine hardener as examined in both the
hard particle (Chapter 3) and soft toughener studies (Chapter 4).
Again, the various tougheners were mixed and formulated into the
various resin blends from particle/epoxy master batches; dispersed
high concentrations of particles in epoxy. Resin formulations of various particle loadings were formulated by blending the master batch
concentrates down to the desired particle loading with addition of
the pure D.E.R. 330 neat resin.
Hybrid particle/epoxy dispersions
To determine the effectiveness of the hybrid toughened blends and
whether synergistic toughening effects are achieved, the fracture
toughness of the hybrid blends are compared to the fracture toughness obtained from the individual hard and soft toughener constituents used on their own as single-toughener systems.
Epoxy resin blends were formulated with 5wt% per toughening constituent. Upon adding the appropriate amount of hardener, the resulting toughener weights were 3.9wt% for each toughening constituent. Mixing of the tougheners with the pure D.E.R. 330 resin was
the same as done with the hard and soft toughener systems (Chapter
3 and Chapter 4). For curing of the particle blended epoxies, the appropriate stoichiometric amount of amine hardener (53 g/eq) [67]
was added using the epoxy equivalent weight (EEW) [68, 69, 80, 81]
of the various hybrid resin blends.
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Experimental characterization methodology
Particle agglomeration
Micro-scale particle agglomeration was again characterized by thinfilm microscopy as described in Chapter 3. The thin-film specimens
were examined using optical Leica DMRXA microscope equipped
with digital camera (Leica DC480).
Curing reaction profile and glass-transition temperature (Tg) analysis by DSC
Differential scanning calorimetry (DSC) characterization was carried
out in the same manner as done in the previous studies involving
hard and soft particle toughening. The details were fully described in
Chapter 3. The DSC samples were verified to be fully cured by
checking that the glass-transition temperature (Tg) varied by no
more than 3.5°C between heating cycle ramps. Tg was determined
by using the half-Cp method. Average Tg taken from the 2nd and 3rd
heating cycles are reported.
Rheology
Rheological characterization was carried out again in the same manner as was carried out with the hard and soft toughener studies.
Measurements were done on a cone and plate style heated rheometer
(Physica MCR 301, with a 50mm cone diameter with a 1° angle set at
0.054mm gap, using a shear rate of 20s-1) until the defined viscosity
limit of 1000mPa·s.
Sample fabrication for mechanical testing (epoxy)
Epoxy test samples for fracture toughness testing were cut from
cured resin plaques. Nearly void-free resin plaque samples of nominally 120mm x 120mm x 4mm were produced by casting into a preheated release coated (Freekote NC-700) steel gravity mold using the
procedure outlined in Chapter 3.
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Fracture toughness testing (epoxy)
Fracture toughness testing was performed according to ASTM D5045
[70]. In this study, single-edge notch bend (SENB) specimens of dimensions 35.2mm x 8mm x 4mm with an initial crack length (a) of
nominally 4mm were tested under plane-strain conditions in 3-point
bending. Details for the testing can be found in Chapter 3. A minimum of 3 samples of each formulation was tested. Test samples were
cut from multiple produced plates to ensure sample repeatability.

5.3. Results and Discussion
Particle agglomeration
Micrographs for blends of CSR 5wt% / Al 2O3 5wt% and BCP 5wt% /
Al2O3 5wt% (epoxy resin and particles only, containing no hardener)
are shown in Figure 5.1. Blends of CSR 5wt% / SiO2 5wt% and BCP
5wt% / SiO2 5wt% are not shown as no micro-scale agglomerates
were visible for these toughener blends at these concentrations.

CSR 5wt% / Al2O3 5wt%

BCP 5wt% / Al2O3 5wt%

Figure 5.1. Thin-film through-light microscopy images of CSR / Al2O3 and BCP / Al2O3
- epoxy formulations.

Based on the microscopy analysis of the single-toughener formulations, the visible agglomerates in the hybrid formulations in Figure
5.1 are determined to be the nanoalumina particles. Similarly, the
BCP is not in a micelle form in the resin (resin only, no hardener),
and thus is also assumed to not be visible.
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Glass-transition temperature (Tg)
The results of the glass-transition temperature (Tg) measured by
DSC for the various hybrid toughener combinations are shown in
Figure 5.2 and Table 5.1.

Glass-Transition Temperature (°C)

158
156
154
152
150

CSR 3.9wt%
Al2O3 3.9wt%
CSR 3.9wt%
SiO2 3.9wt%

148

BCP 3.9wt%
Al2O3 3.9wt%
BCP 3.9wt%
SiO2 3.9wt%

D.E.R. 330

146

Untoughened

CSR Hybrids

BCP Hybrids

144
Figure 5.2. Glass-transition temperature (Tg) of various hybrid toughened/epoxy
amine cured formulations measured by DSC. Error bars denote +/- one standard
deviation.
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Table 5.1. Glass-transition temperature (Tg) of various hybrid toughened/epoxy amine
cured formulations measured by DSC.

Formulation

Tg
(°C)

D.E.R. 330/Amine

150

Core-shell rubber (3.9wt%) / Nanoalumina (3.9wt%)

155

Core-shell rubber (3.9wt%) / Nanosilica (3.9wt%)

155

Block co-polymer (3.9wt%) / Nanoalumina (3.9wt%)

155

Block co-polymer (3.9wt%) / Nanosilica (3.9wt%)

155

Due to the observed minor increases in the glass-transition temperature (which were also observed in the soft toughener study), Tg was
secondarily measured and verified for the cured epoxy samples separately by dynamic mechanical thermal analysis (DMTA) in torsion
(Table 5.2) at the Dow Epoxy R&D laboratory in Freeport, Texas.
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Glass-Transition Temperature (°C)

163
162
161

160
159
CSR 3.9wt%
Al2O3 3.9wt%

BCP 3.9wt%
Al2O3 3.9wt%

158
D.E.R. 330

CSR 3.9wt%
SiO2 3.9wt%

BCP 3.9wt%
SiO2 3.9wt%

157
Untoughened

CSR Hybrids

BCP Hybrids

156
Figure 5.3. Glass-transition temperature (Tg) of hybrid toughened/epoxy amine blends
measured by DMTA.
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Table 5.2. Glass-transition temperature (Tg) of hybrid toughened/epoxy amine blends
measured by DMTA.

Formulation

Tg
(°C)

D.E.R. 330/Amine

158

Core-shell rubber (3.9wt%)/Nanoalumina (3.9wt%)

162

Core-shell rubber (3.9wt%)/Nanosilica (3.9wt%)

158

Block co-polymer (3.9wt%)/Nanoalumina (3.9wt%)

161

Block co-polymer (3.9wt%)/Nanosilica (3.9wt%)

159

The Tg values measured by DMTA are slightly different from those
obtained by DSC analysis. However, the method in which Tg is determined are fundamentally different between the two. DSC
measures heat-flow into and out of the resin system, while DMTA
looks for changes in mechanical properties (flexural or torsional)
based on temperature. Overall, the Tg values were found to be similar to within a few degrees of those analyzed by DSC. The epoxy
hybrid toughened formulations containing nanoalumina were observed to have a slightly higher Tg.
Viscosity behavior
An identical rheological analysis to that performed in the hard and
soft toughener studies was applied to the evaluation of the hybrid
toughened blends. Figure 5.4 shows the viscosity vs. time for CSR /
hard particle blends, and Figure 5.5 for BCP / hard particle blends at
an isothermal hold of 50°C. Additional viscosity measurements for
various isothermal temperatures were also performed, and are found
in Appendix B.
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Log-Scale Viscosity (mPa·s)

10000

Defined Infusion Limit

1000

D.E.R. 330
CSR 3.9wt%
CSR 3.9wt% / Al2O3 3.9wt%
CSR 3.9wt% / SiO2 3.9wt%

100
0

5

10

15
20
Time (min)

25

30

Figure 5.4. Viscosity vs. time for various loadings of core-shell rubber (FortegraTM 301)
/ hard particle blends with D.E.R. 330/amine (Air Products Ancamine 2167) at an
isothermal temperature of 50°C.

Similar to the soft single-toughener systems, the addition of CSR
containing blends were found to have a higher viscosity than the
BCP hybrid blends (Figure 5.5). However, due to the relatively low
addition of both CSR and hard particle tougheners, the overall viscosity rise was minimal. The slope of the log-viscosity vs. time remained the same for the hybrid blends as was for CSR addition only,
compared to the untoughened D.E.R. 330; indicating no effective
change in viscosity from changes in reaction kinetics. This was the
same behavior observed when examining each of the constituents
individually.
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Log-Scale Viscosity (mPa·s)
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D.E.R. 330
BCP 3.9wt%
BCP 3.9wt% / Al2O3 3.9wt%
BCP 3.9wt% / SiO2 3.9wt%

100
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20
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Figure 5.5. Viscosity vs. time for various loadings of block co-polymer (FortegraTM 100)
/ hard particle blends with D.E.R. 330/amine (Air Products Ancamine 2167) at an
isothermal temperature of 50°C.

The BCP / hard particle blends were found to increase viscosity from
the base resin (208mPa·s). BCP 3.9wt% / Al2O3 3.9wt% had an initial
viscosity of 312mPa·s while BCP 3.9wt% / SiO2 3.9wt% increased to
332mPa·s.
Compared to the untoughened D.E.R. 330, the BCP / hard particle
blends showed the same change in slope of the log-viscosity vs. time
as seen with the BCP-only. As mentioned earlier in the soft toughener study, the change in slope of the BCP addition blends indicates
retardation in the epoxy/amine reaction kinetics.
Fracture toughness (epoxy)
The fracture toughness K1C of the cured epoxy formulations were
evaluated by single-edge notch bend (SENB) testing and evaluated
according to ASTM D5045. To determine if the resulting fracture
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toughness of the hybrid systems were synergistic, the fracture
toughness of the single-toughener systems are compared to the hybrid systems and are shown in Figure 5.6 (CSR hybrids) and Figure
5.7 (BCP hybrids).
Evaluating the effectiveness of hybrid toughening, the predictive
toughness by superposition (addition of both soft and hard toughener toughening contributions when employed independently) is
plotted beside the hybrid combinations to make the following evaluation (if):
Hybrid

>

superposition
prediction

;

Synergistic toughening

Hybrid

=

superposition
prediction

;

Additive toughening

Hybrid

<

superposition
prediction

;

Negative toughening effect

120

(negative interactions between
tougheners)
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Soft Toughener Contribution

Hard Toughener Contribution

1.6

Fracture toughness of soft toughener independently

1.4
1.2

1.0
0.8
0.6

Soft tougher

Hard toughers

CSR
3.9wt%

Al2O3
SiO2
3.9wt% 3.9wt%

0.4

0.2

D.E.R.
330

CSR 3.9wt%
Al2O3 3.9wt%

Predicted by superposition
(Additive toughening)

Predicted by superposition
(Additive toughening)

Fracture Toughness K1C (MPa*m1/2)

1.8

CSR 3.9wt%
SiO2 3.9wt%

0.0
Untoughened

Single Toughener

CSR Hybrids

Figure 5.6. Fracture toughness (K1C) for core-shell rubber hybrid toughened epoxy
amine cured samples. Error bars denote +/- one standard deviation.
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SiO2
3.9wt% 3.9wt%

0.4
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(Additive toughening)

1.2

Predicted by superposition
(Additive toughening)

Fracture Toughness K1C (MPa*m1/2)
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Al2O3 3.9wt%
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SiO2 3.9wt%
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Figure 5.7. Fracture toughness (K1C) for block co-polymer hybrid toughened epoxy
amine cured samples. Error bars denote +/- one standard deviation.
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Compared to the single-toughener CSR system with 3.9wt% toughener addition (approximately 1.4MPa·m1/2), it can be observed that
the addition of hard particles has in fact lowered the fracture toughening ability of the CSR particles. This is an indication the hard particle addition (at the amounts added), may be hindering the fracture
toughening mechanisms of the CSR. This occurrence was observed
for both nanoalumina and nanosilica additions.
The use of BCP in a hybrid combination with hard particles was
found to be even more detrimental to the epoxy fracture toughness.
The fracture toughening ability of BCP was observed to dramatically
decrease with the addition of hard particles. In the case of nanoalumina addition, the fracture toughness is effectively unchanged from
that of the untoughened neat epoxy system. With the nanosilica addition, fracture toughness was higher than nanosilica toughening on
its own, but significantly lower than the BCP toughening on its own.
All of the hybrid toughener combinations examined had a lower
fracture toughness than predicted by additive toughening (adding
each toughener contribution used individually). Additionally, the
hybrid combinations exhibited lower fracture toughness than using
either of the soft tougheners (CSR or BCP) on their own. Based on
the evaluations performed, there are no benefits present by adding
the hard toughener whose addition could also be considered to regain some of the mechanical properties lost with the addition of the
soft tougheners such as Young’s modulus [49, 84-86].
For the observed lower effectiveness of the hybrid toughening, two
possibilities exist. Firstly, the particle loadings (content) is not optimized. In particular, the physical spacing between the toughening
phases (dictated by toughener content) not being optimum for synergistic toughening mechanisms to develop. Physically, if spacing of
the toughening phases are too close to one another, the toughening
mechanism of one toughening phase may restrict the development
of the toughening mechanism of the second toughening phase from
sufficiently developing. Conversely, if toughener spacing is too far
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apart, neither developed toughening mechanism interacts with one
another. In short, it could be that the specific toughener loadings
may have to be further optimized for synergistic hybrid toughening
effects to be observed.
In the case of the BCP hybrids systems, it is also specifically possible
that the required spherical micelle structure responsible for toughening, is not forming properly in the presence of the hard particles, i.e.
the hard particles inhibit the ability of the amphiphilic BCP to selfassemble. This would explain the large toughening loss compared to
the BCP toughener used on its own.
Fracture mechanisms
Literature reported mechanisms
Core-Shell Rubber (CSR) Hybrids
Studies for hybrid toughening involving micro-scale hard glass
beads (large micro-scale particles) together with soft rubber suggest
that the primary epoxy toughening mechanisms for both constituents remain present. Rubber cavitation occurs simultaneously alongside crack pinning by the glass particles. It is suggested [37] that the
synergistic toughening is the result of rubber particles cavitating at
low yield stress, which assists the hard particles by reducing the
triaxiality ahead of the crack tip and suppresses the debonding of the
hard particle phase from the epoxy.
Meanwhile, for hybrid toughening with rubber and nano-scale hard
particles, the interaction between the tougheners is not yet clearly
understood [37]. Researchers have generally found toughening benefits when combining nanosilica particles with CTBN rubber, but
mixed results in the limited examples where CTBN rubber is replaced by CSR particles. In a review of hybrid toughening involving
nanosilica particles, Sprenger [9] reported cases where CSR / nanosilica hybrids were detrimental, additive, or synergistic in toughening
nature (every possible scenario). For the evaluated CSR hybrid com123
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binations in this thesis, combinations with nanosilica and nanoalumina particles were not found to be beneficial. In both cases, the
resulting epoxy toughness was lower than using only the CSR on its
own.
In observed synergistic systems of rubber and nanosilica tougheners,
rubber cavitation and subsequent shear banding are reported to still
be present, while nanosilica debonding from the matrix also still
occurs [1, 8]. With the accepted toughening mechanisms of soft rubber and the nanosilica particles being similar (cavitation and subsequent shear yielding), the synergistic toughening is counterintuitive
[37]. To explain this, two possible explanations have been proposed.
1) The different particle moduli create different stress fields that interact ahead of the crack. 2) The rubber cavitation allows the nanosilica particles to initiate more extensive shear banding in the epoxy [1].
Another possible explanation for synergistic toughening surrounds
the commonly noted [8, 37] formation of both nanosilica agglomerates/clusters and larger rubber formations for CTBN rubber / nanosilica studies. It is suggested [37] that the synergistic effects may
result from a yet to be understood toughening effect of the agglomerate formations. (Note: the beneficial influence of particle agglomerates was observed with the nanoalumina particles in Chapter 3).
This suggestion may explain in part why corresponding synergistic
hybrid toughening with CSR rubber in place of CTBN rubber is not
always observed. However, it should be pointed out that this would
only apply to some cases. Summarized by Sprenger [9], the implementation of CSR particles into hybrid combinations with nanosilica
has wide ranging results.
Block Co-Polymer (BCP) Hybrids
Discussed at the start of the chapter, examples of hybrid toughening
involving BCP are effectively absent in the literature. As a result,
there is no existing discussion regarding their toughening mechanisms when combined with hard nano-scale particles.
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Fractography
Paralleling the preceding chapters, micrographs taken by scanning
electron microscopy (SEM) provide an overview of the different fracture zones and particular features in the fast fracture hackle zone
(region with the greatest amount of plastic deformation occurring).
Images are provided for the evaluated hybrid toughened epoxies
containing CSR as the soft toughener constituent in combination
with Al2O3 (Figure 5.8, Figure 5.9), and with SiO2 (Figure 5.10, Figure
5.11).

Crack
Initiation

Mist Zone

Hackle Zone
(fast fracture)

Crack Direction

Figure 5.8. Fracture surface observed by SEM. Hybrid 3.9wt% core-shell rubber (CSR)
/ 3.9wt% nanoalumina (Al2O3) toughened epoxy sample. The general crack propagation regions are indicated.
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Crack Direction
Localized
Cavitation
Plastic
Deformation

Figure 5.9. Fracture surface behavior in the fast fracture hackle zone of the hybrid
3.9wt% core-shell rubber (CSR) / 3.9wt% nanoalumina (Al2O3) toughened epoxy.
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Mist Zone

Hackle Zone
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Crack Direction

Figure 5.10. Fracture surface observed by SEM. Hybrid 3.9wt% core-shell rubber
(CSR) / 3.9wt% nanosilica (SiO2) toughened epoxy sample. The general crack propagation regions are indicated.
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Crack Direction

Figure 5.11. Fracture surface behavior in the fast fracture hackle zone of the hybrid
3.9wt% core-shell rubber (CSR) / 3.9wt% nanosilica (SiO2) toughened epoxy.

For the hybrid toughening combinations containing CSR, the qualitative extent of plastic deformation is observed to be less than the CSRonly toughened epoxy (Chapter 4). A stark difference is the lack of
visible CSR cavitations in the hybrid toughened epoxies. The CSR /
Al2O3 hybrid sample features some cavitations, but it is limited to
localized areas. Meanwhile the CSR / SiO2 sample was entirely absent of any visible cavitations. The reduced cavitation presence is a
clear indication that the addition of the physically hard nanoparticles
is inhibiting the development of the CSR toughening mechanisms.
CSR / Al2O3
For the CSR / Al2O3 toughened epoxy, no cavitation around the
nanoalumina agglomerates or bifurcation fracturing of the agglomerates are observed (seen previously Chapter 3). This other absence
indicates that conversely, the CSR particles are inhibiting the
nanoalumina toughening mechanisms. It is believed that the agglomerations are still present (they are visible in the uncured resin in
Figure 5.1), but were not exposed on the fracture surface due to
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changes in the stress-state around the nanoalumina agglomerates
resulting from the stress field interactions with the present CSR particles.
CSR / SiO2
The CSR / SiO2 toughened epoxy fracture surface featured the lowest
amount of plastic deformation, agreeing with its low fracture toughness. With no CSR cavitations observed along the epoxy fracture
surface, the toughening effect of the CSR particles is undoubtedly
influenced by the presence of the nanosilica particles. The resolution
of detail provided by the images does not shed light onto whether
the toughening mechanisms of the nanosilica particles was likewise
affected by the presence of the CSR particles.
Micrographs are provided for the evaluated hybrid toughened epoxies containing BCP as the soft toughener constituent combined with
Al2O3 (Figure 5.12, Figure 5.13, and Figure 5.14), and with SiO2
(Figure 5.15, Figure 5.16, and Figure 5.17).

Crack
Initiation

Mist Zone

Hackle Zone
(fast fracture)

Crack Direction

Figure 5.12. Fracture surface observed by SEM. Hybrid 3.9wt% block co-polymer
(BCP) / 3.9wt% nanoalumina (Al2O3) toughened epoxy sample. The general crack
propagation regions are indicated.
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Crack Direction
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Figure 5.13. Fracture surface behavior in the fast fracture hackle zone of the hybrid
3.9wt% block co-polymer (BCP) / 3.9wt% nanoalumina (Al2O3) toughened epoxy.
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Crack Direction
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Figure 5.14. Visible cavitations (localized) in the hybrid 3.9wt% block co-polymer
(BCP) / 3.9wt% nanoalumina (Al2O3) toughened epoxy.
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Crack Direction

Figure 5.15. Fracture surface observed by SEM. Hybrid 3.9wt% block co-polymer
(BCP) / 3.9wt% nanosilica (SiO2) toughened epoxy sample. The general crack propagation regions are indicated.
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Figure 5.16. Fracture surface behavior in the fast fracture hackle zone of the hybrid
3.9wt% block co-polymer (BCP) / 3.9wt% nanosilica (SiO2) toughened epoxy.
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Crack Direction

Figure 5.17. Large micelle formation in the hybrid 3.9wt% block co-polymer (BCP) /
3.9wt% nanosilica (SiO2) toughened epoxy. One of several formations visible in the
sample.

Unexpectedly given the low fracture toughness values (Figure 5.7),
the hybrid combinations containing BCP visually exhibit extensive
plastic deformation features in the hackle zone. Only in localized
areas, is BCP initiated epoxy cavitation observed along the fracture
surface. When present, the cavitations are the same 0.5μm nominal
size observed in the BCP-only toughened epoxy (Chapter 4). In these
areas, the necessary development of the BCP micelle structure (forming during the epoxy cure process) and the subsequent BCP toughening mechanisms of the initiated micelle/matrix cavitation sequence
are occurring. However, the lack of observed cavitation across the
entire hackle zone indicates that the hard nanoparticles are inhibiting
the fracture toughening mechanisms of the BCP to fully develop
during the epoxy fracture.
BCP / Al2O3
For the BCP / Al2O3 hybrid, no nanoalumina agglomerates are visible
along the fracture surface. The lack of visible post-fracture agglom131
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erates (visible in the uncured resin in Figure 5.1) again indicates that
the presence of the soft toughener (in this case the BCP) changes the
stress state around the agglomerates to not promote the cavitation
and bifurcation of the nanoalumina agglomerates during the epoxy
fracture process.
BCP / SiO2
For the BCP / SiO2 toughened epoxy, there are a number of interesting but unknown formations observed. Several of these large spherical formations (in the range of 50-100μm) are visible in Figure 5.15,
and an up-close examination of one is shown in Figure 5.17. The
surface of the formation exhibits small textural cavitation features,
suggesting a BCP presence and involvement. These formations appear to be large BCP micelle structures forming around entrapped
air. Interestingly, neither the BCP-only nor the other epoxies exhibited these larger hollow spherical structures. Entrapped air voids were
also not observed for any other of the epoxies evaluated in this thesis, with all of the bulk epoxy resin samples produced using the
same manufacturing process. The localized conglomeration the BCP
into non-ideal large micelle structures and lack of distribution, offers
some explanation of the lack of observed BCP micelle induced cavitation across the fracture surface.

5.4. Conclusions
The potential use of hybrid toughening was investigated by combining the commercially available Dow soft tougheners with the hard
particles selected for high Tg epoxy toughening. Following evaluations for the effect on glass-transition temperate (Tg), and epoxy
fracture toughness, the following conclusions can be made:
1) Combining soft and hard tougheners (both which on
their own had no influence on Tg) had no negative effect on Tg.
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2) Viscosity effects of the hybrid toughener formulations
were similar to those trends observed in the singletoughener systems.
3) Hybrid toughening was not found to be synergistic, nor
additive in nature. For the toughener combinations and
loadings examined, the addition of the hard tougheners
negatively lowered the toughening effect of the soft
tougheners when used on their own.
The lack of promising toughening results highlight the complex
toughening interactions required for effective hybrid epoxy toughening. For the toughener combinations and their respective addition
ratios evaluated, this was not achieved. All of the hybrid combinations examined resulted in lower epoxy fracture toughness than using either of the soft toughener constituents on their own. The poor
results could be due to inappropriate amounts of each toughener for
the combinations evaluated, or fundamentally an outright incompatibility between the toughener combinations and the epoxy system
evaluated.
In particular, the results put doubt to the fundamental suitability of
using BCP as a soft constituent for hybrid toughening systems. The
substantial decrease in the epoxy fracture toughness with the addition of the hard particles is an indication of a negative interaction
between the hard and soft toughener constituents. As hypothesized,
this is likely due to an inability of the BCP to self-assemble into the
required physical micelle structure needed for their epoxy toughening effect. Examining by specialized microscopy techniques if this
was occurring was discussed within the research project, but was not
performed. If occurring, the BCP toughener is fundamentally not
appropriate for use in combination hard/soft hybrid toughened systems. Initial evidence provided by the SEM fractography images
gives some indication that changes in the BCP micelle structure formation and distribution is indeed occurring.
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Based on the fracture toughness results obtained compared to the
single-toughener epoxy systems, and with the temperature limitations of the soft tougheners (up to 180°C), hybrid toughening was
not investigated further.
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Chapter 6

Composite toughening
One of the primary methods to resist the growth of interlaminar
cracks preventing against composite delamination is with the use of
a toughened matrix [2-5]. This chapter extends the work in Chapter
3, evaluating the use of the alumina and silica nanoparticle toughened epoxies when applied as the matrix material in fiber reinforced
composites.
Together with Chapter 9, the nanosilica particle toughening results
from the evaluations in this chapter were submitted as a manuscript
to the Journal of Composite Materials [87].

6.1. Introduction
In this chapter, the interlaminar fracture resistance of uni-directional
carbon fiber composites is evaluated by double cantilever beam
(DCB) testing. The laminate matrices are the nanoalumina and nanosilica toughened amine cured high glass-transition temperature (Tg)
epoxies that were evaluated in Chapter 3. The matrix fracture energy
in mode 1 loading was determined for both crack initiation and
steady-state crack propagation.
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6.2. Experimental
Materials
Resin and hardener
The same Dow D.E.R. 330 DGEBA epoxy resin in combination with
Air Products Ancamine 2167 cycloaliphatic/aromatic amine hardener
used in the previous bulk epoxy studies was in this study used as the
base matrix material to be toughened for the evaluation of fiber reinforced composite laminates. Various particle loadings were formulated by blending the master batch concentrates down to the desired
particle loading with addition of the pure D.E.R. 330 neat resin. Full
details for the epoxy system and the nanoparticles can be found in
Chapter 3.
Fibers
The uni-directional (UD) composite laminates evaluated were comprised of UD carbon fibers lightly stitched together into plies with an
areal weight of 230g/m2 (Tissa Glaswebererei AG, Oberkulm, Switzerland; Tissa article number: 862.0230.80.0300). Fourteen fiber plies
were laid-up to produce carbon fiber composite (CFRP) laminates,
nominally 3.6mm in thickness, resulting in a fiber volume content of
50%.
Experimental characterization methodology
Fabrication of laminate samples for mechanical testing (composite
laminates)
The composite laminates were produced using a combination of
hand lay-up and a closed mold resin transfer molding (RTM) injection process. The manufacturing process was based on the industrial
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SQRTM3 (Same Qualified RTM) process, and was chosen to reproducibly produce laminates of uniform thickness and low void content.
The laminate manufacturing process is intended to replicate on a
laboratory scale a prepreg style of resin impregnation. Individual
fiber plies were impregnated and laid-up by hand. The hand lay-up
portion of the process was chosen to minimize any risk of particle
filtration that can occur during a conventional injection process. The
wet laminates were placed inside a closed mold after which additional resin was injected into the mold to surround the empty space
around the laminate. The injected resin was then pressurized to impose a positive hydrostatic force on the laminate during the cure
process to collapse entrapped air voids.
A cross-sectional schematic of the mold setup used is shown in Figure 6.1. The closed mold consisted of two steel plates separated by a
steel frame. Mold sealing was provided by a compressible neoprene
frame (nominally 4mm in thickness prior to compaction) placed
within the inner cutout of the steel frame, and surrounded the laminate that was placed in the middle. A gap of approximately 4cm was
left between the laminate and the neoprene frame. This void space
acted as a reservoir and was filled with injected resin inducing a
hydrostatic pressure on the curing laminate. The composite laminate
thickness was controlled by the metal spacer frame, nominally

SQRTM: Developed and commercialized by Radius Engineering
Inc. (Salt Lake City, USA). SQRTM is an out-of-autoclave composite
manufacturing process combining prepreg processing with liquid
molding. In the SQRTM process, prepreg laminates are cured in a
closed mold while liquid resin (using a qualified prepreg resin) is
injected to surround the laminate and pressurized during the laminate curing process. The process is similar to autoclave processing in
which a hydrostatic pressure is imposed on the laminate during the
cure process.
3
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3.6mm thick, which was placed around the neoprene seal. The entire
setup was closed by using a hydraulic press and compressed with a
force of 80kN (Figure 6.2). The fixed cavity height design of the setup
ensured nominally constant laminate thicknesses amongst the manufactured laminates. In the compaction of the laminate to the fixed
cavity height, excess epoxy resin was removed from the laminate by
escaping into unfilled reservoir area surrounding the laminate prior
to it being filled with resin for the curing process.

Pressurized
Resin

Upper Mold

Neoprene

Laminate
Fixed
Spacer

Lower Mold
Fluid Port

Fluid Port

Figure 6.1. Closed mold SQRTM setup (side view) used to produce composite
laminate samples.

Upper Mold

Heated
Press

Spacer (for fluid port access)

Spacer

Lower Mold

Outlet Port

Figure 6.2. Actual closed mold SQRTM setup (front view) placed inside a heated press
for pressurized resin injection and curing.
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In the hand lay-up stage of the process, laminate plies were laid-up
one layer at a time, applying a fixed amount of resin to each ply during the process. Prior to the laminate lay-up, the individual fiber
plies were carefully pre-impregnated with a fixed volume of untoughened resin using a spatula on a release-coated plate. The volume of resin applied to each fiber layer was controlled using a syringe for application. The stacked wet laminate was placed into the
mold which was then closed. To prevent shifting of the fiber plies
during the mold closing process, two strips of resin distribution
mesh were placed inside the laminate lay-up towards the edges between plies numbers 2-3 and 12-13 (for the 14 ply laminate). The
strips locally increased compaction force at the laminate edges “pinning” the laminate from shifting during the mold closing process.
These edge portions of the laminates were cut off and discarded after
the curing process.
In the second stage of the manufacturing process, a liquid resin (the
same resin used in the laminate) was slowly injected into the mold
cavity to surround the free space around laminate. The liquid resin
was initially pressurized to 0.75bar to fill the mold, and then increased to 4bar. After 4bar was reached, the press was heated and
the laminate was cured according to the manufacturer’s recommended cure cycle of the amine hardener [67].
Laminate curing was carried out in two steps. A first cure was performed in the press at 80°C for 2 hours. After the first cure, the press
was cooled, opened, and the laminate was demolded. A second, toolfree post-cure was then carried out at 150°C for 3 hours in a forced
convection oven. In this step, the laminate was heated to 150°C in
two steps to minimize thermal induced stresses; first to a temperature dwell of 80°C for 10 minutes, and then heated further to 150°C.
A Type K thermocouple was placed on the laminate to ensure the
final target curing temperature was met. After 3 hours, the laminate
was again slowly cooled to ambient temperature by opening the
oven door by only a minimal amount.
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Sample preparation
Mechanical test samples were cut from the cured laminates to the
double cantilever beam (DCB) test specimen geometries in accordance to ASTM D5528 [4]. DCB samples, nominally 20mm x 150mm
were cut from the produced 3.6mm thick laminates with a wet diamond saw. The samples were taken from the middle region of each
laminate in order to remove any influence of local edge effects of the
laminate manufacturing process; in particular, possible fiber distortion from the mold closing process in the hydraulic press and the
addition of the distribution mesh inserts described earlier.
For load application in the DCB test, metallic piano hinges were
bonded to both laminate beam arms with 3M Scotch-Weld DP490
epoxy adhesive. To follow the crack growth during the test, both
sides of the DCB samples were painted with white correction paint
and marked at defined increments according to the procedures outlined in ASTM D5528.
Fracture energy testing (composite laminate)
The influence of matrix modification on composite delamination
fracture toughness was evaluated by DCB testing according to
ASTM D5528 [4]. Testing was carried out on a Zwick universal testing machine (Zwick model 1474) where the composite laminates
were pulled open in mode 1 loading as illustrated in Figure 6.3.
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Tensile force
(constant rate displacement)

Pre-crack insert
Tensile force
(constant rate displacement)
Figure 6.3. Double cantilever beam (DCB) test setup for testing of interlaminar
delamination matrix fracture toughness.

Mode 1 crack opening of the composite laminate was achieved by
placing the bonded piano hinges at the delaminated end of the laminate into the grips of the testing machine, where a constant crosshead displacement of 2mm/min was applied. Delamination at the
laminate mid-plane was initiated by a pre-crack insert (Teflon film)
inserted during the laminate manufacturing process. The pre-crack
was nominally 50mm in length measured from the edge of the Teflon insert to the load point at the loading hinges. The laminates were
first loaded at a crosshead displacement of 2mm/min to obtain a
crack growth between of 3-5mm when loading was then stopped.
The sample was verified for no uncontrolled crack growth at this
state (no crack propagation when displacement is held constant). The
laminates were then fully unloaded and then reloaded again at
2mm/min crosshead displacement until a crack growth of 50mm was
achieved for which testing was then complete. As the laminate was
pulled open, the delamination crack growth was tracked with a
high-definition webcam (Logitech HD Pro C920). The fracture energy G1C was calculated by modified beam theory (MBT) using Equation (4).
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G1C 

3P
2b(a   )

(4)

The test parameters used to calculate the fracture energy G1C in the
modified beam theory are listed in Table 6.1.
Table 6.1. Test parameters for the performed double cantilever beam (DCB) interlaminar delamination matrix fracture toughness testing (ASTM D5528) of uni-directional
composite laminates.

Symbol

Parameter

Dimension

P

Applied load measured by load cell

-

δ

Load point displacement

-

a

Initial crack length (pre-crack insert +
crack extension)

b

Width of DCB sample

Δ

*Effective delamination extension to
correct for rotation of DCB arms at delamination front

50mm initial,
nominally
20mm, nominally

-

*The calculation for the effective delamination extension Δ is described in the ASTM D5528 test standard [4].
A minimum of five samples for each matrix condition were tested,
taken from the two different manufactured laminate plates.

6.3. Results and Discussion
The matrix fracture energy for delamination was obtained from
mode 1 opening of uni-directional (UD) carbon fiber laminates by
double cantilever beam (DCB) testing. The values of G1Cint corresponds to the initiation or initial crack growth in the laminate matrix.
G1Cprop corresponds to steady state fracture energy once the delami142
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nation length has extended an additional 30 or more millimeters to a
total length of 80-100mm.
It should be noted that the crack propagation portion (G1Cprop) of the
DCB test is very specific to the laminate tested and is influenced by
factors such as the specific fibers used, fiber orientation, fiber volume
content, and adhesion between fiber and matrix. If extensive fiber
bridging is occurring between the two cantilever beam arms being
split apart, the relevance of the test from this point onwards is questionable [4] as the fracture energy is dominated by the fiber bridging
leading to a high G1C [2]. In addition, the fiber bridging phenomenon
is specific of delaminating 0°/0° plies from one another, while in
typical composite structures consisting of multiple mixed ply orientations, the delamination occurs between plies of dissimilar orientation. Therefore, this value is generally not representative for general
application but is reported here for completeness, as it is commonly
reported in the literature for laminate delamination studies.
Only laminate delamination fracture energies are discussed in this
chapter. The physical delamination fracture characteristics are not
shown here, but scanning electron microscopy (SEM) images of select fracture surfaces are shown later in Chapter 9 and in
Appendix F.
Nanoalumina vs. nanosilica matrix modification
Comparisons between laminates with the same volume of nanosilica
and nanoalumina addition to the epoxy matrix and the resulting
delamination fracture energies are made in Table 6.2 and Figure 6.4.
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Table 6.2. Initiation and propagation fracture energies for mode 1 interlaminar delamination of nanosilica and nanoalumina matrix modified uni-directional carbon fiber
composites. Nominal Vf = 50%

Matrix Condition

G1Cint
(J/m2)

G1Cprop

±

±

(J/m2)

Untoughened

170

25

650

133

10wt% (5.7vol%) SiO2
homogeneously distributed

182

10

604

60

17wt% (5.7vol%) Al2O3
homogeneously distributed

242

54

836

44

1000

Fracture Engergy (J/m2)

900
800
700
600
500
400

300
200
100
0

10wt%
(5.7vol%)
SiO2

17wt%
(5.7vol%)
Al2O3

Untoughend

G1C initiation

10wt%
(5.7vol%)
SiO2

17wt%
(5.7vol%)
Al2O3

Untoughend

G1C propagation

Figure 6.4. Initiation and propagation fracture energies for mode 1 interlaminar delamination of nanosilica and nanoalumina matrix modified uni-directional carbon
fiber composites. Nominal Vf = 50%. Error bars denote +/- one standard deviation.
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For the fracture initiation (G1Cint), the addition of both nanoparticle
types show improvement to the interlaminar composite fracture
energy of the untoughened matrix (170J/m2). The interlaminar composite fracture energy performance of the nanoalumina modified
matrix (242J/m2) was greater than the composite with the same volume of nanosilica addition (182J/m2), an additional 35% increase.
For the steady state crack propagation (G1Cprop) the addition of
nanoalumina was again found to be more beneficial than the nanosilica addition. The addition of nanoalumina saw a substantial increases of 28% over the untoughened matrix laminates. Matrix facture
energy increased from 650J/m2 to 836J/m2 with 17wt% (5.7vol%)
nanoalumina addition. Conversely, the nanosilica modified epoxy
matrix had a slight decrease in fracture energy for the propagation
state compared to the untoughened matrix, degreasing from 650J/m2
to 604J/m2. However, it should be commented, the decrease is not
always observed, in particular at other nanosilica loading amounts
(shown later). Results for other nanosilica addition amounts are
shown in the next subsection and Figure 6.5 (crack initiation) and
Figure 6.6 (crack propagation).
The greater toughening performance of nanoalumina agrees with the
fracture toughness improvements seen when examining the bulk
epoxy on its own in Chapter 3, where the nanoalumina performed
better as a particle toughener than nanosilica per volume and mass
addition. In the bulk epoxy examination, it was hypothesized that
the nanoalumina agglomeration and subsequent birfurcation (splitting of the agglomerates) during fracture played a role acting as an
additional energy absorbing toughening mechanism. The results
here show the toughening effect found in the epoxy is translated to
interlaminar delamination resistance in the composite. For the same
volume addition, the nanoalumina particles are more effective at
toughening the composite compared to the nanosilica particles. The
better toughening performance is observed for both initial matrix
crack growth, and during steady-state crack propagation.
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Delamination energy with changing particle loading (SiO2)
Examining the sensitivity of particle concentration in the matrix on
the composite delamination toughness, the interlaminar fracture
energy is examined over a range of nanosilica concentrations. The
initial (initiation) interlaminar delamination fracture energy (G1Cint)
for increasing loading of nanosilica content is shown in Figure 6.5.

Initiation Fracture Energy (J/m2)

400
350
300
250

200
150
100

Untoughened
SiO2 Toughened

50

0
0

5

10

15

20

25

30

35

SiO2 Content (wt%)
Figure 6.5. Laminate initiation fracture energy (G1Cint determined by the non-linear
deviation in the load-displacement data) vs. nanosilica content for mode 1 interlaminar delamination of nanosilica matrix modified uni-directional carbon fiber
composites. Various ranges of nanosilica content evaluated. Nominal Vf = 50%. Error
bars denote +/- one standard deviation.

For the interlaminar crack initiation, a gradual and continual increase in the fracture energy is observed to correspond with increasing amounts of nanosilica content. Up to the 30wt% nanosilica addition that resulted in a 35% increase in fracture energy over the untoughened laminate, the trend does not yet indicate a plateau is
reached in toughenability.
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As the crack grows in length during the DCB test, so too does the
fracture energy for the crack as it continues to propagate. Beyond a
sufficiently long enough crack length, the fracture energy plateaus at
a steady state value. Figure 6.6 shows the sensitivity of the nanosilica
content on the steady state fracture energy (G1Cprop) for interlaminar
delamination when the crack is propagated to a length between 80100mm and a steady state value is reached. It should be reminded
again that the propagated state is unique to the uni-directional laminates, and this increase should be accepted with caution. The initial
initiation fracture energy on the other hand is more representative of
the matrix crack and applicable to both uni-directional laminates and
the more common mixed fiber orientation composite laminates.

Propagation Fracture Energy (J/m2)
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Figure 6.6. Laminate propagation fracture energy (G1Cprop) vs. nanosilica content for
mode 1 interlaminar delamination of nanosilica matrix modified uni-directional carbon fiber composites. Various ranges of nanosilica content evaluated. Nominal
Vf = 50%. Error bars denote +/- one standard deviation.

For the propagation fracture energy, the general trend is similar with
increasing fracture energy with increasing nanosilica content. Although a few data points exhibited a slight decrease in energy, the
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decreases are small and within range of data scattering. A 34% increase in facture energy is obtained with 30wt% nanosilica addition.
Overall, the fracture energy gains for both crack states are modest,
requiring a considerable amount of nanosilica particle addition for
substantial interlaminar toughening. On this note, it should be commented that the maximum toughness increase potential of the evaluated laminate matrix is fundamentally restricted by the high crosslink nature of the epoxy system used [66].
The observed fracture energy increases fall in the range for other
literature examples with similar amounts of nanosilica addition.
Some selected values of delamination fracture energies for nanosilica
toughened systems found in the literature are shown in Table 6.3.
These studies used the same commercially available 20nm nanosilica
particles [69] as evaluated in this study.
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% SiO2

10wt%

20wt%

12wt%

10wt%

20wt%

10wt%

10wt%

5wt%

10wt%

19.5wt%

11.9wt%

Resin/
Hardener

DGEBA/
Piperidine

DGEBA/
Piperidine

DGEBA/
Anhydride

DGEBA/
Amine

DGEBA/
Amine

TGMDA/
Amine

DGEBA/
Anhydride

TGMDA/
Amine

TGMDA/
Amine

TGMDA/
Amine

DGEBA/
Anhydride

Carbon

Carbon

Carbon

Carbon

Glass

Carbon

Glass

Glass

Carbon

Carbon

Carbon

489

733

299

300

1015

144

-

-

489

729

511

489

733

299

300

1015

144

-

-

+11%

+75%

+23%

-

-

-

-

2009

196

*950

*900

-

1203

1007

-

-

-

-

+82%

-42%

+14%

+8%

-

+21%

+1%

Fiber
Composite Increase Composite Increase
Reinforcement G1Cint (J/m2)
(%)
G1Cprop (J/m2)
(%)

[90]

[90]

[90]

[90]

[8, 89]

[8]

[52]

[52]

[1]

[88]

[88]

Ref.
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Table 6.3. Select mode 1 interlaminar laminate fracture energies of nanosilica

toughened epoxy matrix fiber reinforced composites found in the literature.

*in reference [52], the laminate fracture energy was not specified as
either initiation or propagation crack state. The fracture energy is
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assumed to be the propagation fracture energy given the relative
high untoughened laminate values.
In general, the obtained experimental results for the homogeneously
distributed nanosilica laminates in this study fall in line with those
found in the literature for similar amounts of nanosilica addition,
confirming their appropriateness as a valid baseline reference for the
local distribution evaluations. In the stand out literature example in
Table 6.3 exhibiting a greater than 200% increase in initiation fracture
energy, the authors commented on observing extensive fiber bridging [8, 89] was present. Conversely, in the literature examples where
substantial losses in the interlaminar fracture energy were found, it
was attributed to a lack of fiber/matrix adhesion with minimal fiber
bridging being observed during the DCB test. This is worthy to note
as the fiber/matrix adhesion has been described as a source of failure
and explanation when nanosilica toughened epoxy systems fail to
interlaminarly toughen composite laminates [91]. In the testing carried out in this study, some differences in the fiber bridging behavior
(indicative of fiber/matrix adhesion changes) are observed between
the samples during crack propagation, which may explain the slight
variation in results for the propagation fracture energy at different
nanosilica concentrations. However, these differences are not substantially varying between the different nanosilica concentrations.
The aspect of fiber/matrix adhesion is not examined beyond these
general qualitative observations in this study.
Toughener distribution
With the prepreg-like manufacturing method used to produce the
test samples, any particle filtration concerns were mitigated (this is
focused on later in Chapter 8). The laminate samples were produced
assuming that the particles were distributed within the laminate
homogeneously. However, as pointed out in Chapter 3, a concern
with the nanoalumina particles is that they were observed to form
agglomerations in the epoxy. As a result, it is possible that some
local inhomogeneity in nanoalumina distribution between inside the
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fiber tows and outside may be present due to difficulties infiltrating
the nanoalumina agglomerates into the fiber tows. As a result, a local
nanoalumina concentration slightly higher than 17wt% may in fact
exist in the interlaminar region where fracture occurs. The effect of
local interlaminar toughener distribution is examined later in Chapter 9.

6.4. Conclusions
When used to toughen a composite matrix, both nanoalumina and
nanosilica particles were found to increase the fracture energy of the
laminate to prevent against interlaminar delamination. The added
toughening benefits of both particle types for the bulk epoxy on its
own are transferred over when applied in fiber reinforced composite
laminates. The fracture energy increased for both matrix crack initiation, and steady-stage crack propagation. The toughening effect of
the nanosilica particles with this particular Dow DGEBA epoxy system cured with the Air Products cycloaliphatic/aromatic amine curing agent, is in the range observed for other epoxy systems in the
literature. The laminate toughness improvements are overall modest
with significant additions of nanosilica required for substantial fracture energy increases. Between the nanoalumina and nanosilica particles, nanoalumina was found to be more effective, continuing the
trend found in Chapter 3 for the epoxy only fracture tests.
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Chapter 7

State-of-the-Art
This chapter reviews the literature for processing topics relating to
particle toughener implementation into the composite laminate. In
particular, it looks at particle filtration in standard liquid composite
molding (LCM) processing, and selective localized laminate toughening. The latter being important if controlled local particle placement is to be considered for potential improvement in toughening
efficiency.

7.1. Particle Flow in Liquid Composite Molding
For the liquid composite molding (LCM) family of composite manufacturing processes, the final distribution of the particle tougheners
within the cured laminate is dependent on their flow through the
fiber reinforcement during the resin impregnation stage. For infusion
processes with rigid particle toughened resins, conventional particles
tens of microns in diameter are accepted to be sensitive to filtration
[89, 92-94]. More recent commercially available nano-scale particles
such as nanosilica [69, 95], and sub-micron core-shell particles (e.g.
core-shell rubber) are on the other hand commonly assumed to be
suitable for resin infusion processes due to their small physical size
[8-11].
Regarding the processing of nanoparticle filled epoxy, the addition
of particles has been well documented to raise the viscosity of the
resin [20]. This viscosity increase becomes even greater with use of
small nano-scale particles due to their increased surface area, posing
an additional processing concern with the use of nanoparticles [34,
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38, 42, 47]. In addition to the negative viscosity implication, a more
critical concern for particle processing is particle deposition, or how
the particles deposit themselves, in the fiber preform during the resin infusion process. As the final distribution of particles in the fiber
reinforcement has direct consequences to laminate properties, including toughness.
Sprenger [91] recently reviewed the use of silica nanoparticles in
fiber reinforced composites, including details for the variety of
methods used in the production of the composite laminates. Resin
infusion examples ranged from hand lay-up (impregnation layer by
layer) [52], single-line-injection (SLI) [96], resin infusion under flexible tooling (RIFT) [8, 89], pultrusion [97], vacuum assisted resin infusion (VARI) [88, 98], vacuum assisted resin transfer molding
(VARTM) [1, 99, 100] and resin transfer molding (RTM) [101]. With
the exception of the use of local SEM imaging in some cases, no detailed particle distribution characterization of the produced laminates was carried out in the listed studies. In addition, it has not been
carried out in the composites processing literature at large for the use
of nano-scale particles. For example, in the work of Mahrholz et al.
[102] studying nanosilica/epoxy resins for use in LCM, characterization was carried out only on the nanoparticle filled epoxy material.
Only the processing properties of the epoxy resin were examined
(reaction, shrinkage, expansion, resin viscosity, pot life). No actual
processing of the nanosilica filled epoxy resin into composite laminates, or studying its actual viability was carried out.
The only notable flow and retention investigations regarding nanoscale particles (more correctly ‘filler’ due to aspect ratio) in LCM
processing is a small collection of work from Cranfield University
(UK). At ICCM-17, Reia da Costa et al. presented experimental observations of carbon nanofiber (CNF) and carbon nanotube (CNT)
loaded epoxy resin flow in composite infusion [103]. The work was
extended in 2012 to include simulation modeling which was validated by analytical solutions for 1D-flows [104]. The model accounted
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for porosity (permeability) change due to the retention of particles,
examining flow front progression and the overall particle retention,
but does not given any insight towards particle distribution across
the infused laminate.
Particle retention background
The fundamental nature of LCM processes where liquid resin is injected into a fiber reinforcement textile, make it inherently sensitive
to particle filtration. Particles are deposited in the composite reinforcement fiber by both filtration and sedimentation (settling due to
hydrodynamic forces) mechanisms. The possible filtering cases
(illustrated in Figure 7.1) that may occur are [47, 93]:
1) No retention (or minimal retention): Particles flow freely
through the fiber reinforcement. Even particle distribution is
possible.
2) Deep filtration: Particles are non-evenly distributed inside
the fiber reinforcement. A higher concentration is found at
the inlet, and concentration decreases with higher filtration
length.
3) Cake filtering: Particles are hindered and cannot enter the
fiber reinforcement. A cake of particles form outside of the
preform entry.
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Figure 7.1. Three possible filtering cases: 1) no retention, 2) deep filtration, and 3) cake
filtering.

In general, the particle retention can occur due to the following
mechanisms [93, 104-106]:




Surface interactions (static forces) between the fiber surfaces
and particle surface attracting the particles to the fibers. This
may also occur particle-to-particle, e.g. particle agglomeration.
Volumetric clogging or sieving mechanisms whereby pathways through the fiber bed becomes physically blocked.

Surface mechanisms: The topic of nano-scale particle retention in
flow through porous media is covered in the colloid and water fate
sciences, e.g. nanoparticle and microbial flow through sand and soil
beds [107-110]. These fields describe nano-scale particle retention as
the result of physio-chemical force interactions following DLVO
(Derjaguin, Landau, Verwey, and Overbeek) theory based upon repulsive and attractive forces established by van der Waals and interfacial electrical double layer forces (accumulations of surface ionic
charges) [111, 112].
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Applying DLVO theory to colloid particles flowing through a porous
media, attraction and adhesion to media surfaces occurs when a
particle passes at small separation distances for the media and particle surfaces (including their coatings) to interact with each another.
The extent of attraction is very much dependent on the particular
combination of materials systems involved, separation distances,
and the ionic conditions between the surfaces and surrounding fluid
[112]. The time scale for particle attachment is typically small compared to those for the transport [109], and the attraction is halted
when volume exclusion plays a decisive role [111]. As particles are
deposited, particles already adhered to the media surface block and
inhibit subsequent particles from attaching to the media. The mediato-particle attraction is further dissipated by an increased separation
distance created by those particles already deposited. Consequently,
surface driven particle deposition may be limited to the initial stages
of fluid flow, terminating as a thin surface coating or monolayer –
unless the deposited particles lead towards further volume based
retention mechanisms.
Volumetric mechanisms: Volume dependent entrapment is due to
particles physically not being able to flow through the media due to
the free space being smaller than the particles themselves (sieving
mechanisms). Upon the continual capture of particles, flow paths
within the laminate become blocked and restricted, disrupting further particle flow. For volume dependent phenomena, the nature of
the resin flow paths in the laminate also contribute. Nordlund et al.
[106] described straight unperturbed fiber bundle paths as being
preferred for inter-fiber particle transport reducing their deposition.
When woven textiles are used, the flow paths through the laminate
are instead tortuous (twisting in nature) due to fiber tow nesting
between the fiber plies and can lead to particle capture when the
flow channels lead into fiber bundle interfaces.
Reia da Costa and Skordos [104] described the influence of particle
size on which of the two retention mechanisms is more dominant. At
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small particle sizes, around 1μm, surface phenomena dominate. At
larger particle sizes, ≥ 30μm, volume phenomena leading to clogging
mechanisms dominate. Between 3μm and 30μm, both mechanisms
can take place simultaneously. In this scenario, a deep bed filtration
behavior can occur which is described as the gradual capture of particles smaller than the pore channels. This filtration behavior is representative of continual particle capture, leading to the physical narrowing of the open pore paths.
Characterizing particle distribution
In the literature, researchers have used both experimental and simulation approaches to characterize laminate particle distribution.
Some examples of both types of investigations are briefly highlighted
next. The following examples were all carried out on micro-scale
particle fillers.
Experimental based investigations
Experimentally, gravimetric and optical approaches have been used
to measure particle distribution. Chohra et al. modeled a vacuum
assisted resin transfer molding process (VARTM) [105], where they
validated their through-thickness filtration model by performing
gravimetric weighing experiments. Using representative and noncuring materials, Chohra et al. performed flow experiments and then
physically weighed the entrapped particles in their representative
laminate at each laminate layer. Their experiments were performed
using micro-scale alumina (Al2O3) particles and corn syrup (used as
a non-curing resin replacement) representing the resin. After the
flow experiments, they simply took apart the stacked and uncured
fabric, and washed and collected the retained particles for each layer.
Lefevre et al. examined the flow of micro-scale glass bead particles
and the effect of filtering in LCM processing [93, 113]. Their study
looked at particle filled resin systems with a high volume content of
particles for filling purposes (cost reduction particles, fire retardants,
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etc.). The work of Lefevre et al. involved the infusion of synthetic
fiber and not typical structural composite fiber materials such as
glass or carbon and a low temperature degrading polyester matrix.
They performed their investigations using a fiber and matrix burn
off characterization of particle distribution in fully cured composites.
They evaluated the distribution of micro-sized glass beads. Burn off
was achievable due to the use of a polymer fiber, a polyester matrix,
and glass beads. The burn off technique was an adaptation of a conventional matrix burn off usually used to measure the volume fraction of fibers for glass or carbon fiber / epoxy matrix composites (e.g.
ASTM D2584 [114]). If the burn off temperature is raised to 1000°C,
full thermal decomposition of an epoxy matrix and other reinforcement fiber materials such as aramid or carbon fibers is also possible
and allows for the distribution characterization of inorganic ceramic
particles (e.g. nanosilica and nanoalumina). However, common glass
fibers are problematic for this approach with the degradation temperature of glass (silica) being close to that of the inorganic particles.
Another approach for analyzing particle distribution in the laminate
is to use microscopy techniques. Examples include optical microscopy and scanning electron microscopy. The information provided by
optical techniques is predominantly at the micro-scale, allowing the
determination of local particle distribution; i.e., information whether
the particles are being retained within fiber tows, outside the fiber
tows, or both. However, the local particle deposition information
does not provide information regarding the particle distribution
holistically across the whole laminate without performing image
analysis at many locations. Another inherent weakness to the optical
approach is that the characterization is performed on a 2-D viewing
plane. Thus, the particle concentration measured is sensitive to the
viewing plane on which the image is taken. In order for a proper
representation of the particle concentration across the laminate,
many images are required. Yet another drawback to optical techniques is that it is difficult to obtain quantifiable numerical information, particularly for small particles such as nanoparticles. Often
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the particle presence can only be identified as a “cloudy” region in
an image, giving mostly qualitative information as to whether or not
particles are present at a given location.
Extending the optical SEM approach, but providing quantitative
analysis of particle distribution was done by Yum et al. [115]. They
examined the distribution of titanium dioxide particles and carbon
nanotubes (doped with silver nanoparticle tracers) in both glass and
carbon fiber reinforced epoxy matrix composites. Particle concentration (at local locations) was quantified using an electron probe microanalyzer (EPMA). Elements (titanium and silver respectively)
were mapped by electron beam bombardment and analyzed by superimposing the elemental mapping over top of an optical image.
The area fractions of specific elements was then used to determine
the concentration of particles. This analysis was performed both
outside and within fiber tows allowing particle distribution to be
quantified. However, as this technique is based on an optical approach, the same limitations regarding the viewing plane are present.
Simulation based investigations
Simulation based investigations have been carried out on the microand meso-scale to try to understand the fundamental mechanisms,
and on macro-scale to predict the filtration behavior. In the area of
composites processing simulation, Hwang et al. examined microscale particle deposition in a fiber preform [116]. Using a pore-scale
model of a textile with dual scale properties, they showed that if
particles are approaching a fiber tow during the resin flow process, a
fraction of the particles are retained while the remaining particles
would flow around the fiber tow with no possibility of particle retention on the opposing back side of the tow. Consequently, particle
deposition only takes place at the fiber tow on the surface facing into
(against) the direction of the resin flow. Similar observations were
made by Lundström and Frishfelds [117, 118] who simulated the
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motion of particles flowing in a direction transverse to fiber bundles,
evaluating the deposition behavior.
As previously described for the experimental investigations, Chohra
et al. developed a model for through-thickness particle filtering by
sieving mechanisms [105]. It was a geometric and probability based
model relating pore size and blockage from the random nesting of
fabric layers and the resulting intersection of pores. The proposed
model predicted layer by layer the concentration of particle entrapment of large micro-scale particles (10-80µm) for VARTM processes
where impregnation occurs through the laminate thickness with the
use of distribution media. Their approach was based on Darcy’s Law
but accounts for the lowering of preform permeability due to particle
entrapment based on available pores for flow (interconnected porous
space). The model was validated by performing experiments described earlier using micro-scale alumina (Al2O3) particles and corn
syrup (used as a non-curing resin replacement).
Coupled with their earlier described experimental investigation of
particle distribution, Lefevre et al. empirically developed a microscale filtration model [113] to capture the particle distribution along
a fiber laminate. The model development was based on the filtration
of 12-48μm glass beads, for which in this size regime, a combination
of both surface driven (static) and volumetric (clogging) retention
mechanisms are present.
Mentioned earlier, an introduction to modeling and simulating
nano-scale particle/filler filtration was done by Reia da Costa and
Skordos [103, 104]. They modeled the resin flow during a composite
infusion process of epoxy filled with highly filtration sensitive carbon nanofiber (CNF) and carbon nanotubes (CNT). The filtration
kinetics were based on the micro-scale particle filtration work of
Lefevre et al. [93, 113], accounting for a porosity (permeability)
change due to the retention of particles, examining the local particle
concentration and resin flow front progression.
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The filtration equations outlined by Lefevre et al. are used as the
basis for the nanoparticle filtration simulations carried out in Chapter 8 of this thesis, and are described later there.

7.2. Localized Laminate Toughening
In his recent review of the current state of nanosilica particle use in
fiber reinforced composites, Sprenger [91] put forth the fundamental
question of how many particles are needed(?) and where(?) within
the laminate for toughening purposes.
This question arises from the observation that epoxy toughness is not
always translated to the composite for laminate toughening due to
the differing toughening mechanisms at play between bulk epoxy
toughening and laminate toughening. Despite the fact that laminate
delamination fracture toughness and energy are considered to be
matrix-dominated, the presence of the reinforcement fibers adds
complexity to the laminate delamination process. The complication
stems from the reinforcement fibers being able to both contribute or
hinder the epoxy fracture toughness. For example, the energy absorbed by fiber breakage and the energy of a crack having to propagate around fibers can raise the apparent fracture energy G 1C [4] in
the laminate delamination process, and is particularly true for brittle
matrices [1, 2]. Conversely, for highly toughened matrices, the
toughness of the bulk epoxy on its own is not always reflected in the
same toughness for the composite for mode 1 interlaminar delamination fracture resistance [1, 2, 119]. For epoxy toughened with nanosilica particles, Sprenger [91] summarized a number studies which
showed a lack of toughness transference from the bulk epoxy to a
composite for additions between 10-20wt% nanosilica [52, 88, 120,
121]. The toughening effectiveness of the nanosilica particles decreased when the toughened epoxy was implemented as a matrix in
a fiber reinforced composite.
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Plastic zone development (and constraint)
One factor responsible for epoxies, particularly highly toughened
epoxies, exhibiting a lower effective toughness in composites is the
constraint or hindrance [2, 5, 98, 122, 123] of the matrix plastic zone
development by the reinforcement fibers in the vicinity of the delamination crack (illustrated in Figure 1). From Irwin’s theory for a sharp
crack, the relative size of the plastic zone is approximated by the
relationship between the fracture energy G1C and fracture toughness
K1C of the matrix [25, 37]:

G1C ~
for plane stress conditions:

K12C
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for plane strain conditions:
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with E being Young’s modulus, ν Poisson’s ratio and K1C the fracture
toughness. The plastic zone radius (rp*) at the point of material fracture is approximated by:
for plane stress conditions:
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where, σYS is the yield strength of the epoxy, and K1C the fracture
toughness of the epoxy matrix. When Equations (5) and (6) are examined, tougher epoxy resin systems (larger G1C and K1C) are characterized by a larger plastic zone, with the full development or growth of
the plastic zone necessary for the full realization of fracture toughness [51, 124]. In the confined spacing within a composite laminate,
the plastic zone growth can be constrained by the reinforcement
fibers as shown in Figure 7.2.
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Plastic Zone
is constrained
Plastic Zone

Fiber tows

Fiber tows

Figure 7.2. Plastic zone constraint due to composite reinforcement fibers based on
Irwin's theory. Left – plastic zone development in the bulk epoxy as would occur in a
compact-tension or single-edge notch bend test. Right – constraint of the plastic zone
in the interlaminar fracture of epoxy when used as a matrix due to the reinforcement
fibers.

The occurrence and influence of the plastic zone constraint was discussed in the extensive review by Hunston et al. [2]. They reported
two linear regimes for increases in resin toughness vs. increases in
composite interlaminar toughness (Figure 7.3). This relationship and
the fundamental notion of relieving the plastic zone constraint in
order to increase laminate toughness is one of the rationalizations
and approaches behind the selective localized toughening approach
of laminate interleaving, as discussed in the work of Singh et al. [125]
and Stevanovic et al. [126]. Interleaving is briefly discussed later in
this chapter and in the discussion of Chapter 9.
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Figure 7.3. Composite interlaminar fracture energy vs. neat resin fracture energy of
the same systems. Composite delamination energy shown for steady crack growth
(G1Cprop). Source: Hunston et al. [2]

In reference to Figure 7.3, for brittle matrices, an increase in resin
fracture energy corresponded well to an equivalent increase in the
composite fracture energy. However, beyond a critical resin toughness point, increases in the delamination fracture energy of the composite were still observed, but at reduced transfer gain from that
observed in the bulk resin.
For nanosilica toughened epoxies, the plastic zone size is in the range
of 50μm [8, 36]. For highly toughened rubber toughened epoxies the
plastic zone is even larger, into the low hundreds of microns [8, 37].
With the spacing within a structural composite being in the order of
tens of microns between individual fibers, the full development of
the plastic zone is inherently constrained by the small spacing between the individual fibers, and the potential matrix toughening in
these areas being minimal. Conversely, the spacing between the fiber
tows (bundles of individual fibers) and the individual laminate fiber
layers is larger, up to the range of hundreds of microns. Therefore, it
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is logical that the maximum toughness in the matrix can only be
realized between the fiber tow regions where the spacing is the largest allowing the plastic zone to develop the fullest. The out-of-fiber
tow regions also include the interlaminar regions where laminate
delamination occurs. The hypothesis of un-constraining the plastic
zone development is supported by low fiber content resin rich laminates which have been noted to exhibit higher interlaminar fracture
energy than high fiber content laminates [2]. Inherently, this also
means laminates constructed of woven reinforcements can exhibit a
higher toughness than uni-directional laminates due to the increased
resin rich interlaminar gaps between fiber tows intrinsic to the fiber
nesting of woven plies. This was observed by Hsieh et al. who attributed the increase in interlaminar toughness to the increased local
resin rich areas at the crack front [1]. Despite the awareness of reduced toughening effects due to the plastic zone constraint from the
reinforcement fibers, few studies have examined ways to optimize
matrix toughening efficiency with this consideration in mind.
Selective localized toughening
The ability for inorganic hard nanoparticles, such as nanosilica, to
toughen epoxies is in itself modest in comparison to other epoxy
tougheners such as rubbers, but their use is ideal for particular applications such as high Tg epoxy systems [1, 35, 36, 48, 66]. Therefore, improving their toughening efficiency is desirable, particularly
when applied to composites. As highlighted by Sprenger [91], one
aspect where further potential for improvement still exists is localized laminate placement.
A few studies have explored more ‘selective toughening’ to reduce
nanoparticle usage by locally depositing the toughening particles in
the interphase region between the fibers and matrix interface.
Toughening the interphase region was achieved by applying nanosilica particles directly to the reinforcement fibers as a sizing. Gao et
al. [127] performed this on glass fibers, while Yang et al. [128] evaluated it on carbon fibers. Gao et al. reported superior interphase per168
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formance for strength, debonding and the total energy absorption
from micromechanical microdroplet testing. Scanning electron microscopy (SEM) analysis showed a more tortuous increase in crack
deflection resulting in cohesive failure in the interphase region.
However, mechanical testing was limited to micromechanical and
was not extended to the laminate level evaluating delamination fracture energy.
Yang et al. found the crack propagation path to change after interlaminar shear strength (ILSS) testing with the nanosilica applied as a
fiber sizing. ILSS increases of 14% were observed with the nanosilica
applied as a sizing compared to no fiber sizing, while a 5% increase
in ILSS was found when compared to a conventional fiber sizing
without nanosilica. Again, no laminate delamination fracture energy
testing was performed. In his own work, Sprenger himself found
increases in propagating laminate fracture energy (G1Cprop) of nearly
100% with what was calculated to be less than 1wt% nanosilica [91]
added to a glass fiber reinforced laminate.
Another example of localized toughening, yet not exclusive to particle toughening, is laminate interleaving. The interleaving approach
involves the use of an additional material layer, often ductile, placed
in the composite lay-up between laminate prepreg plies [119]. Interleaving materials may include the addition of a same matrix or ductile adhesive layer, other materials such as aramid or other polymers
different from the bulk matrix material. The interleaving approach
was shown to be effective for increasing interlaminar delamination
resistance [24, 129]. However, drawbacks to interleaving are increases in weight and additional laminate thickness (although this is also
one of the benefits, discussed later in Chapter 9) from the added
interleave layers. The laminate toughening mechanisms associated
with interleaving are discussed later in Chapter 9.
The current state-of-the art industry practice and for a majority of
nanoparticle toughening studies, the distribution of the particles is
targeted at being homogeneous throughout the laminate, both inside
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and outside of the fiber tows. The lack of toughening refinement
with the use of nanoparticle tougheners to date gives potential room
for further improvement. In particular, improving the efficiency of
their use for composite toughening. It should be commented that
Sprenger’s review of nanosilica toughening including this proposed
future direction (selective placement and where in the laminate) for
improving their toughening efficiency was only recently published
in 2015, after the work in this thesis directed at beginning to address
this subject had already started.

7.3. Conclusions
For composites with particle-modified matrices, the properties of the
laminate are the direct consequence of the distribution of the particles in the laminate. Therefore, in the design and evaluation of manufacturing processes for fiber reinforced composites with particle
loaded matrices, it is essential to investigate the influence of the
manufacturing method on the deposition and final distribution of
particles within the laminate.
The recent literature shows interest in the flow of particle-filled resins and particle filtration. However, the literature is scarce of studies
that examine the filtration with nano-scale particles in composite
processing. In particular, there still exists limited experimental quantification of the local particle concentration in the fiber preforms
post-processing (e.g. the resulting particle distribution across the
laminate). Characterizing and quantifying nanoparticle deposition in
the fiber reinforcement after conventional LCM processing, and the
effect of common processing parameters on the particle distribution
would represent a significant breakthrough. Thorough particle distribution characterization will help to fill the fundamental lacking of
knowledge of nanoparticle behavior in LCM processes and serve as a
basis for more accurate nano-scale particle filtration modeling development.
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In spite of the limited studies concerning localized toughening of
composite laminates by interleaving, and with the exception of the
few mentioned studies involving nanosilica particles applied as a
fiber sizing, the prospect of toughening composite with locally controlled toughener placement in the laminate has not been extensively
explored. In particular, if nanoparticle usage can be improved by
placing the particle tougheners only in the interlaminar region of the
laminate, against the assumption that homogeneous particle distribution is required both inside and outside of the fiber tows. The localized toughening approach potentially represents a better material
usage of the particle tougheners and would be conceptually similar
to ‘selective toughening’ of the interlaminar region by interleaving.
Examining this tailored processing strategy and the effect of local
particle deposition in the laminate on the fracture toughness of the
composite will help give future guidance towards toughening optimization with the use of nanoparticle tougheners.
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Chapter 8

Particle filtration
In this chapter, the general assumption that nano-scale particles, due
to their small size, inherently do not have any filtration concerns
thus making them suitable for typial resin infusion processing is
tested. Examining the nanoparticle filtration behavior in liquid composite molding (LCM) processes, particle filtration studies for 1D inplane and through-thickness (out-of-plane) resin flows are performed. Experimental characterization of nanoparticle filtration is
carried out and is compared to a theoretical particle filtration model
from the literature developed for micro-scale particles.
In the first study, resin transfer molding (RTM) in-plane resin flow
experiments are performed using nano-scale particle filled epoxy
resins. After curing, the local particle distribution in the laminates is
characterized by an adapted thermal decomposition (burn out)
method. Using this procedure, various process parameters are evaluated to determine their impact on the final particle distribution. In
the second study, sub-micron and nano-scale particles processed by
resin flows in the through-thickness direction are investigated.
The methodology used to characterize the laminate particle distribution was published and presented as a conference proceeding at
ECCM-16 in Seville, Spain [130]. The results from the evaluations in
the in-plane particle filtration study (Section 8.1. In-Plane Direction
Flows) were submitted as a manuscript to Polymer Engineering &
Science [131].
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8.1. In-Plane Direction Flows
Introduction
In this study, the infusion of nanoalumina and nanosilica particles in
a resin transfer molding (RTM) process are evaluated for their inplane filtration behaviors. Laminates are produced by traditional
RTM processing, and the particle distribution is analyzed
afterwards. When filtration is present, adjustments to common RTM
process variables are made to evaluate their ability to alter the
particle distribution more favorably. In addition, the application of a
filtration model developed for micro-scale particles is made to
examine its applicability to nano-scale particles. The validated model
is then used as an additional evaluation tool for examining the filtration influences of the different process variables examined experimentally in this study.
Experimental
Materials
Resin and hardener
The presented in-plane filtration study was performed using the
project focus Dow D.E.R. 330 epoxy resin, an epichlorohydrin bisphenol A epoxy resin system (DGEBA). Either one of two amine
epoxy hardeners were used with the choice between them depending on the process variable being examined; Air Products Ancamine
2167 a cycloaliphatic/aromatic amine hardener (relatively high mix
viscosity), and Dow AIRSTONE 766H another amine hardener (low
mix viscosity).
Nanoparticle dispersions
The two hard inorganic nanoparticles focused on in Part II (Material
Development) of this thesis, are evaluated here: nanoalumina (Al2O3)
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and nanosilica (SiO2). Both particle types were approximately spherical in morphology with both having an average diameter of 20nm
(dry state). The hard inorganic particles were mixed and formulated
into the various resin blends from particle/epoxy master batches;
dispersed high concentrations of particles in epoxy.
The nanoalumina/epoxy master batch was a custom dispersion produced by Nanosperse (Kettering, OH, USA). The nanoalumina particles (20nm) [71] were purchased from Nanostructured & Amorphous Materials (Houston, TX, USA) and were dispersed into the
Dow D.E.R. 330 neat resin, at a loading of 40wt% particles without
any surface treatments. The nanosilica/epoxy master batch dispersion was commercially available Evonik Nanopox F400. The nanosilica particles (20nm) [69] were provided dispersed into a bisphenol A
diglycidyl ether Evonik epoxy resin at 40wt%. Additional particle
and master batch details can be found in Chapter 3. Resin formulations of various particle loadings were formulated by blending the
master batch concentrates down to the desired particle loading with
addition of the pure D.E.R. 330 neat resin.
Mixing of the master batch particle dispersions and pure D.E.R. 330
resin was done using a SpeedMixerTM (SpeedMixer DAC 150.1 FV) at
2500 rpm. For curing of the particle blended epoxies, the appropriate
stoichiometric amount of amine hardener (Air Products Ancamine
2167 – 53g/eq, Dow AIRSTONE 766H – 53.5g/eq) [67, 132] was added
using the epoxy equivalent weight (EEW) [68, 69] of the various resin
blends. Heated mixing was performed at just above 50°C and then
the mixed resin was degassed for 5-7 minutes prior to each RTM
injection. At which time the resin had cooled a few degrees to the
target temperature of 50°C for injection (measured by a type K thermocouple).
In Figure 8.1 the agglomeration behavior of the nanoalumina particles is shown, and in Figure 8.2 that of the nanosilica particles in the
epoxy.
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Agglomerates

5wt%

10wt%

25wt%

Figure 8.1. Thin-film through-light microscopy images showing agglomeration behavior of the used nanoalumina (Al2O3) particles in epoxy (Dow D.E.R. 330) only, no
hardener curing agent added. (Image is from Chapter 3 – Figure 3.2, and is repeated
here for referencing convenience.)

Agglomerates

5wt%

10wt%

25wt%

Figure 8.2. Thin-film through-light microscopy images showing agglomeration behavior of the used nanosilica (SiO2) particles in epoxy (Dow D.E.R. 330) only, no hardener
curing agent added. (Image is from Chapter 3 – Figure 3.3, and is repeated here for
referencing convenience.)

Particle agglomerations are visible for the nanoalumina formulations, while they are only visible for the nanosilica formulations at
higher particle loadings. Measured using open source image analysis
software ImageJ, it is observed that nanoalumina agglomerates are
mostly a few microns in size, around 2-3µm but can be as large as
nearly 10µm. For the nanosilica loadings, at the 5wt% and 10wt%
concentrations, no visible agglomerates are present. It is therefore
assumed that any nanosilica agglomerates forming in the lower concentrations are below the micron size-range.
Fibers
Composite laminates were constructed of layers of 140g/m2 twill
weave aramid (Kevlar 49) fiber textiles. The aramid textiles were
supplied as 80mm wide tapes. The use of aramid fibers over carbon
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fibers was to permit a faster thermal decomposition characterizing
particle distribution in the laminate using the method to be described next. Micrographs in Figure 8.3 show the inter-tow spacing
for cured aramid laminates of 35%, 41%, and 50% fiber volume contents respectively, with the measured inter-tow spacing shown in
Table 8.1.
a)

Vf = 35%

b)

Vf = 41%

c)

Vf = 50%

Figure 8.3. Cross-sectional optical micrograph images of cured and sectioned laminates. a) Laminate fiber volume content (Vf) = 35%. b) Laminate fiber volume content
(Vf) = 41%. c) Laminate fiber volume content (Vf) = 50%. All images observed under
bright field imaging.
Table 8.1. Measured inter-tow spacing in the produced laminates.

Laminate
Fiber Content

Inter-tow Spacing
Lower Bound
(μm)

Upper Bound
(μm)

Vf = 35%

26

157

Vf = 41%

35

147

Vf = 50%

21

65

Measurements for the aramid laminates show the inter-tow spacing
between the fiber bundles to approximately range between 20160μm depending on the location within the laminate and the fiber
volume content.
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Flow experiments
1D in-plane flow resin transfer molding (RTM) injections were performed producing laminates 20cm in length, 8cm wide, in a closed
mold 3.3mm in height. The RTM injections were carried out in a
heated injection tool pictured in Figure 8.4 (Surface Generation Ltd.,
Lyndon, Oakham, United Kingdom). It consists of 15 individual subsurface heaters running on a proportional-integral-derivative (PID)
control loop to ensure even tool surface temperature during both the
resin injection and the curing of the composite laminates. The total
test area provided by the tool injection cavity is 33cm x 55cm. To
produce the samples in this study, the injection area was subdivided
into three sections nominally 8cm x 30cm using neoprene frames,
allowing three 8cm x 20cm laminate samples to be produced simultaneously.

Figure 8.4. Heated injection tool used to produce composite samples for evaluating
particle deposition.

Resin infusion into the aramid fibers was carried out at 50°C, with
3bar of injection pressure. After the resin injection was complete, the
aramid laminates were cured according to the recommended cure
cycle of the epoxy hardener. For the Air Products hardener (Ancamine 2167), a first cure was performed in the mold at 80°C for 2
hours, followed by demolding and curing a further 3 hours at 150°C
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in a convection oven. For the Dow AIRSTONE hardener (766H),
curing was performed at 70°C for 2 hours, followed by 7 hours at
80°C.
Particle distribution measurement
The simple methodology used in this study to measure laminate
particle distribution is a thermal decomposition (burn off) technique
in which the reinforcement fibers and polymer matrix of the composite are burned away, leaving behind only the particles that were
distributed in the laminate. Sampling at various points along a laminate length allows for the in-plane particle distribution to be characterized at a macro-scale (a global laminate-level).
Working principle
The thermal decomposition technique is an adaptation of a conventional matrix burn off technique (e.g. ASTM D2584 [114]) used to
measure the volume fraction of fibers for glass/epoxy matrix composites. In this study, the burn off temperature was raised to 1000°C,
which allows for the thermal degradation of the reinforcement fibers
in addition to the polymer matrix, leaving behind the deposited inorganic particles. The same principle was used in the work by Lefevre et al. [113] on a lower temperature degrading polyester matrix
system. Thermal gravimetric analysis (TGA) burn out data for an
aramid fiber/epoxy and carbon/epoxy matrix composites are shown
in Figure 8.5 demonstrating the working principle.
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a)

b)
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Epoxy decomposition
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15
Aramid decomposition
10
Al2O3 remaining
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20

15
10

Al2O3 remaining

5
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Figure 8.5. Thermal gravimetric analysis (TGA) mass loss examples for epoxy/aramid
(a) and epoxy/carbon fiber (b) composites with nanoalumina (Al2O3) particles.

In an oxygen environment, the onset of the epoxy decomposition
begins at approximately 300°C, with the aramid fiber decomposition
beginning around 470°C. It was found that heating to 900-1000°C
and given adequate time (dependent upon sample size), is sufficient
for complete burn off of the fibers and epoxy, leaving behind only
the alumina particles. The same methodology is applied when using
nanosilica particles, which also have a sufficiently higher decomposition temperature than either fiber or epoxy.
Measurement procedure
For laminate sample sizes of approximately 0.3cm x 1cm x 2cm subjected to 1000°C, the following burn out times were found to be sufficient when carried out in a Muffle oven in a standard air environment:
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Table 8.2. Thermal decomposition times for different fiber materials in epoxy matrix
composites at 1000°C. For sample sizes 0.3cm x 1cm x 2cm. Only inorganic particles
left behind; e.g. nanoalumina (Al2O3) and nanosilica (SiO2) particles.

Environment

Time for fiber &
epoxy
decomposition

Aramid (Kevlar) fiber / epoxy

Air

3 hours

Carbon fiber / epoxy4

Air

6 hours

Material

The sample size was chosen to provide adequate particle distribution
resolution while averaging out any local inhomogeneity that may
exist. The sectioned samples were placed in porcelain crucibles with
the resin and fiber burn out carried out in a high temperature oven
(Heraeus Laboratory Muffle oven M 110). The particle content was
determined by weighing the sectioned samples ( msample ) prior to the
burn out process (combined weight of fibers, epoxy, and particles)
and after the burn off process (only particles remaining). By measuring the dimensions of the samples prior to the burn off process, the
sample volume could be calculated. With the assumption that the
laminates were void-free, the mass % of particles present
( %m particles ) with respect to the resin mass can be calculated from
Equation (7).

%m particles 

m particles
m particles  mepoxy

(7)

Carbon fiber / epoxy materials are used in the through-thickness
flow study. The thermal decomposition time is shown here for comparative reference and to show the applicability of the methodology.
4
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where m particles ,

mepoxy , msample

are the mass of the particles, epoxy

and the overall composite sample respectively. The proportion of the
resin weight (particles and epoxy) is determined by removing the
fiber contribution from the overall sample mass (Equation (8)).

m particles  mepoxy  msample  Vf fiber Vsample   fibers 

(8)

Vsample is the overall volume of the sample being burned out, Vf fiber
is the volume fraction of fiber (calculated from sample volume, textile area weight, and fiber density), and  fibers is the density of the
fibers. The ratio of remaining particles to the resin mass in the composite can then be calculated from the overall sample mass and the
overall sample volume (Equation (9)).

%m particles 

m particles

msample  Vf fibers  Vsample   fibers 

(9)

The average mass of particles at a given laminate length position was
determined by a minimum of 3 side-by-side samples cut at each injection distance position along the laminate length. The cured composite samples were cut using a combination of waterjet cutting and
diamond saw cutting. The sectioned samples were measured using a
caliper to a precision of 0.05mm and sample masses were weighed
using a high precision scale (Mettler DeltaRange AE 166) to a precision of 0.0001 grams. The particle concentration in the epoxy resin at
the injection inlet and outlet were determined by performing TGA
analysis on resin samples at the ends of the laminate.
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Modeling and Simulation Investigation
Filtration modeling
Lefevre et al. empirically developed a micro-scale filtration model
[113] using 12-48μm glass beads which captured the particle distribution along a fiber laminate. In this size regime between 3-30μm, a
combination of both surface effects static forces and physical retention mechanisms to varying unknown degrees are considered to take
place [104]. By the empirical nature of the model, both retention
mechanisms were inherently included by the experiments used in
the model’s development. For 1D fluid flows, Lefevre et al. summarized the equations modeling micro-scale particle filtration for flows
in composite infusion processes. These specific equations are detailed in the following text.
The resin flow through a textile can be described by Darcy’s Law:
𝑣 = 𝑢𝜀 = −

𝐾
∇𝑝
𝜂

(10)

where 𝑣 is the volume averaged fluid velocity, 𝐾 the porous media
permeability tensor, 𝜂 the resin viscosity and 𝑝 the fluid pressure. 𝑢
is the averaged flow velocity in the pore space with porosity 𝜀.
Due to the filtration of the particles, the amount of available porous
space 𝜀 in the fiber reinforcement inherently decreases with time. If it
is assumed that no diffusion or physico-chemical interactions occur
during this process, the mass balance can then be denoted as:
𝜕(𝜎 + 𝜀𝐶)
𝜕𝐶
+𝑢
=0
𝜕𝑡
𝜕𝑥

(11)

where retention σ is the volume averaged mass concentration of
retained particles, and 𝐶 is the volume averaged mass concentration
of particles being transported by the moving suspension. Reordering
and considering the porosity ε change with particle retention σ,
Equation (11) can be rewritten as:
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𝜀

𝜕𝐶
𝜕𝐶
𝜕𝜎
+𝑢
= 𝑓(𝐶, 𝜎, 𝜀)
𝜕𝑡
𝜕𝑥
𝜕𝑡

(12)

with 𝑓(𝐶, 𝜎, 𝜀) describing the influence of retention on pore volume,
which is denoted as:
𝑓(𝐶, 𝜎, 𝜀) = 𝛽0 𝐶 − 2𝑟𝐶𝜎 − 1

(13)

where 𝑟 is a constant and 𝛽0 represents the initial value of a further
function 𝛽 describing the amount of resin which is entrapped by the
retained particles and fibers (both being stagnant and not having a
participation to the flow). The function 𝛽 has to be taken into consideration especially for high particle concentration levels (details can
be found in [113]). For this study, this effect is not considered. Solving Equation (12) requires a particle deposition kinetic equation,
which is denoted in Lefevre et al. [113] as:
𝜕𝜎
= 𝑘𝑢𝐶
𝜕𝑡

(14)

Here, 𝑘 is the parameter representing the filtration coefficient. The
choice of the product for the terms 𝑢𝐶 is based on the rationale that
the particle deposition rate is proportional to the amount of particles
that are transferred in a certain discrete portion (of the laminate)
within a certain time.
Modeling simplification and derivation
In order to perform the simulations, the use of Equation (12) implies
the knowledge of the unknown parameters in Equation (13). In this
study we assume that the porosity 𝜀 is constant and additionally use
the fact that for low particle concentrations 𝐶, the function
𝑓(𝐶, 𝜎, 𝜀) in Equation (13) is close to –1.
In combination with Equation (14), assuming 𝑓(𝐶, 𝜎, 𝜀) ≈ −1 leads
to:

184

8.1. IN-PLANE DIRECTION FLOWS

𝜀

𝜕𝐶
𝜕𝐶
+𝑢
= − 𝑘𝑢𝐶
𝜕𝑡
𝜕𝑥

(15)

In a consequent step, Equation (14) is used to calculate the amount of
retained particles 𝜎.
In Figure 8.6, a typical result of using Equations (14) and (15) is
shown for a 1D-flow simulation, using the commercial FEM-code
COMSOL Multiphysics. In the left picture (a), the flow front has not
reached the end. In the right picture (b), the flow front has reached
the end. The curve (Conc) – calculated by Equation (15) – represents
the particles being transported by the resin flow. Under the simplifications used, the simulated curve does not change with flow front
advancement as can be seen by comparing pictures (a) and (b).
Therefore, it is considered independent from the amount of retained
particles being represented by curve Ret – calculated by Equation
(14). The comparison of the pictures shows that the amount of retained (deposited) particles is increasing with time. The sum of Conc
and Ret is the overall concentration of particles that are present within the laminate.
Infusion in progress
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Figure 8.6. Distribution of retained particles (Ret) and particles in solution (Conc) and
the overall amount of particles (Ret + Conc) for half of the flow length (a), and full flow
length (b).

As a consequence of the simplification, the resulting equation
contains only one unknown parameter, which is the filtration
coefficient 𝑘. Based on the assumptions and the result of Conc being
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independent from the deposited particles, a simple procedure for the
determination of the filtration coefficient 𝑘 can be derived:
(i)

(ii)

Measure the inlet particle concentration and the outlet
particle concentration of a produced laminate by TGA or
another burn out method (e.g. the thermal
decomposition method described).
Perform the filtration simulation, using the inlet
concentration as a boundary condition for Equation (15),
and adjust the filtration coefficient 𝑘 in such a manner
that the outlet concentration is matched.

For the application of this model, knowing the specific parameters of
the textile permeability and the viscosity of the resin is not necessary.
These parameters are inherently included in the simulation approach
which is solved by adjusting the filtration coefficient 𝑘 to match the
physically measured particle concentration at the inlet and outlet of
the laminate.
The prospective to reasonably characterize and predict particle distribution using a simple to implement model based upon only a few
easy to obtain inputs is appealing for an industrial production environment. Gaining a reasonable sense of the final particle distribution
with a non-destructive evaluation tool for the production of composite parts is beneficial for both time and economic aspects of quality
assurance.
Based upon the usual LCM process parameters and those in Equation (15), an experimental test matrix of 1D in-plane resin transfer
molding (RTM) injections was carried out as outlined in Table 8.3.
Filtration simulations were applied and compared to the experimental results. In accordance with the general practice for particle
flow experiments through porous media, one experiment for each
listed test condition was carried out, with the exception of the 41% V f
laminate conditions in Figure 8.10 which were carried out in duplicate to verify repeatability.
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Table 8.3. In-plane particle filtration experimental test matrix. Aramid/epoxy
laminates produced by resin transfer molding (RTM).

*Low viscosity experiments performed using Dow AIRSTONE 766H epoxy hardener. All other
experiments performed using Air Products Ancamine 2167 epoxy hardener.
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For each laminate injection, the amount of excess resin overflow (OF)
was recorded. An overflow of 0% represents that the laminate was
just fully infused. An overflow of 100% represents that a resin volume two times the porous space available in the laminate was injected. Each reported particle concentration is the average of three or
more adjacent measurements taken at the same injection distance,
with +/- one standard deviation shown.
Results and Discussion
Reporting the results in a concise manner, this section is arranged by
first presenting all of the experimental and simulation results together, followed then by a discussion of the results. The specifics for each
experimental condition can be found in the experimental test matrix
outlined in Table 8.3, including the corresponding figure references.
The discussion is broken down into points regarding the filtration
simulations and the effects of the specific LCM process variables
examined.
Plots for the absolute particle concentrations, normalized particle
concentrations, and filtration simulations are presented. The normalized particle concentration curves are normalized by the measured
average retained particle content across the laminate length, which
highlights the uniformity of the particle deposition along the injection length. Similar to the filtration coefficient 𝑘, to a certain degree
the normalization accounts for the retention influences from the initial injection resin concentration and resin volume (flow time), which
are discussed later.
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Particle Agglomeration (Figure 8.7)
Figure 8.7. Filtering behavior of particle types with different agglomeration behavior;
nanosilica (SiO2) and nanoalumina (Al2O3) particles. OF = resin overflow.
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Measured particle distribution. Error bars denote +/- one standard deviation.

Normalized particle concentration

b) Normalized – Particle Distribution
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Measured values normalized by the average retained particle content in the laminate,
highlighting the uniformity of particle distribution along the injection length.

189

CHAPTER 8: PARTICLE FILTRATION

Concentration in resin weight (%)

c) Simulation – Particle Distribution
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Comparison of simulation and measured results for the agglomeration behavior
study. Error bars denote +/- one standard deviation.

Particle Agglomeration – Summary

 Change of Filtration Coefficient (k)
Model Parameters:
SiO2 - 73%OF
Cinlet = 3.61wt%
Coutlet = 3.59wt%
k = 0.03 (m-1)

SiO2 - 103% OF
Cinlet = 3.59wt%
Coutlet = 3.56wt%
k = 0.04 (m-1)

Al2O3 - 50%OF
Cinlet = 6.50wt%
Coutlet = 2.49wt%
k = 4.8 (m-1)

Notes:
SiO2 outlet concentration samples taken close to the laminate. Slightly lower
concentrations would have been expected if sampling further away from the
laminate.

190

8.1. IN-PLANE DIRECTION FLOWS

Resin Flow Time (Figure 8.8)
Figure 8.8. Comparison of resin flow time (indicated by amount of resin overflow) for
nanoalumina (Al2O3) particles. OF = resin overflow.
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Measured values normalized by the average retained particle content in the laminate,
highlighting the uniformity of particle distribution along the injection length.
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Concentration in resin weight (%)

c) Simulation – Particle Distribution
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Comparison of simulation and measured results for the resin flow time study. Error
bars denote +/- one standard deviation.

Resin Flow Time (resin volume) – Summary

 No change of Filtration Coefficient (k)
Model Parameters:
5% OF
Cinlet = 6.50wt%
Coutlet = 2.49wt%
k = 4.8 (m-1)

30% OF
Cinlet = 6.50wt%
Coutlet = 2.49wt%
k = 4.8 (m-1)

50%OF
Cinlet = 6.50wt%
Coutlet = 2.49wt%
k = 4.8 (m-1)

Notes:
Shared resin inlet between laminates, single inlet and outlet concentration
measurements taken.
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Resin Viscosity (Figure 8.9)
Figure 8.9. Comparison of filtration behavior at two different resin viscosities
(100mPa·s, 300mPa·s) for nanoalumina (Al2O3) particles. OF = resin overflow.
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Measured values normalized by the average retained particle content in the laminate,
highlighting the uniformity of particle distribution along the injection length.
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Concentration in resin weight (%)

c) Simulation – Particle Distribution
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Comparison of simulation and measured results for the resin viscosity study. Error
bars denote +/- one standard deviation.

Resin Viscosity – Summary

 No change of Filtration Coefficient (k)
Model Parameters:
HighVisc 30%
Cinlet = 6.50wt%
Coutlet = 2.50wt%
k = 4.8 (m-1)

HighVisc 50%
Cinlet = 6.50wt%
Coutlet = 2.50wt%
k = 4.8 (m-1)

LowVisc 75%
Cinlet = 6.50wt%
Coutlet = 1.40wt%
k = 4.8 (m-1)

LowVisc 94%
Cinlet = 6.50wt%
Coutlet = 1.50wt%
k = 4.8 (m-1)

Notes:
Shared resin inlet between laminates for each viscosity condition, single
concentration measurement taken. Early stages of cake formation observed
for the low viscosity cases.
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Particle Concentration (Figure 8.10)
Figure 8.10. Comparison of particle concentration in injection resin for nanoalumina
(Al2O3) particles.

Concentration in resin weight (%)

a) Measured – Particle Distribution
25

Al2O3 - 41%Vf - 6.5wt% Exp.1
Al2O3 - 41%Vf - 6.5wt% Exp.2

20

Al2O3 - 41%Vf - 3.1wt% Exp.1
Al2O3 - 41%Vf - 3.1wt% Exp.2

15

Al2O3 - 41%Vf - 6.5wt% Exp.2
Al2O3 - 41%Vf - 6.5wt% Exp.1

10
5

Al2O3 - 41%Vf - 3.1wt% Exp.2
Al2O3 - 41%Vf - 3.1wt% Exp.1

(- - - dash lines) retained laminate average

0
0

5
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Position (cm)
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Measured particle distribution. Error bars denote +/- one standard deviation.

Normalized particle concentration

b) Normalized – Particle Distribution
2.5

Al2O3 - 41%Vf - 6.5wt% Exp.1
Al2O3 - 41%Vf - 6.5wt% Exp.2
Al2O3 - 41%Vf - 3.1wt% Exp.1
Al2O3 - 41%Vf - 3.1wt% Exp.2

2
1.5
1
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0
0

5

10
Position (cm)

15
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Measured values normalized by the average retained particle content in the laminate,
highlighting the uniformity of particle distribution along the injection length.
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Concentration in resin weight (%)

c) Simulation – Particle Distribution
25

Sim. Al2O3 - 41%Vf - 6.5wt%
Sim. Al2O3 - 41%Vf - 3.1wt%

20
15

(higher particle concentration)

10
5
(lower particle concentration)

0
0

5

10
Position (cm)

15

20

Comparison of simulation and measured results for the particle concentration study.
Error bars denote +/- one standard deviation.

Particle Concentration – Summary

 No change of Filtration Coefficient (k)
Model Parameters:
6.5wt%
Cinlet = 6.50wt%
Coutlet = 2.50wt%
k = 4.8 (m-1)

3.1wt%
Cinlet = 3.10wt%
Coutlet = 0.80wt%
k = 4.8 (m-1)

Notes:
Resin overflow (OF) = 50%.
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Fiber Volume Content – 6.5wt% (Figure 8.11)
Figure 8.11. Particle distribution as a function of fiber volume content for 6.5wt%
particle content of nanoalumina (Al2O3) particles.

Concentration in resin weight (%)

a) Measured – Particle Distribution
30

Al2O3 - 35%Vf - 6.5wt%

25

Al2O3 - 41%Vf - 6.5wt%
Al2O3 - 50%Vf - 6.5wt% Incomplete

20
15

(- - - dash lines) retained laminate average
35%Vf
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41%Vf
50%Vf
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Position (cm)
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Measured particle distribution. Error bars denote +/- one standard deviation.

Normalized particle concentration

b) Normalized – Particle Distribution
3

Al2O3 - 35%Vf - 6.5wt%
Al2O3 - 41%Vf - 6.5wt%

2.5

Al2O3 - 50%Vf - 6.5wt% Incomplete

2
1.5
1
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0
0

5

10
Position (cm)

15

20

Measured values normalized by the average retained particle content in the laminate,
highlighting the uniformity of particle distribution along the injection length.
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Concentration in resin weight (%)

c) Simulation – Particle Distribution
30

Sim. Al2O3 - 35%Vf - 6.5wt%

25

Sim. Al2O3 - 41%Vf - 6.5wt%

20

Sim. Al2O3 - 50%Vf - 6.5wt%

15
10
5

0
0

5

10
Position (cm)

15

20

Comparison of simulation and measured results for the fiber volume study. Error bars
denote +/- one standard deviation.

Fiber Volume Content (6.5wt% Al2O3) – Summary

 Change of Filtration Coefficient (k)
Model Parameters:
35%Vf
Cinlet = 6.50wt%
Coutlet = 3.10wt%
k = 3.7 (m-1)

41%Vf
Cinlet = 6.50wt%
Coutlet = 2.50wt%
k = 4.8 (m-1)

60%Vf
Cinlet = 6.50wt%
Coutlet = N/A
k = 8.7 (m-1)

Notes:
Resin overflow (OF) = 50% for the 35%Vf and 41%Vf cases, while infusion
was incomplete for the 50%Vf laminate. Shared resin inlet between laminates, single concentration measurement taken. 50%V f laminate, due to incomplete resin infusion, curve is matched to the last measured point in the
laminate.
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Fiber Volume Content – 3.1wt% (Figure 8.12)
Figure 8.12. Particle distribution as a function of fiber volume content for 3.1wt%
particle content of nanoalumina (Al2O3) particles.

Concentration in resin weight (%)

a) Measured – Particle Distribution
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Al2O3 - 35%Vf - 3.1wt%
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Al2O3 - 41%Vf - 3.1wt%
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Al2O3 - 50%Vf - 3.1wt%
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Measured particle distribution. Error bars denote +/- one standard deviation.

Normalized particle concentration

b) Normalized – Particle Distribution
3

Al2O3 - 35%Vf - 3.1wt%
Al2O3 - 41%Vf - 3.1wt%

2.5

Al2O3 - 50%Vf - 3.1wt%
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15
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Measured values normalized by the average retained particle content in the laminate,
highlighting the uniformity of particle distribution along the injection length.
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Concentration in resin weight (%)

c) Simulation – Particle Distribution
14

Sim. Al2O3 - 35%Vf - 3.1wt%

12

Sim. Al2O3 - 41%Vf - 3.1wt%

10

Sim. Al2O3 - 50%Vf - 3.1wt%

8

6
4
2
0
0

5

10
Position (cm)

15

20

Comparison of simulation and measured results for the fiber volume study. Error bars
denote +/- one standard deviation.

Fiber Volume Content (3.1wt% Al2O3) – Summary

 Change of Filtration Coefficient (k)
Model Parameters:
35%Vf
Cinlet = 3.10wt%
Coutlet = 0.82wt%
k = 3.7 (m-1)

41%Vf
Cinlet = 3.10wt%
Coutlet = 0.82wt%
k = 4.8 (m-1)

60%Vf
Cinlet = 3.10wt%
Coutlet = 0.82wt%
k = 8.7 (m-1)

Notes:
Resin overflow (OF) = 50% for the 35%Vf and 41%Vf cases, while infusion
was just past completion with approximately 5% resin overflow for the
50%Vf laminate. Shared resin inlet between laminates, single inlet and outlet
concentration measurements taken. The same filtration coefficient k determined in the 6.5wt% case is applied (slight outlet concentration mismatch).
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Filtration model evaluation
In general, the filtration simulations explain well the trends observed
for the experimentally measured particle concentrations. The applied
filtration model, empirically developed for the use of micro-scale
particles, is validated to broadly depict the trends observed with the
evaluated nano-scale particles. The simulations reasonably capture
the different filtration behaviors, including the evolution of particle
retention in the laminate with passing time (Figure 8.8c). However,
among the nanoalumina injections, there are some minor mismatches in the laminate particle concentration distribution. In particular,
the filtration simulations under-represent the particle retention in the
laminate in the regions close to the inlet. The under representation
can be attributed to the model simplifications used for deriving
Equation (15), i.e. the porous space ε within the laminate was assumed to stay constant, and the concentrations of particles C was
assumed to stay low, which reduced the unknown parameters to
only the filtration coefficient 𝑘.
For evaluation of the process variables, the adjusted model parameter of the filtration coefficient 𝑘 provides a good numerical value for
comparison between the different filtration conditions. Physically, a
higher value corresponds to a higher particle retention characteristic
within the laminate. Comparing this parameter value among the
different evaluations performed, the model is an additional evaluation tool. The value for the determined filtration coefficient 𝑘 and the
concentration input parameters used for the simulation runs are
provided in their respective figures.
Process variable evaluations
Particle size / agglomeration size
Particle agglomeration in the epoxy resin is found to have a strong
effect on the filtration during the infusion process. Despite both the
nanoalumina and nanosilica particles being nominally 20nm in size
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[69, 71], vastly different filtration behaviors are observed. For the
nanosilica particles, which did not form any measurable agglomerates, no substantial filtration is observed. On the other hand, the
nanoalumina particles that formed micro-scale agglomerates display
a deep filtration behavior with uneven particle distribution with a
higher particle distribution biased towards the resin inlet.
Nanosilica (SiO2): With no agglomerates 1μm or larger present,
surface effects are expected to be the main mechanism for nanosilica
particle retention in the laminates. A slight increase in nanosilica
concentration from 3.6wt% in the inlet concentration to about
4.2wt% throughout the laminates is observed, indicating a minor
particle retention. The even nature of deposition in Figure 8.7 for
both the 73% and 103% overflow experiments (showing no increase
with additional resin flow) is indicative of a saturated thin layer of
particles, reinforcing the presence of static driven surface effects.
Similar static driven retention at similar amounts (15-25%) was observed in the literature for silver nanoparticles in sand column water
breakthrough flow experiments [108]. For the evaluated nanosilica
particles, this overall impact on the retention is in fact still very limited, an increase of just over 0.5wt% in the matrix, with a majority of
the particles able to freely-pass through the laminate. The nanosilica
retention is restricted to only the static surface effects with no further
retention from volumetric clogging mechanisms being observed.
With continual resin flow, additional nanosilica particle retention is
not expected to take place.
Nanoalumina (Al2O3): The observed deep filtration and laminate
clogging behavior with the nominally nano-scale nanoalumina particles is counterintuitive. However, the observed deep filtration behavior of the nanoalumina particles shows the impact from their microscale agglomeration behavior and indicates that a combination of
both surface and volume dependent retention mechanisms are present. The nanoalumina filtration behavior is in fact a close match to
the micro-scale particle filtration model, with the nanoalumina ag202
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glomerates in the liquid epoxy being close to the size range of the
glass microbeads (12-48μm) in which the model was empirically
based upon [113]. SEM images of the nanoalumina deposition in the
laminate are shown in Figure 8.13 giving some insight into the particle behavior inside the laminates. The images are taken with
backscatter detector mode (BSD) contrasting the nanoalumina by its
aluminum elemental content compared to the adjacent epoxy and
aramid fibers.
a)

b)

Figure 8.13. SEM images showing nanoalumina retention in laminates post-injection.
a) Nanoalumina agglomerates remain small in the resin region, and build-up forming
larger agglomerates visible at fiber bundle boundary. b) Nanoalumina agglomerates
in the cured epoxy resin regions of the laminate post-injection. Agglomerates are
relatively constant in size and similar to the observation prior to injection in the thinfilm optical micrographs in Figure 8.1. Images taken on backscatter detector mode
(BSD) with nanoalumina appearing bright in contrast to the epoxy and aramid fibers.

Evidently, the agglomerates (Figure 8.1) do not break apart during
the resin flow process and based on their filtration behavior can be
considered as the effective particle size. The evidence from the images in Figure 8.13 suggest that they further accumulate in the laminate
– further encouraging volume dependent clogging behavior. The
accumulation may be aided by strong particle-to-particle surface
interactions, the same interactions that are responsible for the
nanoalumina agglomerations prior to processing. Likewise, continual particle agglomeration during a flow process has been observed
with nano-scale aluminum particles and water flow experiments
through soil beds [107], where the particle agglomerations were ob203

CHAPTER 8: PARTICLE FILTRATION

served to grow between two and fivefold in size during the flow
process and were attributed to accelerating the clogging process.
The subsequent filtration impact from the agglomeration of particles
is in fact twofold. 1) The agglomerate size acts as the effective particle size. 2) The agglomeration behavior characteristics (strong particle-to-particle surface interactions) provide the potential conditions
for additional particle build-up within the laminate, further accelerating the clogging behavior.
Resin flow time / volume
For the nanoalumina particles with a combination of both surface
and volumetric clogging mechanisms taking place, changes in particle retention with the resin flow time are observed to follow the evolution depicted in the model simulations. Figure 8.8 shows that with
the increasing volume of resin infused the particle content in the
laminate correspondingly increases. Depicted by the filtration coefficient 𝑘 in the simulations, during this time, the fundamental filtration behavior of the laminate is not changing with the saturated resin
flow progression. A good simulation agreement with the experiments is obtained by holding the filtration coefficient 𝑘 at a constant
value. Although particle build-up occurs with passing injection time,
the filtration itself or particle capture characteristics can be considered a constant property of the laminate as the saturated resin flow
proceeds. The constant filtration behavior is expected to continue
until the particle accumulation inside the laminate becomes so severe
that it leads to the onset of a delayed cake formation when subsequent particles can no longer enter into the laminate.
A delayed cake formation was observed (and only observed) with
the sustained resin flow of the low viscosity injections involving the
nanoalumina particles featured in Figure 8.9. One of the exterior cake
formation examples is shown Figure 8.14. Reia da Costa described
such a time dependent occurrence as a potential outcome of continual deep bed filtration [104]. In the case of a delayed onset of a cake
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formation, it is the result of the pathways inside the laminate in the
region of the inlet becoming physically blocked over time with a
build-up of particles and no additional particles being able to enter
the laminate. This has the important implication that although particle concentration in the laminate increases with continual resin flow,
this process will eventually terminate at the point at which the
pathways become blocked and no further particles can enter the
laminate. In our experiments, the cake formation on the outside of
the laminate was noted to be smaller for the 75% overflow case and
larger for the 94% of overflow. Despite the cake growth between
these two laminates, the measured particle retention within the laminates is nearly the same, indicating that prior to the cake formation
the maximum concentration of particles within the laminates was
retained.
Laminate sealant

Inlet

Flow direction

Cake formation at inlet

Laminate sealant

Figure 8.14. The early onset of cake formation observed in the low viscosity experiment with 94% resin overflow (experiment in Figure 10). The particle cake was
observed to form after prolonged periods of resin flow.

The point at which cake formation occurs, if it occurs at all, will vary
system to system and is dependent upon factors such as the internal
spacing within the laminate, the particle and agglomerate sizes, their
205

CHAPTER 8: PARTICLE FILTRATION

retention behavior, and flow conditions such as the volume of resin
flowing through the laminate.
Resin viscosity
Comparing between the normalized curves (Figure 8.9b), there is no
significant difference among the retention of the nanoalumina particles between the two resin viscosities evaluated (100mPa·s and
300mPa·s). The filtration simulations support this, with the same
value of the filtration coefficient 𝑘 providing good matches to the
experimental data despite the difference in resin viscosities. It should
be briefly commented that the slight differences in the particle concentrations between the lower and the higher viscosity experiments
(Figure 8.9b) is the result of the different resin volumes infused.
However, any influence of the differing resin volumes is accounted
for when the results are normalized by the average particle content
in the laminate (Figure 8.9b) and in the filtration simulations (Figure
8.9c).
The intrinsic effects associated with viscosity changes include the
impact on particle suspension (mobility) and fluid flow velocity on
the capture and attachment efficiency of the particles [109]. Examining the effect of different flow speeds by adjusting the injection pressure was considered in the experimental plan, but no reliable comparison case could be provided with fiber wash out occurring (high
pressure) or impregnation not being completed within the working
time of the resin (low pressure). As the resin injection pressures were
kept the same between the experiments provided here, an inherent
comparison between the two cases was the resin flow velocities in
addition to the change in particle mobility in the resin. From the
results, it can be interpreted that the lower resin viscosity did not
alter either the capture or re-suspension of the particles to and from
the laminate fibers surfaces under the constant injection pressure
conditions. For different injection conditions, such as constant flow
rate infusions, resin viscosity might still have an effect due to changing pressure gradient conditions throughout the process.
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Significant filtration differences may also still occur with greater
viscosity differences due to larger shear induced interactions on the
particles during the flow. Nevertheless, within this study, a viscosity
variation of a factor of 3 was covered by the experimental investigation. In industrial environments, due to reasons of process robustness, flow processes are typically not designed to the process limit,
meaning that the resin infusion process is completed with sufficient
time before resin gelation (with its associated strong rise in viscosity). This implies that the viscosity increase during a particular process is relatively moderate and largely dictated by the resin system
that is used, leaving the potential of having higher filtration differences with greater viscosity differences as a hypothetical consideration.
Particle concentration in the injection resin
Between the two relatively dilute nanoalumina particle concentrations evaluated, no changes in the filtration behavior are observed.
In the normalized curves in Figure 8.10b, the filtration behavior between the 6.5wt% and 3.1wt% concentrations remain characteristically identical, indicating no changes in the clogging characteristics.
This is also represented by the simulation results that were evaluated
using the same filtration coefficient 𝑘 for both particle loading cases,
providing good matches to the experiments. The only difference
between the two concentrations is the time at which specific amounts
of particle retention in the laminate are obtained. If a high final particle content is required, a higher particle concentration for the injection resin should be considered in order to reduce the volume of
resin flow required.
Fiber volume content
Changes to the laminate fiber content are found to change the filtration sensitivity of the nanoalumina particles. For both the 6.5wt%
and 3.1wt% particle concentrations, laminates with 50% Vf showed
significantly steeper slopes from the lower 35% and 41% Vf lami207

CHAPTER 8: PARTICLE FILTRATION

nates, and is evident in the normalized retention curves in Figure
8.11b and Figure 8.12b (indicating a larger retained particle distribution bias). The simulations quantify this with the filtration
coefficient 𝑘 increasing from 3.7 to 8.7 (m-1) with increasing the laminate fiber content from 35% Vf to 50% Vf. The changes in filtration
behavior signifies that the ratio between the size of the nanoalumina
agglomerates and the size of the laminate inter-tow pathways is
within a critical and sensitive range susceptible to clogging filtration
mechanisms.
The ratio between the particle size and the porous flow channel size
was previously discussed by Lefevre et al. [113] as being critical for
influencing the filtration behavior, but no threshold limits of when
this promotes filtration were given. The discussion was based on
existing studies from other fields concerning particle flow through
granular porous media with the ratios referenced to the granular
grain size, making direct size comparison to the case of fibrous media difficult. Comparing the earlier characterized agglomerates
(Figure 8.1) and laminate inter-fiber tow spacing (Table 8.1), for the
observed smaller agglomerates (2-3μm) the ratio between the two
ranges from approximately 1:10 to 1:80. With the less frequent larger
agglomerates (9-10μm), this ratio decreases. For the 35% and 41% Vf
laminates, the available range of porosity space is in a similar range
(about 30-150μm) leading to the low variation in filtration. At 50%
Vf, this porosity range is largely reduced (about 20-65μm), having a
noticeable impact on filtration.
From a composites processing perspective, it is therefore beneficial
to reduce the fiber volume content thereby increasing the porous
flow paths inside the laminate to improve particle transport. If a high
fiber volume content laminate is required, it may still be realized
through a compression RTM, a variable cavity height injection, or
another similar process.

208

8.1. IN-PLANE DIRECTION FLOWS

Summary (in-plane flows)
In this study, the filtration of alumina and silica nanoparticles resulting from 1D in-plane flows in a resin transfer molding (RTM) process was investigated. Aramid fiber epoxy laminates infused with
the nanoparticles were produced and the particle distribution was
determined using a thermal decomposition analysis of the cured
laminates. A simplified form of a filtration model developed for micro-scale particle filtration was applied and validated to be representative of the general retention behavior observed with the nanoparticles for laminate retention concentrations cases for up to around
15wt% of nanoalumina content (or 5vol%).
Despite the general assumption of an absence of particle filtration
with the use of nano-scale particles, it was found not to be necessarily the case. A lack of significant filtration with the commercially
available nanosilica particles using standard liquid composite molding (LCM) infusion processing is more or less confirmed. Meanwhile, a deep filtration and a resulting uneven particle distribution
was observed with the nanoalumina particles. The most notable
characteristic difference with the nanoalumina particles was formations of micro-scale agglomerates in the epoxy prior to injection
that resulted in a filtration behavior more likened to larger microscale particles.
Characterizing the particle filtration behavior, the applied simplified
filtration model is demonstrated to suitably represent the filtration of
the nano-scale particles under a variety of process conditions giving
it potential to be used for either production quality assurance or
process design purposes. Although some minor differences from the
experimentally measured particle distribution were observed, the
model is suitable for quick process characterization due to its simplicity to implement. With knowledge of the initial inlet particle
concentration, only one additional measurement consisting of the
particle concentration at the resin outlet is needed to implement the
model, making it well suited as a non-destructive evaluation tool in
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an industrial setting. If the thermal degradation temperatures of the
materials permit, further and more accurate characterization of the
particle distribution can be supplementary added using the experimental methodology used in this study.
Based on the evaluations performed (under the specific experimental
conditions carried out), the following conclusions are made regarding the effect of specific LCM processing variables on particle
filtration.
Influencing (dependent) filtration factors:
- Particle agglomeration
- Laminate fiber volume content
Non-influencing (independent) filtration factors:
- Saturated resin flow time
(particle retention evolves, but no change in filtration behavior)

- Resin viscosity
- Particle concentration of the injection resin
If after standard processing particle filtration is present, the effect of
processing adjustments to improve the situation is limited. While
reducing the laminate fiber volume content does have an effect by
increasing the size of the laminate flow channels, it does not fully
alleviate the particle filtration sensitivity. For an even particle distribution, alternatives to conventional infusion processes like RTM for
the production of composite laminates may be necessary.

8.2. Through-Thickness Direction Flows
Introduction
Examples of typical LCM processes utilizing through-thickness
(through-plane) resin flows include resin film infusion (RFI), compression resin transfer molding (compression-RTM or CRTM), and
vacuum assisted resin infusion (VARI). For the latter, the resin flow
direction is primarily considered to be through-thickness in nature,
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with the bias between through-plane and in-plane flow dependent
upon the permeability of the distribution media compared to the
fiber preform, and the vacuum bag compaction levels during the
VARI resin infusion process.
In this brief study, the particle filtration of both sub-micron (300nm)
and nano-scale (20nm) alumina particles are investigated for flows in
the through-thickness direction. A reduced set of experiments are
performed evaluating both woven cross-ply and uni-directional
(UD) carbon fiber textiles. The simplified particle filtration model
evaluated in the in-plane study, is again applied and validated for
resin flows in the through-thickness direction.
The aim of the limited set of experiments is not to evaluate the process variable effects to the same extent as was done in the in-plane
study, but to instead simply assess the particle filtration behavior in
the through-thickness flow direction. Compared to in-plane flows,
the impregnation distances for through-thickness infusions are orders of magnitude shorter. In most cases, this will be in the range of
millimeters, the thickness of a typical composite laminate.
Materials
Table 8.4 details the two material test combinations evaluated for the
through-thickness direction flows.

211

CHAPTER 8: PARTICLE FILTRATION

Table 8.4. Materials used for the through-thickness particle filtration study.

Woven laminate
evaluation

Uni-directional laminate
evaluation

PoxySystems HT 2 Epoxy
and Hardener

Dow D.E.R. 330
Dow Experimental Amine
Hardener Exp-S2-H0.00

Particles

Sub-micron alumina, 300nm,
Sasol Ceralox HPA0.5w/MgO
Particle loading: 7wt%

Nanoalumina, 20nm,
Custom masterbatch
(Nanosperse)
Particle loading: 7wt%

Fiber

Plain weave cross-ply carbon
fiber 200g/m2
Tissa 862.0200.04.1000

Uni-directional carbon
fiber 230g/m2
Tissa 862.0230.80.300

Resin

Woven textile laminate:
16 layers of a woven 200g/m2 carbon fiber textile were laid up and
infused with epoxy containing sub-micron alumina particles. Upon
curing, the laminate was approximately 3.5mm thick, resulting in a
fiber volume content of approximately 51%. A room temperature
curing resin was used to allow for easier experiment execution. The
larger size of the sub-micron particles was chosen to allow observation of the local particle deposition with an optical microscope.
Uni-directional textile laminate:
12 layers of a 230g/m2 uni-directional (UD) carbon fiber were infused
with nanoalumina loaded epoxy. The nanoalumina particles and
epoxy resin were the same as evaluated in the in-plane flow study.
To extend the working time of the resin (infusion time), an experimental Dow amine hardener (Exp-S2-H0.00) was used in place of the
Air Products Ancamine 2167 epoxy curing agent used previously in
the in-plane study. The resin infusion was performed heated at 40°C.
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Upon curing, the laminates were 2.7mm and 3mm thick respectively,
resulting in fiber volume contents of 57% and 51%.
Experimental
The resin infusion setup used for the through-thickness flow experiments consisted of a modified vacuum bag setup placed on top of a
base plate (30cm x 40cm x 0.5cm) and is shown in Figure 8.15.
Mesh
stack

Resin
inlet
Sealing tape

Vacuum bag
Fiber stack
Tool plate
Mesh
stack

Peel ply Sealant paste
Vacuum

Figure 8.15. Setup for performing flow experiments in the through-thickness direction.

To promote 1D resin flow through the laminate, distribution mesh
“reservoirs” (Airtech Greenflow 75) approximately 10cm x 10cm
were placed above and below the laminate. 8 layers of mesh were
placed above the laminate allowing the inlet resin to first flood and
cover the entire laminate surface prior to significant resin flow into
the laminate. 4 layers of mesh were placed on the bottom to allow
equal outlet vacuum distribution over the bottom of the laminate
and to act as the outlet resin reservoir. The dimensions of the mesh
reservoirs were chosen to have a smaller footprint than the laminate
in order to avoid possible influences by local resin runners on the
sample boundary. To maintain 1D-flow conditions, acrylic sealant
paste was placed bordering the test area and applied layer by layer
during the lay-up. Peel-ply was placed between the mesh reservoirs
and the laminate surfaces to allow separation after the infusion and
curing process is complete.
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During the resin infusion process, the applied vacuum pressure was
controlled with a vacuum regulator. The vacuum pressure was held
constant during the infusion and during sample curing, to control
the final laminate thickness. Different fiber volume contents were
achieved by applying different vacuum levels.
For the room temperature performed test, a clear plexi-glass plate
was used at the tool base plate. The test setup (Figure 8.15) was
placed on a glass table with the flow front observed from the top and
the bottom, validating the presence of a 1D-flow. For the heated
tests, an aluminum base plate was used and 1D-flow was assumed to
occur by checking the bottom distribution mesh reservoir after the
experiment. The heated experiments were performed by placing the
test setup in a forced convection oven (as shown in Figure 8.16) and
carried out at 40°C. The experimental parameters are shown in Table
8.5.
Table 8.5. Experimental test parameters of the through-thickness flow experiments
with particle filled resins.

Woven
laminate
Sub-micron
particles

Woven
carbon
fabric

Al2O3
content
in resin
(wt%)

Final
cured
laminate
thickness
(mm)

7%

Fiber
Volume
Content

Vf (%)

Gauge
Vacuum
Pressure
(bar)

3.50

51%

-0.6

7%

2.70

57%

-0.4

5%

3.00

51%

-0.3

UD
Unidirectional
laminate
Nanoparticles

Experiment
#1
UD
Experiment
#2
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Figure 8.16. Through-thickness infusion setup placed in a forced convection oven.

For all of the through-thickness flow experiments performed, resin
infusion was carried out until the out-flowing resin was visually
observed exiting the outlet of the base plate; at which point the inlet
was clamped and the resin was left to cure. For the woven laminate
experiment, the gelation time of the PoxySystems HT 2 epoxy resin
system was approximately 45 minutes. For the uni-directional laminate experiments, once the resin was past gelation, the laminate was
cured for 1 hour at 75°C, followed by 3 hours at 165°C. For all the
experiments, the cured resin in the outlet mesh and the outlet were
retained and analyzed after for the resin particle content.
For the performed through-thickness flow experiments, no substantial variation in particle content in the x,y plane (in-plane direction)
within the laminate was observed for the test area defined by the
mesh reservoirs, indicating that the resin flow was primarily 1D in
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the through-thickness direction. In the upper mesh reservoir of the
performed experiments, particle concentration variations through
the thickness (z-direction) were noted. A variation of up to 5 times
the difference in particle content between the upper and lower regions of the resin mesh reservoir was found (e.g. 3wt% vs. 15wt%). A
greater particle concentration measured lower down in the porous
media mesh, indicates either particle settling due to gravity effects or
the early stages of cake filtration at the top surface of the laminate.
Delamination and sample sectioning
To characterize the particle filtration behavior with depth into the
laminate thickness, the laminates were separated between specific
layers after curing. Delamination was possible with the placement of
Teflon (PTFE) strips at the laminate edges between specific fiber
layers of the laminate inserted during the fiber lay-up. Once delaminated, the separated layers were cut into pieces to allow for thermal
decomposition burn out assessment of the particle concentration.
The woven laminate was delaminated at the thickness mid-plane
into top and bottom regions (8-plies each). For the uni-directional
laminates, the laminates were delaminated every four fiber plies
allowing the particle concentration to be quantified at the top, middle, and bottom regions of the laminate. Each delaminated portion
was divided and cut into four quadrants. From here, each quadrant
was again further cut down into another four samples. To remove
any possible sample edge effect in the analysis, the edges of the defined 1D test area were removed; further reducing the analysis area
to approximately 7.5-8cm from the initial 10cm x 10cm test area, resulting in measurement samples nominally 2x2cm each. Three samples from each quadrant were used in the burn out procedure with
the fourth remaining as a spare sample.
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Particle distribution measurement
The retained particle concentration at the various delaminated positions was determined using the same thermal decomposition procedure outlined previously in the in-plane flow study. Due to the nature in which the laminates are delaminated in the through-thickness
experiments, fewer measurement positions along the infusion distance were obtained compared to the in-plane flow evaluations. The
retained upper and lower mesh reservoirs were also retained and cut
into several pieces where the local content of particles was evaluated.
Filtration modeling
The micro-scale particle filtration model developed by Lefevre et al.
[113] and evaluated in the in-plane flow study was again applied
here to evaluate its suitability for resin flow in the through-thickness
direction. The model was again simplified and applied in the same
manner as done previously for the in-plane flows by adjusting the
filtration coefficient 𝑘 to match the measured inlet and outlet concentrations.
Results and discussion
Figure 8.17 shows the results from the experiment with the woven
textile and sub-micron alumina particles, while Figure 8.18 and Figure 8.19 show the particle distributions for the uni-directional laminates infused with epoxy containing the nano-scale alumina particles. The values for the particle concentrations are averaged over the
thickness of the respective laminate cross-section analyzed (e.g. the
top half of the laminate, bottom half, etc.). For all of the cases, particles were detected at the outlet indicating particle transport through
the entire laminate thickness. The filtration curve defined by the
applied filtration model is plotted against the measured particle concentrations. The determined filtration coefficient 𝑘 and other required model parameters are provided next to the plots.
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Figure 8.17. Retained sub-micron alumina distribution for woven fiber. Vf = 51%,
cross-ply woven carbon fiber laminate infused with 7wt% sub-micron alumina filled
epoxy.
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Figure 8.18. Retained nanoalumina distribution for uni-directional UD fiber,
experiment #1. Vf = 57%, uni-directional carbon fiber laminate infused with 7wt%
nanoalumina filled epoxy.
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Figure 8.19. Retained nanoalumina distribution for uni-directional UD fiber,
experiment #2. Vf = 51%, uni-directional carbon fiber laminate infused with 5wt%
nanoalumina filled epoxy.

For all three through-thickness experiments, substantial particle filtration is present with a characteristic deep filtration particle distribution. Despite the physically short transport distance of millimeters, the particle concentration decreases rapidly with infusion depth
into the laminate. The filtration curves are similar to those observed
for the in-plane resin flows, however, here the filtration is occurring
over a much reduced particle transport distance.
The particle filtration model (previously discussed and implemented
in the in-plane flow study) is again in agreement with the experimental results in capturing the uneven deep filtration particle distribution. It should be remarked that the nature of the throughthickness experiment with fewer data points along the injection distance, might lead to some inaccuracies to the filtration curve matching. In addition, the textile deformation occurring during the
through-thickness resin flow, which is known to occur [133], was
neglected and may have additional influence on the particle filtration
and resulting particle distributions.
The decreasing particle content with the transport depth into the
laminate is indicative of time dependent blockages of the inter-ply
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pathways by sieving mechanisms as described by Chohra [105]. As
the through-ply pathways become blocked, the ability for subsequent particle transport to the next fiber ply becomes increasingly
statistical as to whether there is a sufficient open pathway or not. For
the physical transport of particles through the thickness of the individual fiber plies, two distinct flow paths exist: 1) the spacing between the individual fiber tows, and 2) the spacing between the individual fibers. In the case of woven fiber textiles, the gaps between
fiber tows can be potentially millimeters in spacing depending on
the particular textile weave pattern. Conversely, the spacing between
the individual fibers themselves is often as little as tens of microns or
less. In the case of uni-directional fiber laminates, the small interfiber gaps are the only pathways available.
Woven textile behavior
Despite the favorable gaps between the fiber tows inherent with
woven textiles, particle transport is still observed to be difficult. A
particle concentration of 2.4wt% was measured at the outlet in comparison to the inlet concentration of 8.6wt%, a decrease of more than
2/3rds. Within the laminate itself, a decrease of about 70% in particle
concentration between the upper and lower portions exists. The deep
filtration over the short transport distance (3.5mm) is characterized
with a filtration coefficient 𝑘 value of 675 (m-1), two orders of magnitude higher than the range of filtration coefficients observed in the
in-plane flow study. This difficulty in particle transport is shown
qualitatively in the optical microscopy images provided. Figure 8.20a
is a cross section of the upper portion of the separated laminate, and
in Figure 8.20b, the lower portion of the laminate – with the resin
flow direction having gone from top to bottom.
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a)
b)
Figure 8.20. Distribution of particles in a) top half of laminate, b) bottom half of
laminate. Laminate infused going from top-to-bottom, downwards in image (a-to-b).

Taken using dark field mode, the sub-micron alumina particles appear white. Visually, the concentration of particles decreases as the
resin flow progresses down through the thickness of the laminate. In
particular, the alumina particles are observed to accumulate heavily
in the upper interlaminar regions within the laminate. Tellingly, the
particle build-up here indicates that although the particle transport
through each ply is facilitated by the inherent gaps between the fiber
tows, and the physical transport between subsequent plies becomes
increasingly difficult. For uni-directional laminates, the through-ply
transport is increasingly more difficult with the almost non-existent
intra-ply and inter-ply pathways available.
Uni-directional textile behavior
Discussed previously in the in-plane investigation, the formation of
the nanoalumina particles into micro-scale agglomerates increases
their effective particle size into a size range which promotes both a
combination of static and volumetric clogging mechanisms to occur
[104]. In both uni-directional laminate experiments, the nanoalumina
particles are detected within the laminate and at the resin outlet. This
demonstrates that nanoparticle penetration is still possible despite
the relatively closed and constricted physical spacing nature of the
through-ply (through-thickness) pathways in the UD laminates.
However, for the UD cases, the particle concentrations at the outlet
are notably lower than observed with the woven fiber laminate with
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inherent ply gaps and larger sub-micron alumina particles. For both
laminates, the filtration coefficient 𝑘 is higher than for the woven
laminate. For UD experiment #1 (57% Vf), a filtration coefficient value of 1294.7 (m-1) is observed. For UD experiment #2, the filtration
coefficient 𝑘 is much lower at 713 (m-1), reflecting a strong influence
of the lower fiber volume content of the laminate (51% V f).
The influence of the laminate fiber volume fraction on the observed
particle filtration is interesting as the impact of the fiber content is
predominantly on the compaction of the inter-ply spacing within the
laminate. This suggests that for the UD laminates, the resin flow
within the laminate is in-fact mixed flow direction in nature, involving a combination of both through-thickness and in-plane resin
flows. In this scenario, when there are no overlapping through-ply
openings between adjacent plies, the interlaminar inter-ply spacing
is facilitating particle transport from the through-ply opening in one
fiber ply to the next available through-ply opening in the next subsequent ply. In the absence of large inter-tow weave gaps, and with
otherwise small and compact inter-fiber spacing, the largest throughply openings in uni-directional fiber plies may arise from material
irregularities or disturbances (e.g. fiber distortions).
It is hypothesized that these material irregularities, or defects, are
responsible for some unexpected observations. For UD experiment
#1, midway through the laminate thickness, the measured particle
concentration is lower than the concentration in the lower portion of
the laminate, and was not expected. In the typical deep filtration
scenario, the middle laminate region would be expected to have a
higher concentration than the lower portion. With a total of 12 sample measurements at each infusion distance point, this is not a measurement irregularity. A reasonable explanation is material irregularity in the form of fiber distortions, occurred during the laminate layup or present in the fiber ply itself, that allowed for less-restricted
particle transport (racetrack) through one or more fiber plies in the
lower region of the laminate. Conversely, in UD experiment #2, the
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middle region of the sample had a higher than expected retained
particle content. Again, this is likely the result of some material irregularity of the fiber plies.
Summary (through-thickness flows)
Even with the short impregnation distances involved with throughthickness resin flows, substantial particle filtration was still present.
The filtration behavior of both the evaluated sub-micron and nanoscale alumina particles follow a similar filtration behavior to that
observed with the in-plane resin flows. An uneven particle distribution, characteristic of a deep filtration behavior was present. The
particle filtration was especially significant considering it occurred
over short distances of only a few millimeters compared to the inplane filtration that occurred over distances of tens of centimeters.
However, an important consideration is that the impregnation distance when infusing with through-thickness flows will typically be
much shorter than the potential distances required for in-plane
flows. At a maximum, this distance will be the laminate thickness,
typically only a few millimeters.
Regarding the influence of the reinforcement fiber architecture, it is
difficult to draw conclusions from the limited scope of the throughthickness testing. However, there is evidence that woven fabric reinforcement with large gaps between the woven tows better-facilitated
particle transport through the laminate thickness. Even with the use
of the larger sub-micron alumina particles, the woven laminate exhibited the lowest filtration coefficient k value of all the experiments.
Nevertheless, particle transport in the through-thickness direction is
still shown to be possible with the tightly packed uni-directional
laminates infused with the nanoalumina particles, even in spite of
their agglomeration behavior.
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8.3. Conclusions
Despite the use of nano-scale particles, an undesired filtration of the
particles can still occur during LCM processing. Particle filtration
occurred for both in-plane and through-plane (through-thickness)
resin flows. In spite of the substantially different infusion lengthscales, when particle filtration occurred, the characteristic filtration
behavior was similar for both the in-plane and through-thickness
laminate infusion directions.
Particle filtration for both resin flow directions was found to follow a
simplified particle filtration model from the literature developed for
the filtration of micro-scale particles. The model was developed for
particles in the size range of 3-30µm for which both physical volumetric (clogging) and surface (static) particle retention mechanisms
are occurring in the laminate. The applied model was simplified
from that in the literature [113], with some assumptions made which
simplified the model to require only the particle inlet and outlet values being as fitting parameters. A suitable match between the simplified model and the performed particle filtration experiments involving the nano-scale particles were found. No adjustments to the particle retention kinetics of the model to account for the nano-scale particles were necessary. The simplicity of the implementation of the
simplified model make it well suited for industrial applications as a
non-destructive evaluation tool for particle filtration.
For in-plane flows, the evaluated nanosilica particles absent of any
significant agglomerations (1µm or larger) in the epoxy resin prior to
processing did not substantially filter, permitting an even laminate
particle distribution. Conversely, the nanoalumina particles formed
agglomerations around 2-3µm in size filtered, leading to a deep filtration behavior and an uneven particle distribution in the laminate.
The micro-scale agglomerations represented the effective particle
size, filtering and behaving similar to solid particles of approximately the same micro-scale size found in the literature [113].
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Although a deep particle filtration behavior was observed for both
flow directions, the particle filtration in the through-thickness direction occurred over much shorter distances. The filtration simulations
quantified the increased filtration sensitivity where the filtration
coefficient 𝑘 was two orders of magnitude greater than the filtration
observed in the in-plane resin flows. In spite of the substantial filtration occurring over a short infusion distance, through-thickness infusion may still be preferable or necessary in certain circumstances.
While the resin infusion distances required for in-plane infusion
ranges from tens of centimeters to meters, most composite laminates
are no more than a few millimeters in thickness. The shorter
through-thickness transport distances involved will be more practical for large-scale composite laminates several meters in length.
When filtration was present, the scope of the effective processing
adjustments that can be made to improve the filtration sensitivity is
limited. The only process variable adjustment found to alter the filtration behavior was reducing the laminate fiber content, which increased the physical size of the inter-tow pore space within the laminate. Although the filtration sensitivity was found to decrease, the
particle distribution remained uneven. Adjustments to other process
variables such as the particle content in the resin and the resin viscosity did not influence the filtration behavior. Therefore, the occurrence of particle filtration and its severity dictates whether LCM is
ideal or not for processing of a nanoparticle toughened epoxy. If
particle filtration is present after standard LCM processes like RTM,
alternatives processes may be necessary for achieving an even particle distribution.
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Chapter 9

Local deposition of particles by
modified prepreg
In this chapter, the interlaminar toughness of uni-directional carbon
fiber composites containing a nanosilica (SiO2) toughened high Tg
epoxy matrix is evaluated. It is examined if the purposeful deposition of the nanoparticle tougheners only in the interlaminar region,
where fracture occurs, is more efficient than a homogeneous distribution of nanoparticle tougheners both inside and outside of the
fiber reinforcement tows. It is hypothesized that it is the particles
placed at the matrix crack that is critical, rather than having particles
distributed throughout the composite that is of importance for delamination fracture energy. Implications will give future guidance
towards improved toughener efficiency in composite laminates.
A modified prepreg process is used as an alternative to LCM processing in order to better handle the nanoparticle toughened resin. It
is used to both strategically deposit particles locally in only the outof-tow interlaminar regions of the laminate and to avoid any potential for particle filtration.
Together with Chapter 6, the results from the evaluations in this
chapter were submitted as a manuscript to the Journal of Composite
Materials [87].
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9.1. Introduction
In this study, uni-directional carbon fiber composite laminates with
locally distributed nanosilica in the epoxy matrix are evaluated for
interlaminar delamination fracture energy. A laboratory-scale ‘proof
of concept’ wet lay-up is used to represent a modified prepreg process allowing controlled placement of nanosilica particles in a composite laminate. In this procedure, nanosilica particles are placed
only in the out-of-tow interlaminar region of the laminate.
As previously described earlier in Chapter 7, one factor responsible
for highly toughened epoxies exhibiting a lower effective toughness
in composites is the constraint or hindrance [2, 5, 98, 122, 123] of the
matrix plastic zone development by the reinforcement fibers in the
vicinity of the delamination crack. In this study, it is examined
whether selective toughening with purposeful deposition of nanosilica (SiO2) particles limited only the interlaminar laminate regions,
where fracture occurs in a composite laminate, is as effective at
toughening the composite with an even distribution of tougheners
throughout the laminate.
Selectively toughening only the interlaminar region of a laminate
provides several potential advantages. Firstly, a reduction in particle
usage; allowing both a material cost savings, and a reduction in the
overall structure weight when dense particles are used (such as alumina and silica particles which are more than twice as dense as
epoxy). Secondly, a greater flexibility in toughener choice is provided, which allows the use of larger particles that may otherwise have
physical difficulty penetrating into fiber tows during resin infusion.

9.2. Materials
The materials used in this study were the same uni-directional carbon fibers, epoxy and hardener, and nanosilica toughener combination used in Chapter 6. The particle / epoxy dispersions and laminate
preparation was the same as described earlier.
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9.3. Experimental
Lamination and curing process
Like in Chapter 6, the composite laminates were produced using a
combination of hand lay-up and a closed mold resin transfer molding (RTM) injection process. The process was based on the industrial
SQRTM (Same Qualified RTM) process, and was chosen to produce
laminates of uniform thickness and low void content.
The laminate manufacturing process is intended to replicate on a
laboratory scale a prepreg style of resin impregnation. Individual
fiber plies were impregnated and laid-up by hand. The hand lay-up
portion of the process was chosen to minimize any risk of particle
filtration that can occur during a conventional injection process. The
wet laminates were placed inside a closed mold after which additional resin was injected into the mold to surround the empty space
around the laminate. The injected resin was then pressurized to impose a positive hydrostatic force on the laminate during the cure
process to collapse entrapped air voids. Full details of the process
were described earlier in Chapter 6 – where this prepreg style of
resin impregnation was used to prevent any risk of particle filtration.
Local particle deposition
To achieve the local particle distribution and limiting the added nanoparticles to only outside of the fiber tows (interlaminar), the hand
lamination process was modified to include an extra step. Individual
plies were pre-impregnated with a fixed amount of untoughened
neat resin as previously described using a spatula on a releasecoated plate. However, during the laminate lay-up process, an additional layer of nanosilica particle loaded resin (also of a fixed
amount) was applied as a viscous paste between the already preimpregnated fiber plies. The result was an alternation of neat resin
and particle loaded resin between each fiber ply as illustrated in
Figure 9.1. This process at a laboratory scale represents a prepreg
and resin film manufacturing process.
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Lay-up process

Repeating lay-up sequence
Fiber plies
Neat resin
Toughened resin
Neat resin

Fiber plies

Figure 9.1. Illustration of hand laminatation procedure used to produce laminates
with locally deposited nanosilica particles in the laminate interlaminar regions.

During compaction of the laminate in the hydraulic press, some resin
from the pre-impregnated fiber plies was “squeezed out” forming an
area of neat resin both inside and outside in the immediate vicinity
surrounding the individual fiber tows. In the final compacted and
cured state, the particle toughened resin resided primarily outside of
the fiber tows and intrinsically in the interlaminar regions of the
laminate. The resin distribution was verified by SEM imaging, and is
shown later in Figure 9.4 and Figure 9.5.
Laminates produced for the study
In total, laminates with three different matrix configurations were
produced. Laminates with an untoughened matrix, laminates with a
homogeneous distribution of nanosilica throughout and laminates
with locally distributed nanosilica only in the interlaminar regions
were produced. The laminates with the local distribution of nanosilica were tested and compared to the delamination fracture energy
performance of the laminates with homogeneous distributions as a
baseline. These laminates were featured earlier in Chapter 6 and are
included here again for comparison to the laminates featuring parti230
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cle local distribution. In total, three different concentrations of local
particle toughener distributions were produced, and six different
homogeneous distributions were produced for comparison. The
laminates produced are reported in Table 9.1. For the local distribution case, the average nanosilica content refers to the concentration
over the entire matrix portion in the laminate, including both the
toughened and untoughened portions. While the maximum particle
loading refers to the nanosilica concentration laid in the interlaminar
regions during lay-up. Two laminate plates for each concentration
were manufactured and mechanically tested. The fiber volume content (Vf) of the produced laminates was determined by measuring
the cured laminate thickness and applying the areal weight and fiber
density of the fibers plies. At a nominal measured thickness of
3.6mm, the produced laminates had an approximate fiber content Vf
of 50%. Optical measurements of the interlaminar spacing of the
three possible matrix configurations (untoughened, homogeneously
toughened – 25wt% laminate, and locally toughened – 14wt% average locally distributed) found the interlaminar spacing to be independent of the matrix configuration, averaging between 95-100μm.
The average nanosilica particle content in the laminates was determined using the fiber and epoxy matrix thermal decomposition
technique described in Chapter 8 and [130]. The measured nanosilica
content is the average for the entire matrix portion.
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Table 9.1. Laminate toughener distributions evaluated in this study. Nanosilica content was determined by thermal decomposition analysis as described in Chapter 8 and
in [130].

Sample

Untoughened D.E.R.
330/Amine

Homogeneously
distributed SiO2

Locally distributed SiO2
Particles located outside of
fiber tows

Average Particle
Content
(matrix resin)

*Maximum Particle
Content
Interlaminar region
(matrix resin)

0wt%

N/A

5wt%

5wt%

10wt%

10wt%

15wt%

15wt%

20wt%

20wt%

25wt%

25wt%

30wt%

30wt%

10wt%

16wt%

14wt%

25wt%

17wt%

34wt%

*For the locally distributed laminates, the maximum interlaminar
particle content reflects the nanosilica concentration applied in the
toughened resin paste layer during lay-up.
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The laminates with a local distribution of nanosilica particles were
nominally targeted for average matrix particle contents of 10wt%,
15wt%, and 20wt% respectively. However, due to the nature of the
sample production with the uncontrolled “squeeze-out” or “bleeding” of the resin during the laminate compaction process, the resulting nanosilica contents were measured to be slightly off the intended
concentrations. The particle content of the laminates were determined using a thermal decomposition technique [130] and are
shown in Table 9.1. Despite being off the intended concentrations,
the measured particle contents between the two plates of each laminate condition produced were found to be consistent.
Sample preparation
Mechanical test samples were cut from the cured laminates into the
double cantilever beam (DCB) test specimen geometries in accordance to ASTM D5528 [4]. DCB samples, nominally 20mm x 150mm
were cut from the produced 3.6mm thick laminates with a wet diamond saw. Full details of the sample preparation were discussed
earlier in Chapter 6.
Mechanical testing
The influence of matrix modification on composite delamination
fracture toughness was evaluated by DCB testing according to
ASTM D5528 [4] as described earlier in Chapter 6 and illustrated in
Figure 6.3.

9.4. Results and Discussion
Uni-directional (UD) carbon fiber laminates with a nanosilica toughened amine cured DGEBA epoxy matrix were evaluated for interlaminar delamination toughness. Laminates with nanosilica particles
locally deposited and restricted to only the out-of-tow interlaminar
regions within the laminate were compared to laminates with the
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conventional practice of nanosilica particles distributed homogeneously throughout the laminate.
Laminate fracture energy
From the mode 1 double cantilever beam (DCB) test, interlaminar
fracture energies G1C for crack initiation and propagation are obtained. G1Cint represents the initiation (or initial) energy of the matrix
crack to continue to grow from the laminate pre-crack created by the
insertion of the Teflon delamintation film in the laminate upon mode
1 loading. G1Cprop represents the observed steady-state fracture energy as the laminate crack length continually increases (propagates).
As discussed previously in Chapter 6, it should be noted again that
the crack propagation portion of the DCB test is very specific to the
laminate tested and is influenced by factors such as the specific fibers
used, fiber volume content, and adhesion between fiber and matrix.
If extensive fiber bridging is occurring between the two cantilever
beam arms being split apart, the relevance of the test from this point
onwards is questionable [4] as the fracture energy is dominated by
the fiber bridging leading to a high G1C [2]. In addition, the fiber
bridging phenomenon is specific of delaminating 0°/0° plies from
one another, while in typical composite structures consisting of multiple mixed ply orientations, the delamination occurs between plies
of dissimilar orientation. Therefore, this value is generally not representative for general application but is reported here for completeness, as it is commonly reported in the literature for laminate delamination studies.
Table 9.2 lists the interlaminar fracture energies of the composite
laminates from DCB testing.
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Local Particle
Distribution

Homogeneous
Particle
Distribution

N/A
N/A
N/A
N/A
16%

15%

20%

25%

30%

10%

17%

34%

25%

N/A

10%

14%

50.1%

N/A

5%

51.1%

50.4%

49.7%

50.4%

50.1%

51.1%

50.0%

49.6%

49.3%

3.50

3.55

3.60

3.55

3.57

3.50

3.58

3.61

3.57

3.63

Laminate Fiber Nominal
Laminate
Volume
Thickness
Content
(Vf%)
(mm)

(Untoughened)

Maximum
Average SiO2
Interlaminar
Content
SiO2 Content

265 ± 83

299 ± 77

201 ± 24

231 ± 46

221 ± 64

204 ± 30

184 ± 17

182 ± 10

176 ± 61

170 ± 25

G1Cint
(J/m2)

1025 ± 339

887 ± 148

576 ± 69

870 ± 176

842 ± 114

651 ± 61

724 ± 94

604 ± 60

649 ± 65

650 ± 133

G1Cprop
(J/m2)

9.4. RESULTS AND DISCUSSION

Table 9.2. Laminate fracture energies for laminates with homogeneously and locally
distributed nanosilica particles. UD carbon fiber/epoxy laminates nominal Vf = 50%,
with nominally similar thicknesses.
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The variability in the laminate fracture energies is expected, as it is
linked to the crack propagation through the matrix. The fundamental
nature of epoxy toughening with secondary phase additions (toughening particles) and their associated fracture toughening mechanisms leads to increased crack propagation resistance and crack path
deviations. For the laminates with the local nanosilica distribution,
this is further influenced by the local variations in the matrix particle
concentration within the interlaminar region. This is shown by the
scanning electron microscopy (SEM) images provided later. The
inherent uncontrolled mixing of both the toughened and the untoughened resins in the interlaminar region leads to natural variations in the particle concentration. As the crack propagates through
the matrix, it may experience varying changes in the effective particle concentration depending on its localized position within the laminate.
Comparing the laminate fracture energies between the two nanosilica distribution cases, the most appropriate point of reference is the
average nanosilica content, representing the overall laminate weight
when the laminate thickness and fiber contents are the same. For the
locally deposited nanosilica laminates, increases in standard deviation were observed. To account for this, eight samples, increased
from the minimum 5 samples dictated in the test standard, were
tested and reported for the local deposition laminates.
For laminates with the nanosilica locally distributed, the maximum
nanosilica content in Table 9.2 refers to the concentration of nanosilica particles applied locally as a paste during the lay-up process. Due
to compaction of the laminate and the squeezing out of the untoughened resin from the pre-impregnated fiber plies, there exists a localized mixing zone between the untoughened resin and the toughened
resin in the vicinity adjacent to the individual fiber tows with varying concentration. As mentioned, this was observed by SEM and is
discussed later.
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Comparing between the two different particle distribution cases, the
laminate initiation delamination fracture energies are plotted in Figure 9.2 (G1Cint), and the laminate propagation fracture energies
(G1Cprop) in Figure 9.3. The laminates are compared by the overall
average nanosilica content in the matrix.

Initiation Fracture Energy (J/m2)

400
350
300
250

200
150
100

Untoughened
Homogeneous Distributed
Local Distributed (laminate average)

50

0
0

5

10

15

20

25

30

35

SiO2 Content (wt%)
Figure 9.2. Laminate initiation fracture energy (G1Cint determined by the non-linear
deviation in the load-displacement data) vs. nanosilica content. Locally distributed
nanosilica (out-of-tow and interlaminar regions) compared to homogeneously distributed nanosilica (both in-tow and out-of-tow) laminates. UD carbon fiber/epoxy
laminates nominal Vf = 50%. Error bars denote +/- one standard deviation.
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Propagation Fracture Energy (J/m2)
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Figure 9.3. Laminate propagation fracture energy (G1Cprop) vs. nanosilica content.
Locally distributed nanosilica (out-of-tow and interlaminar regions) compared to
homogeneously distributed nanosilica (both in-tow and out-of-tow) laminates. UD
carbon fiber/epoxy laminates nominal Vf = 50%. Error bars denote +/- one standard
deviation.

Table 9.3 summarizes the respective changes in fracture energy from
the untoughened laminate baseline for both crack initiation and
propagation conditions.
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Table 9.3. Summarized laminate delamination fracture energy increases with
nanosilica addition from Table 9.2.

Homogeneous
Particle
Distribution

Localized
Particle
Distribution

Avg. SiO2
Content

Max.
SiO2
Content

G1Cint

G1Cprop

5%

N/A

+3%

+0%

10%

N/A

+7%

-7%

15%

N/A

+8%

+11%

20%

N/A

+20%

+0%

25%

N/A

+30%

+30%

30%

N/A

+35%

+34%

10%

16%

+18%

-11%

14%

25%

+75%

+36%

17%

34%

+55%

+58%

% Increase

Examining the initiation fracture energies (G1Cint), similar or improved toughening effects are found when toughening the laminates
only locally in the interlaminar regions. The obtained fracture energy
increases are statistically similar or greater for the given amount of
nanosilica addition when compared to having the nanosilica particles distributed homogeneously throughout the laminate. For 10wt%
nanosilica content, local deposition of the nanosilica outside of the
tows achieved about 10% higher fracture energy gain (although still
statistically similar) over the homogeneous distribution. Significant239
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ly, for 14wt% and 17wt% locally distributed nanosilica, the increases
over the homogeneously distributed condition are greater. For 1720wt% nanosilica content, the toughness in the local distribution
laminates show increases of approximately 35% fracture energy
compared to similar amounts of nanosilica distributed homogeneously. The results show that toughening only in the out-of-tow interlaminar regions of the laminate matrix is in fact satisfactory for mode
1 delamination, by maintaining or increasing the toughening effect.
When the interlaminar crack is propagated (80-100mm), an increase
in the fracture energy (G1Cprop) compared to the homogeneous toughener distribution laminates is again observed for the 14wt% and
17wt% laminates with the local nanosilica distribution. For 17wt%
added nanosilica, an increase of 58% is obtained. At 10wt% nanosilica, the fracture energy for the local out-of-tow interlaminar toughener case is in fact slightly lower than the laminates with the same
nanosilica content distributed homogeneously. For both 10wt% conditions, including the homogeneous distribution scenario, the average fracture energy is in fact slightly lower than the untoughened
laminate, but still within the acceptable associated data scattering.
For the same given nanosilica addition, the laminates with a local
particle distribution are able to yield similar or higher fracture energies than the conventional practice of distributing the nanoparticles
homogeneously throughout the composite laminate. For the locally
toughened laminates, the proportion of particles that would conventionally be located inside the fiber tows was instead removed and
added to the interlaminar region. The result is a higher effective nanosilica particle concentration in the interlaminar regions for the
same overall nanosilica addition in the laminate compared to a homogeneous distribution.
Localized particle distribution
For the laminates with the local particle distribution, the reported
average nanosilica content does not reflect the maximum particle
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content locally at the interlaminar fracture plane. The average content is defined over the entire matrix consisting of both the untoughend epoxy (0% nanosilica) and the nanosilica toughened paste applied during the lay-up process. For the average 10wt% laminate, the
local nanosilica content outside of the fiber tows where fracture is
occurring is in theory, as high as the concentration laid as a layer of
viscous paste during the lay-up process, which was 16wt%. For the
14wt% average laminate this was 25wt%, and for the 17wt% average
up to 34wt% nanosilica locally deposited in the interlaminar regions
of the laminates.
The local qualitative nanosilica particle distribution in the local distribution case laminates was characterized by scanning election microscopy (SEM) analysis using backscatter detection (BSD). Figure
9.4 and Figure 9.5 show SEM images where the nanosilica particle
distribution in the laminates are to be contrasted using BSD. The
BSD mode in the SEM contrasts the image by the elemental energy
levels present, and dependent on the elemental composition. In the
images, the nanosilica particle regions appear bright due to the silicon content while the neat resin (absent of nanosilica) is dark grey.
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High SiO2
concentration

Lower SiO2
concentration

Tows

Inter-tow

Neat resin
Figure 9.4. SEM image of local particle deposition in evaluated laminate. Nanosilica
regions contrasted to appear bright using backscatter detection mode. Dashed box
indicates zoomed-in area for image in Figure 9.5.

Figure 9.4 clearly shows the intended two different matrices in the
laminate; one matrix in the fiber tow (untoughened), and one matrix
outside of the fiber tow (nanosilica toughened). Mentioned earlier in
Chapter 7, the plastic zone size for nanoscilica toughened epoxies are
typically in the range of 50μm [8, 36]. The inter-tow areas visible
show spacing up to a few hundred microns between the fiber bundles, permitting the development of the plastic zone responsible for
interlaminar toughening. A further zoomed-in image around a single
fiber tow (as indicated by the dashed box) is shown in Figure 9.5.
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SiO2 loaded
resin

Neat resin

SiO2 loaded
resin
Figure 9.5. A zoomed-in SEM image of local particle deposition around a single fiber
tow in evaluated laminate. Nanosilica regions are contrasted to appear bright using
backscatter detection mode. Location of image indicated by dashed box in Figure 9.4.

As intended, the nanosilica particles are observed to be deposited
predominantly in the inter-tow and interlaminar regions of the laminate with areas inside the fiber tows predominantly absent of nanosilica. The interlaminar regions in Figure 9.4 shows the nanosilica
content is actually in itself inhomogeneously distributed outside of
the fiber tows, with some mixing occurring between the untoughened neat resin and the nanosilica present, with various interlaminar
matrix regions appear brighter than other areas. This is the inherent
result of uncontrolled mixing between the neat untoughened resin
with the particle toughened resin during manufacturing from the
mold closing process when the laminate is compacted. The amount
of laminate toughening depends on the somewhat uncontrolled particle concentration in the vicinity of the propagating crack path.
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Unfortunately, the determination of the exact nanosilica concentration in the localized mixing regions using conventional characterization techniques is not possible. The potential use of EDX (energydispersive x-ray spectroscopy) element scanning was discarded after
a few trials due to the inability to appropriately define a sampling
area over which to average the particle content, being highly subjective. Taking either too large or too small of a sampling area heavily
biased the determined average particle content. The most sensible
approach is therefore assuming the maximum particle loading in the
interlaminar regions to be that which was laid as a viscous paste
during the lay-up process. Any local mixing that may occur lowers
this concentration some unknown amount.
For the same nanosilica content, the higher fracture energies of the
laminates with locally deposited nanosilica is reasonably the result
of the greater concentration of nanosilica physically at the matrix
fracture location. Analyzing again the observed initiation fracture
energies between the two particle distribution conditions with the
higher local nanosilica concentration in mind, Figure 9.6 shows the
locally distributed nanosilica laminate points super-imposed to their
potential maximum particle content (as applied during the lay-up
process) at the interlaminar crack plane.
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Figure 9.6. Laminate initiation fracture energy (G1Cint) shifted for maximum particle
content. For the locally deposited nanosilica laminates, the maximum particle content
was taken as the particle concentration laid interlaminar as a viscous paste during the
lay-up process. This value is superimposed and shown with dotted markers. UD
carbon fiber/epoxy laminates nominal Vf = 50%. Error bars denote +/- one standard
deviation.

Super-imposing the locally toughened laminate data points to the
potential maximum particle content at the interlaminar locations, the
obtained fracture energies fall further in agreement with the fracture
energies of the laminates with a homogeneous distribution of particle tougheners. This suggests that the delamination fracture toughness of the laminate is dictated by the local concentration of toughener in the interlaminar region. Subsequently, the more effective
implementation of matrix toughening particles is achieved when
they are moved locally to the out-of-tow interlaminar regions rather
than distributing homogeneously throughout the entire laminate. In
effect, gaining a higher delamination toughness due to the higher
local toughener concentration.
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Laminate fractography
The delamination fracture surfaces observed by scanning electron
microscopy (SEM) representative of each of the three different matrix
configurations are shown in Figure 9.7 (untoughened laminate),
Figure 9.8 (25wt% homogeneously distributed SiO2 toughened laminate), and Figure 9.9 (25wt% locally distributed SiO2 – 14wt% average in the matrix toughened laminate). The images are taken from a)
near the crack initiation region, and b) crack length beyond 80mm in
the crack propagation region of the DCB sample.

Untoughened (Figure 9.7)
a) Crack initiation region
Hackle
Markings

Figure 9.7. a) Crack initiation region. SEM fracture surface image of UD carbon fiber /
untoughened epoxy matrix laminate. Observed delamination surface after mode 1
DCB testing. Crack propagation is in the fiber direction.
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b) Propagation region (crack length 80mm+)

Hackle
Markings

Clean
Fibers

Figure 9.7. b) Crack propagation region. SEM fracture surface image of UD carbon
fiber / untoughened epoxy matrix laminate. Observed delamination surface after
mode 1 DCB testing. Crack propagation is in the fiber direction.
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SiO2 toughened (25wt% homogeneous) (Figure 9.8)
a) Crack initiation region
Hackle
Markings

Figure 9.8. a) Crack initiation region. SEM fracture surface image of UD carbon fiber /
nanosilica (25wt% homogeneous distribution) toughened epoxy matrix laminate.
Observed delamination surface after mode 1 DCB testing. Crack propagation is in the
fiber direction.
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b) Propagation region (crack length 80mm+)
Hackle
Markings
Clean
Fibers

Figure 9.8. b) Propagation region. SEM fracture surface image of UD carbon fiber /
nanosilica (25wt% homogeneous distribution) toughened epoxy matrix laminate.
Crack propagation is in the fiber direction.
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c) Zoomed-in detail of hackle formation (propagation region)

Figure 9.8. c) Zoomed-in view of hackle formation (propagation region). SEM fracture
surface image of UD carbon fiber / nanosilica (25wt% homogeneous distribution)
toughened epoxy matrix laminate. Crack propagation is in the fiber direction.
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SiO2 toughened (25wt% local – 14wt% average) (Figure 9.9)
a) Crack initiation region

Hackle
Markings

Figure 9.9. a) Crack initiation region. SEM fracture surface image of UD carbon fiber /
nanosilica (25wt% locally distributed, 14wt% average) toughened epoxy matrix laminate. Observed delamination surface after mode 1 DCB testing. Crack propagation is
in the fiber direction.
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b) Propagation region (crack length 80mm+)
Clean
Fibers

Hackle
Markings

Figure 9.9. b) Propagation region. SEM fracture surface image of UD carbon fiber /
nanosilica (25wt% locally distributed, 14wt% average) toughened epoxy matrix laminate. Observed delamination surface after mode 1 DCB testing. Crack propagation is
in the fiber direction.

The differences in fracture surface appearance indicate different fracture mechanisms taking place. In the crack initiation vicinity, the
untoughened matrix remains mostly smooth in appearance with
only a few shallow hackle formations present. For the nanosilica
toughened matrices, shallow hackles are present across the entire
matrix surface. Partially obscured by the overlaying fibers, hackle
markings are present across the entire epoxy fracture surface for all
the matrix configurations in the propagation region. The traces of
fiber pullout and breakage are evidence of the fiber bridging that
occurred during the DCB test. For the untoughened matrix, the hackle structures in the propagation region remain relatively small, but
more numerous than found in the crack initiation region. Meanwhile
for both the homogeneous and locally distributed nanosilica toughened matrices, the hackle patterns in the propagation region become
more substantial. Compared to the shallow hackles present in the
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crack initiation region, the hackle formations here have grown in
both size and texture with crack propagation.
The formation of the hackle markings in the epoxy matrix indicate
crazing or micro-cracks forming ahead of the crack tip within the
plastic damage zone, coalescing with the main crack as it propagates
through. The initiation of the micro-cracks in the toughened epoxy
may be promoted by changes to the matrix stress-state resulting
from the nanosilica particle additions. Despite the fracture energy
absorption due to debonding and subsequent cavitation processes
around the individual nanosilica particles, the particles are also likely the nucleation sites for the microvoid formation and the microcracking process. The greater the physical growth in the size of the
hackle markings is evidence of a larger damage or process zone having developed in the epoxy matrix. This is clearly occuring for the
nanosilica toughened matrices. The variation in the hackle pattern
appearance at different locations in the locally toughened laminate is
likely the consequence of the local variations in particle concentration at the different locations (as shown in Figure 9.4).
Comparison and differences to laminate interleaving
The concept of nanoparticle toughening only the interlaminar region
of the composite is similar to the laminate interleaving approach.
Interleaving involves the use of an additional toughened interleaf
material layer, often ductile or an additional (same matrix) resin film
layer, placed in the composite lay-up between laminate prepreg plies
[119], and has been shown to be effective for increasing interlaminar
delamination resistance [24, 125, 126, 129, 134].
The effectiveness of interleaving is attributed to two toughening
influences. From Equation (5) (found in Chapter 7), the insertion of a
ductile layer or plasticizer to the matrix at the fracture plane is fundamentally one means to increase the fracture energy. Furthermore,
the addition of the interleaf layer increases the interlaminar spacing
at the fracture plane, which has the associated and beneficial side
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effect of increasing the delamination fracture energy. Despite being
conceptually similar by toughening only the interlaminar region of
the laminate, the localized toughening approach demonstrated in
this study fundamentally differs from conventional interleaving in
these two aspects.
Plasticity of the interlaminar region
It is well documented in the literature that the addition of the hard
nanosilica particles, and other physically hard phases, to epoxy increases the elastic modulus (tensile/Young’s, compressive, flexural)
of the epoxy [1, 35, 36, 42]. Table 9.4 shows their effect on the flexural
modulus for the epoxy matrix resin system evaluated in this study.
Table 9.4. Flexural modulus values for the matrix epoxy with varying amounts of
nanosilica (SiO2) content.

SiO2 Content
(wt%)

Flexural Modulus
(GPa)

0

2.34 ± 0.09

3.9

2.45 ± 0.18

7.9

2.54 ± 0.07

20.5

2.56 ± 0.36

The provided flexural modulus values are calculated from 3 point
bending tests of bulk epoxy samples (from the study in Chapter 3)
tested in a short-span beam configuration. The details can be found
in Appendix E.
The silica nanoparticles do not plasticize the epoxy matrix. The flexural modulus of the epoxy matrix is instead maintained or increased
with the addition of the nanosilica particles. In relation to Equation
(5) (back in Chapter 7), the observed laminate fracture energy increases are the result of increases in fracture toughness K1C, and not a
254

9.4. RESULTS AND DISCUSSION

lowering of the elastic modulus E (assuming flexural modulus ≈
Young’s modulus as defined in Equation (5)). In addition, the increase in K1C is also compensating for the minor increases in E
modulus.
Interlaminar spacing
In general, increasing the interlaminar spacing at the fracture plane
increases the delamination fracture energy. In effect, this reduces the
plastic zone constraint at the crack tip, allowing the epoxy matrix
toughness to further or fully develop. The hypothesis of unconstraining the plastic zone development is supported by low fiber
content resin rich laminates which are noted to exhibit higher interlaminar fracture energy than high fiber content laminates [2], and
woven reinforcements with resin rich interlaminar gaps that have
been observed to show an increase in interlaminar toughness [1].
It is noted for interleaving approaches [125, 126, 134] – where the
increase in delamination energy was in part attributed to increases in
the interlaminar spacing. Singh et al. [125] interleaved (same matrix)
resin film layers at the fracture plane in prepreg carbon fiber/epoxy
laminates and observed mode 1 increases up to 70% over the uninterleafed control laminates. They attributed the introduced 50 and
200μm thick inter-ply resin layers to the increase by relieving the
matrix plastic zone constraint at the crack tip. Similarly, Stevanovic
et al. [126] also found mode 1 and mode 2 interleaving increases for
glass fiber/vinyl-ester laminates toughened with vinyl-ester/ABS
blends. Varying the interlaminar spacing between 150-500μm, they
found mode 1 fracture energy increases to in part be a function of the
added inter-layer thickness. A correlation between interleaf thickness to observed mode 1 fracture toughness increases can also be
found in the earlier interleaving work of Ishai et al. [129], although
interestingly they did not focus or comment on this relationship.
Conversely, for the laminates evaluated in this study, the differences
in interlaminar (inter-ply) spacing between the different laminate
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cases are minimal. The cured laminate thicknesses were nominally
constant between the different laminates by means of the thickness
controlled closed mold manufacturing process (laminate thicknesses
are found in Table 9.2). In addition, the matrix conditions were applied equally at each interlaminar layer throughout the laminate. As
a result, the interlaminar spacing is nominally similar between each
of the different laminate configurations evaluated. Optical measurements found the interlaminar spacing between 50-175μm, depending
on location and ply nesting, with average interlaminar spacing of
100μm, 97μm, and 101μm for the untoughened, 25wt% SiO2 homogeneously distributed, and 25wt% SiO2 locally distributed (14wt%
average) laminates respectively. Any obtained fracture energy influences from possible increases in the interlaminar spacing can be disregarded. However, this effect might be interesting to apply in future
work to potentially further increase the delamination fracture
energy.
Benefits to localized toughening
As discussed, the approach and fundamental principle used in this
study for the local deposition of the nanosilica particles is different
from established interleaving approaches. The approach is also much
different from those nanosilica studies which had previously targeted selective toughening of the interphase interface between the fiber
and epoxy matrix [91, 127, 128]. In those studies, the objective was
toughening the interfacial area between fiber and matrix to prevent
debonding between the two by applying the nanosilica particles as a
sizing to the reinforcement fiber. In this study, an alternative approach closer to conventional matrix toughening is used. However,
further toughening optimization is directed at only toughening the
interlaminar regions within the laminate. Effectively, achieved by
employing two matrices within the laminate; one untoughened matrix inside the fiber tows, and one toughened matrix outside the fiber
tows in the interlaminar regions of the laminate. With the ability of
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doing so found to be positive, the prospect introduces several direct
benefits towards particle laminate toughening:






Firstly, it means that less toughening particles overall needs
to be added to the laminate. Potentially, this can have both
weight and cost savings.
Conversely, if the same given overall nanoparticle addition
is used, selective deposition of the nanoparticles only outside
of the fiber tows can increase the interlaminar delamination
resistance by effectively placing more toughener at the critical location.
Another beneficial outcome is a greater flexibility of toughener choice with regards to particle size. Using for example
the applied manufacturing method simulating a prepreg and
resin film process demonstrated here, filtration and fiber tow
penetration would no longer be a concern. This would expand prospective toughener choice to also include using
larger or agglomeration-prone particles that would otherwise be sensitive to filtering with infusion processes. For example, the preferential use of nanoalumina particles demonstrated previously in Chapter 3 and Chapter 6 to be more effective at toughening an epoxy than the nanosilica particles,
but which were found to have filtration concerns in Chapter
8.

9.5. Conclusions
In this study, a comparison between uni-directional (UD) carbon
fiber laminates with different nanosilica distributions in a highly
cross-linked high glass-transition temperature (Tg) amine cured
DGEBA epoxy matrix for interlaminar fracture toughness were
made. Laminates with nanosilica particles selectively located only in
the out-of-tow interlaminar regions were evaluated against laminates with the conventional practice of distributing toughener particles homogeneously throughout. The aim of the study was to deter257
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mine if nanoparticle toughener efficiency could be improved by selectively placing the particles only in the interlaminar region of the
laminate. For a given amount of nanosilica addition, moving all of
the nanoparticle deposition to the interlaminar regions would represent a greater concentration located where delamination fracture is
occurring. Local particle deposition was achieved using a modified
wet lay-up procedure. It was implemented as a laboratory-scale
‘proof of concept’ to replicate a prepreg lay-up process.
In Chapter 6, the toughness improvements with the nanosilica particles conventionally distributed homogeneously throughout the laminate (both inside and outside the fiber tows) were found to be on
par with other studies toughening with the same nanosilica particles
found in the literature. However, these toughness improvements are
overall modest, with significant additions of nanosilica required for
substantial fracture energy increases. The main objective of this
study was to test if the toughener efficiency could be improved by
selective local deposition of the nanosilica particles placed only outside of the fiber tows in the interlaminar regions of the laminate.
Testing the primary aim of this study, similar or improved toughening effects associated with locally placing the nanosilica tougheners
only in the interlaminar regions of the laminate were observed and
increases in the laminate fracture energy were obtained. The hypothesis that it is sufficient to apply the nanoparticle tougheners only in
the interlaminar region of the laminate is confirmed. Beneficially, the
modest interlaminar toughening effects of the nanosilica particles in
the high glass-transition temperature (Tg) epoxy matrix laminates
was maintained or improved with the local deposition of the particles. At the higher nanosilica particle concentrations, above 10wt%
overall for the matrix, greater improvements were found with the
local distribution strategy than with the same amount of nanosilica
tougheners distributed homogeneously throughout the laminate.
The obtained mode 1 interlaminar fracture energies of the local distribution cases indicate a link to the maximum toughener concentra258
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tion in the interlaminar regions, and not the overall content across in
the laminate matrix.
The results give indications towards further nanoparticle toughening
optimization by using controlled local toughener implementation for
only the interlaminar regions of a composite laminate. Such optimization offers a more effective use of the toughener material on a
mass and volume basis and offers potential cost savings and also
weight savings when using dense particles (e.g. alumina or silica
particles). Without the need of placement into the fiber tows, a greater flexibility in toughener choice is opened up to include the use of
physically larger or agglomerate prone particle tougheners without
concern for their inability to penetrate into the fiber tows. One practical method for out-of-tow toughener implementation is by a resin
film containing the toughening particles. Laminate implementation
by a resin film also removes the potential limits often placed on the
particle addition due to the associated resin viscosity increase and
the need to stay within the acceptable range required for LCM processing. Composite manufacturing routes well suited for selective
interlaminar toughening include resin film infusion, prepregging, or
hybrid LCM/resin film processes. Other alternative manufacturing
utilizing a selective interlaminar particle distribution may also be
developed.
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Conclusions
10.1. Summary
This thesis set out to explore and develop toughening strategies for
high glass-transition temperature (Tg) epoxy resins to be used in
fiber reinforced composites. The research sought epoxy toughening
solutions that would be appropriate for temperatures up to 220°C
while keeping composite processing in consideration. Through a
comprehensive set of experimental investigations, the research addressed two areas: 1) Toughening the epoxy system. 2) Processing of
the high Tg toughened epoxy for implementation into fiber reinforced composites.
Through a review of the literature (Chapter 2) and with considerations of processing robustness, hard inorganic nanoparticles were
identified as the most suitable prospective tougheners for high Tg
epoxy systems. This thesis examined nanoalumina (Al2O3) and nanosilica (SiO2) particles for use with an amine cured high Tg epoxy
system (Dow D.E.R. 330 cured with Air Products Ancamine 2167).
Evaluations were made for their ability to toughen the bulk epoxy on
its own (Chapter 3), and when the modified-epoxy is used as a matrix in fiber reinforced composites (Chapter 6). The ability of the nanoparticles to toughen the bulk epoxy was benchmarked against
existing soft toughener solutions (Chapter 4, current Dow products
which are not suitable for the high temperature targets sought in this
thesis). The combined simultaneous use of both the hard nanoparticles with the existing soft toughener solutions for potential synergistic hybrid toughening was then briefly explored (Chapter 5), but was
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abandoned after the initial evaluation did not provide any promising
results at toughening the bulk epoxy.
Several key processing aspects of implementing the nanoparticlemodified epoxy into fiber reinforced composites were considered.
The influence of the particle addition on the epoxy cure kinetics and
resin viscosity – material characteristics important to liquid composite molding (LCM) processing – were examined (Chapter 3). The
filtration sensitivity of the nanoparticles was examined (Chapter 8)
for in-plane and out-of-plane (through-thickness) resin flows which
are required for LCM processing. When filtration was present, the
effects of changes to common process variables and the resulting
particle distribution were looked at. Lastly, using an alternative processing route to improve the toughening effectiveness of the nanoparticles in composite applications with selective placement in the
laminate was explored (Chapter 9) by restricting the particles to only
the interlaminar regions of the laminate.
Comparison between the different epoxy tougheners
A complete comparison of the evaluated hard particle tougheners
and soft tougheners at toughening the high glass-transition temperature (Tg) amine cured D.E.R. 330 epoxy whilst considering LCM
procesability is made in Figure 10.1. The hybrid toughening combinations are left out of the comparison as none of the combinations
evaluated showed any toughening benefit.
The x-axis represents the relative change in the resin viscosity at
50°C, while the y-axis indicates the relative change in the cured
epoxy fracture toughness (K1C). The values are normalized with respect to the untoughened neat resin. Moving right along the x-axis
indicates a decrease in the resin viscosity, preferable for LCM processing. Conversely, moving left indicates a viscosity increase where
the resin is more difficult to process. For all of the tougheners examined, an increase in resin viscosity is observed. However, since this
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occurrence is unavoidable, the aim is to minimize the viscosity increase for the potential epoxy toughening that is achievable.

Relative K1C (% change) from neat resin

Better K1C
120

(5.0 vol%)
(10.1 vol%)
(4.2 vol%)

80

(8.5 vol%)
(7.2 vol%)
(12.0 vol%)

40
(2.5 vol%)

(4.3 vol%)

350

D.E.R. 330
Al2O3
SiO2
CSR
BCP

150

(2.8 vol%)

(1.2 vol%)

0
-50

Better
Rheology

-250

-450

-40
INCREASE IN PROCESSABILITY

DECREASE IN PROCESSABILITY

-80
-120
Relative Processability (% viscosity change) from neat resin

Figure 10.1. Epoxy fracture toughness increase vs. processability (viscosity change) for
Dow D.E.R 330 epoxy (amine cured with Air Products Ancamine 2167).

The extent of the associated viscosity increase varied between each of
the different tougheners. In general, the resin viscosity increased
with greater amounts of toughener added. The relative low viscosity
impact and change with addition of the BCP can be attributed to the
toughener being in a liquid state rather than a solid particle phase
during the resin flow stage – with the formation of its solid micelle
structures taking place later during the epoxy curing process.
Overall, the core-shell rubber (CSR) and block co-polymer (BCP) soft
tougheners provided the greatest toughening effect on the epoxy.
These existing Dow soft tougheners provided the most toughening
improvement with the least impact on the resin processability (viscosity increase). The hard inorganic nanoparticles toughened the
epoxy, but to a lower extent relative to the soft tougheners. Despite
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the lower toughening increase, the hard inorganic nanoparticles still
provided significant fracture tougheness. At temperatures above
180°C, the use of hard inorganic nanoparticles becomes the viable
choice due to their extended range of temperature stability.
Between the two hard inorganic nanoparticle types evaluated, the
nanoalumina particles were more effective than the nanosilica particles on both a per volume and mass addition basis at toughening the
research project epoxy system (Dow D.E.R. 330/Air Products Ancamine 2167 amine epoxy curing agent). The lower additions required are beneficial for LCM processing due to the associated viscosity increase with particle addition. The bulk epoxy toughening
improvements with the hard nanoparticles were transferred over to
the laminate when the toughened epoxy is used as a matrix in fiber
reinforced composites. Again, the nanoalumina particles were found
to be more effective.
Processing of the high Tg toughened epoxy
Shown in Chapter 3, the associated increase in the epoxy resin viscosity with the addition of nanoparticles is not the primary processing consideration for the Dow D.E.R. 330/Air Products Ancamine
2167 epoxy resin system studied in this thesis. A reasonable amount
of epoxy toughening was achievable while restricting the nanoalumina and the nanosilica addition to maintain LCM processability.
The bulk epoxy fracture toughness approaching 1MPa·m1/2 in the
case of nanoalumina addition (20.5wt%). For both particle types,
additions of up to 20.5wt% were able to be added whilst still being
LCM processable at 50°C or a few degrees higher. (20.5wt% nanosilica was just beyond the processing viscosity limit at 50°C and would
require an increase of a few degrees more). This permissible amount
will change for different epoxy systems depending on the viscosity
of the base epoxy resin/hardener combination, and processing temperature. Adjustment of the latter must balance between lowering
the resin viscosity and accelerating the epoxy reaction, which reduces the working time.
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In the evaluations performed in Chapter 8, the most significant LCM
processing consideration was found to be particle filtration, and
whether filtration was present. The sensitivity to particle filtration
was found to be particle type dependent. The evaluated commercially available nanosilica particles were absent of any micro-scale agglomerations and were found to essentially freely flow through the
laminate filtration free. In contrast, the evaluated nanoalumina particles, despite being nominally nano-scale, formed agglomerates 23µm in size and were observed to filter. Unfortunately, general processing changes were found to be limited in their ability to alter the
filtration outcome. The simplest workaround for avoiding filtration
is removing the need for the particles to be transported through the
laminate. This was demonstrated in Chapter 9 with the localized
toughening of only the interlaminar regions of the laminate. In addition to removing the potential for filtration, the positive results of the
localized interlaminar placement of the nanoparticles showed the
potential for further and more efficient laminate toughening by employing a localized selective toughening approach.
Realized at the laboratory level in thesis by treating the toughened
resin as a viscous paste applied in controlled and measured amounts
by hand, the use of an interlaminar resin film layer, consisting of the
toughened resin, is one method of how the local deposition of particle tougheners could be implemented in a scaled-up industrialized
process. Other processing routes that effectively deposit particles
directly where they need to be and that would mitigate filtration
concerns include prepregging, or applying the particles directly as a
sizing onto the reinforcement fiber. Additional benefits associated
with both localized toughening and the mentioned alternative processing routes include a greater flexibility in toughener choice (without a filtration concern), and a potential for greater particle toughener loadings (with the removal of the low resin viscosity limits required for LCM).
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10.2. Key Findings
Inherent for material based investigations and their complex phenomena of interactions involved, the results are specific to the particular material system evaluated. However, in general, the results
are expected to be transferable to other similar material systems.
The evaluations in this thesis were carried out on an epoxy resin
system with a Tg of 150°C. For a system with a higher Tg (e.g. above
200°C), epoxy toughening improvements are still expected, but the
obtainable toughness is expected to be lower. Correspondingly, there
will be an expected larger drop in improvement provided by the soft
tougheners. As a result, the application of the hard inorganic nanoparticles should in fact be even more favorable with the further reduced toughening gap to the currently used soft tougheners, increased temperature stability, and greater moduli (beneficial to
epoxy modulus).
The application of the toughened epoxy to different laminate materials such as different fiber types and tow packing may also result in
different realized toughness. Based on the literature (examples discussed in Chapter 6 and Chapter 7), the application of the nanoparticle toughened epoxy to both glass fiber and looser packed fiber
weaves are likely to see greater toughening increases.
Based on the specific material systems and test conditions carried out
in this thesis, are the following key findings.
Inorganic nanoparticles are suitable tougheners for high Tg epoxy
In Chapter 3, both the evaluated nanoalumina and nanosilica particles were shown to be suitable tougheners for a high Tg amine cured
epichlorohydrin bisphenol A (DGEBA) epoxy resin system. Neither
particle type had an effect on the reaction kinetics of epoxy system or
a negative effect on the final epoxy network formation, where the
final cured Tg of 150°C was maintained and in some cases marginally increased with the addition of either particle. The additions of
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both the nanoalumina and the nanosilica particles successfully increased the fracture toughness of the highly cross-linked epoxy system to a reasonable level. The fracture toughness increases were
obtained whilst keeping the particle additions suitably low (e.g.
20.5wt% or less in the bulk epoxy) in order to keep the resin viscosity
under 1000mPa·s and suitable for LCM processing.
For the bulk epoxy, the fracture toughness obtained with 20.5wt%
nanoalumina addition approached 1MPa·m1/2 (an increase of 40%
toughness from the untoughened epoxy) for the project Dow D.E.R.
330 epoxy system cured with Air Products Ancamine 2167, considered a significant threshold for a variety of applications. The fracture
toughness increases were not exclusive to this particular
epoxy/amine hardener combination. Improved results were observed when the epoxy was cured with an alternative high Tg amine
hardener (an experimental Dow amine, see Appendix C), where the
fracture toughness exceeded 1.3MPa·m1/2 for an increase of 130% in
toughness from the untoughened epoxy at a lower 6.5wt% of
nanoalumina addition.
Shown in Chapter 6, the nanoparticle toughening effect is vitally
translated when the toughened epoxy was employed as a matrix in
fiber reinforced composite laminates. Both the nanoalumina and the
nanosilica particles showed increased toughening effects when applied to uni-directional carbon fiber laminates, with increases in fracture energy for mode 1 delamination. Increases were found for both
the delamination initiation and propagation portion of the delamination process. The evaluation of various loadings of nanosilica particles showed the fracture energy to increase with increasing particle
content (for up to 30wt% tested).
The overall epoxy toughening improvements obtained with the inorganic nanoparticles are lower when compared to the existing Dow
core-shell rubber (CSR) and block co-polymer (BCP) soft tougheners
that were benchmarked in Chapter 4 of this thesis for the same
epoxy resin system. However, unlike the current line of Dow soft
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tougheners, the temperature stability of both the hard particle types
examined (and other available inorganic particle choices) is much
higher than the epoxy system itself, removing any temperature restrictions with using either hard nanoparticle. Additionally, the use
of inorganic nanoparticles has other complimentary benefits when
compared to the use of soft tougheners. For example, the Young’s
modulus and yield strength of an epoxy is well documented and
accepted to increase with increasing additions of hard inorganic
particles.
Differing toughening effectiveness with different nanoparticles
Between the two nano-scale particle types examined in Chapter 3,
both of which were nominally 20nm in diameter, the nanoalumina
particles were found to be more effective than the commercially
available nanosilica particles at toughening the high Tg epoxy. It is
hypothesized that the observed micro-scale agglomeration behavior
of the nanoalumina particles, introduces a beneficial additional
toughening mechanism during the epoxy fracture process. SEM images taken at the fracture plane suggest that the agglomerates split
apart during fracture, contributing to the fracture energy absorption.
The observation gives indication that the submicro-scale agglomeration of the particles themselves in the epoxy plays a role in the
toughening effectiveness observed for the nanoalumina particles.
This is one aspect not currently considered in the epoxy toughening
literature, and presents a further optimization direction.
No beneficial toughening effects found with hybrid toughening
The effectiveness of combining hard and soft tougheners together for
hybrid toughening is mixed in the literature. In the evaluations performed in Chapter 5 of this thesis, combinations of nanoalumina or
nanosilica hard tougheners used simultaneously with core-shell rubber or block co-polymer soft tougheners were examined. No beneficial toughening effects were found for the various combinations
examined. It was in fact found that the addition of the hard nanopar270
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ticle tougheners lowered the toughening effect of both CSR and BCP
soft tougheners compared to when being used on their own (Chapter
4). The fractography images provided by scanning electron microscopy (SEM) provide evidence that the main toughening mechanisms
for both the hard and the soft toughening constituents are not sufficiently developing. This was observed for every hybrid combination
evaluated.
This outcome highlights the complex toughening interactions required for effective hybrid toughening. To be effective, it is necessary
that the mechanisms of both tougheners fully develop, with neither
toughener hindering the development of the toughening mechanisms of the other. For the BCP hybrid combinations in particular,
the reduction in the epoxy fracture toughness was substantial. It is
hypothesized that the addition of the solid nanoparticles simultaneously with the BCP hindered the formation of the soft structure BCP
micelles responsible for the toughening effect with the BCP. There
was some evidence of this observed in the SEM fractography images.
Determining definitively if this is happening, and to what extent
requires specialized microscopy evaluation techniques. This was
discussed within the research project but was not performed. An
interesting and related point is that to date, there is a lack of published literature involving hybrid toughening with BCP as a toughener constituent. With the results obtained, it is perhaps not surprising.
Despite the use of nano-scale particles filtration can still occur
Despite the assumption that nano-scale particles do not filter due to
their small size, particle filtration can still occur as shown in the
evaluations in Chapter 8. It was found that it is not the nominal size
of the particles that is factor; instead, it is the effective particle size
from the agglomeration behavior of the particles in the epoxy that is
a critical factor. A lack of significant filtration with the commercially
available nanosilica particles, which remained free of forming microscale agglomerations, using standard LCM infusion processing was
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more a less confirmed. However, the evaluated nanoalumina particles which formed small micro-scale agglomerates around 2-3μm,
exhibited a deep filter behavior when processed by LCM. The microscale agglomerations were found to filter and behave similar to solid
particles of the same micro-scale size, not breaking apart during the
infusion process. Despite the micro-scale agglomerates being beneficial for epoxy fracture toughening, they have an undesirable impact
on LCM processing.
The deep filtration behavior was present for both the in-plane and
the through-thickness flow directions. Despite the shorter infusion
distance, the particle filtration was severe in the through-thickness
flow direction. However, with the laminate thickness being finite at
no more than a few millimeters, the filtration observed will remain
constant even with part size scale-up. Therefore, the throughthickness direction will be the preferable infusion direction for large
structures meters in length from a particle filtration standpoint.
Micro-scale particle filtration model is appropriate for nano-scale
particle filtration
A simplified filtration model based upon a previously developed
model for micro-scale particle filtration was applied in Chapter 8 and
shown to be valid for the filtration of the nano-scale particles for 1D
flow conditions. The model was able to suitably describe the distribution of the nano-scale particles, including particles exhibiting differing filtration characteristics. The application of the applied filtration model only required knowledge of the resin input and outlet
concentrations. With its input values relatively simple to obtain, it is
well suited for an industrial environment to give non-destructive
insight into nano-scale particle distribution post-infusion.
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Adjustments to common LCM process variables have little effect
on changing the particle filtration sensitivity
The evaluations in Chapter 8 showed that when after typical LCM
processing and particle filtration is present, adjustments to the common process variables of resin flow time, resin viscosity, and particle
concentration (within the dilute concentration range examined) have
little effect on alleviating the filtration sensitivity. Only changes to
the laminate fiber volume content were able to improve the particle
distribution by lessening the filtration severity. However, the overall
improvements with this adjustment were limited, with an uneven
particle distribution still existing but to a lesser degree of severity. If
filtration is present after LCM processing and even particle distribution is required, an alternative processing route is necessary.
Selective laminate toughening with only interlaminar particle
placement is sufficient
Selective toughening of the composite in only the interlaminar regions was performed in Chapter 9 and was found to be as effective,
if not more effective, at toughening the laminate compared to a homogeneous distribution of particle tougheners throughout the laminate. Selectively toughening only the interlaminar region of a laminate provides several potential advantages, including: a reduction in
particle usage (material costs and weight savings), or conversely the
ability to direct a greater proportion of the added toughener to the
delamination fracture region in the laminate. In the evaluations carried out in Chapter 6, laminate fracture energy was found to correspondingly increase with increasing particle content, a trend that
explains the results when the particle concentration was directed
locally.
From a composites processing perspective, the necessity to toughen
only the interlaminar regions of the laminate allows for a wider
range of prospective processing routes and provides a greater flexibility in toughener selection. The implementation of the selective
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particle placement in this thesis was achieved by using a modified
wet lay-up technique meant to represent a prepreg lay-up process at
the laboratory-scale; similar implementation can be made through a
variety of more industrial processing routes. Industrial processes
well suited for selective nanoparticle placement include resin film
infusion, prepregging, or fiber sizing which only needs to be applied
to the outer fiber-ply surface. In addition, these processes avoid any
filtration sensitivity concern, allowing the application of larger
toughener particles, or particles that are filtration sensitive.

10.3. Concluding Remarks
For toughening epoxies, there simply is no one single epoxy toughening solution that is optimal for all applications. The appropriate
toughener choice is dependent on many factors such as the epoxy
system Tg and other required epoxy properties (e.g. Young’s modulus, yield strength). The inorganic nanoparticles studied in this thesis
represent yet another toughener choice and were shown to be particularly suitable for epoxy toughening when given a high Tg restriction. The materials are a viable alternative to the more conventionally used soft epoxy tougheners, while adding the potential for
application at even higher temperatures.
The work in this thesis highlighted the effectiveness and some of the
considerations and further improvements that are possible for epoxy
toughening with inorganic nanoparticles. Although the overall
epoxy toughening ability is lower relative to the soft tougheners,
both the evaluated nanoalumina and nanosilica particles showed
their ability to effectively toughen a highly cross-linked epoxy system with a reasonable amount of toughening provided. Significantly,
unlike the existing soft tougheners, the nanoparticles have the temperature stability to meet the application temperature targets set out
in this thesis. The examination of the two different nanoparticle
types of the same nominal 20nm size showed that the particular par-
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ticle choice affects both the epoxy toughening, and also the processability of the epoxy resin for LCM processes.
One of the main aspects of this research was studying the appropriateness of using nanoparticles with LCM processing. Rising resin
viscosity with nanoparticle addition was not found to be a decisive
factor concerning their use. An adequate amount of epoxy toughening was still found to be achievable while restricting nanoparticle
addition at levels maintaining a LCM processable resin viscosity.
Instead, the prominent LCM processing concern was found to be the
nanoparticle filtration sensitivity. This was found to be particle type
dependent, with the evaluated nanoalumina particles found to be
filtration sensitive due to small micro-scale particle agglomerations,
while the commercialized nanosilica particles were found to be effectively filtration free. When particle filtration was present, normal
process adjustments made little improvement. As a result, LCM processing of nanoparticle toughened epoxy may be viable, but it will be
dependent on the particular particle type with the feasibility subject
to their filtration sensitivity. Otherwise, alternative composite processing routes may be necessary. Demonstrated in the manufacturing of the locally toughened laminates, a resin film or a prepreg and
resin film combination is an ideal alternative to both mitigate the
particle filtration issues while providing further potential to improve
the nanoparticle effectiveness with selective laminate placement and
toughening.
In conclusion, it is demonstrated that hard inorganic nanoparticles
such as nanoalumina and nanosilica are a suitable toughening choice
for high Tg epoxy. However, processing aspects remain a potential
drawback for the application of these toughened epoxies in composites. The suitability to be processed by LCM very much depends on
the particular particle type being used and whether filtration occurs.
This can be avoided altogether as mentioned through processing
alternatives such as prepreg or resin film based processing routes.
Demonstrating that further composite toughening improvement is
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possible through tailored processing of the nanoparticles, a modified
prepreg processing route to deposit locally the particles was used to
‘selectively toughen’ only the laminate interlaminar regions. This
tailored processing route improved the toughening efficiency of the
nanoparticles, further reducing the inherent toughening efficiency
gap to the benchmark soft epoxy tougheners. As a final remark, in
order to maximize the nanoparticle material performance, the research work emphasizes the importance that the epoxy development
work is done in close collaboration with the composite processing.

276

Chapter 11

Outlook
The work carried out in this thesis showed hard inorganic nanoparticles to be a viable solution for toughening high glass-transition
temperature (Tg) epoxy. These materials offer the potential for application at temperatures beyond those currently possible with the conventional soft epoxy tougheners. From the research, the following
potential areas for future investigation have been identified.
Hybrid toughening
Despite the lack of encouraging results with the hybrid toughening
evaluations carried out in this work, epoxy fracture toughness improvements involving hybrid toughening may still well be possible
with further refinement. The mixed variety of results in the literature, particularly with nano-scale tougheners, points to the complex
but poorly understood nature of the interacting toughening mechanisms in hybrid toughened epoxy systems.
One argument put forth in the literature [37] for the mixed results
observed in the various studies for hybrid toughening is due to the
sensitivity of the proportions of each toughener constituent used and
their respective physical sizes. In the simplest terms, this relates to
the physical spacing of the toughener phases within the epoxy where
they must not hinder one another, allowing for full development of
their respective toughening mechanisms. Achieving the optimum
spacing of the toughener phases is only obtained by specific and
appropriate amounts of each toughener constituent.
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Potentially, a toughening improvement may still be achievable with
further refinement of the ratio of each constituent to the epoxy. This
may still be possible for the core-shell rubber (CSR), but is unlikely
for the block co-polymer (BCP) soft constituent hybrid toughening
systems. In the evaluations carried out, it was hypothesized and that
the solid hard nanoparticle addition was preventing the required
physical BCP toughening structure from self-assembling in the
epoxy. Some evidence in the scanning electron microscopy (SEM)
fracture surface images supported this. In which case, the BCP
toughener is fundamentally not an appropriate constituent for any
combination hard/soft hybrid toughener systems.
Nanoparticle agglomeration behavior for improved toughening
and liquid composite molding (LCM) processing robustness
Micro-scale particle agglomeration behavior was found to have both
positive and negative effects in this research. Beneficially, the effectiveness of the nanoalumina particles was hypothesized to be in part
related to their micron-sized agglomerations splitting apart and the
additional fracture energy this required. Further work could be directed at studying specific methods to regulate and control nanoparticle agglomeration, and identifying the ideal agglomerate size considering particle-to-particle bond strength within the agglomerates
for maximizing the epoxy fracture energy benefit.
Conversely, the formation of particle agglomerates had a negative
impact on liquid composite molding (LCM) processing with particle
filtration. With common processing adjustments having minimal
effects on improving the nanoparticle filtration sensitivity, the next
logical adjustment to improve the processing robustness of nanoparticles in LCM processes is examining the particle agglomeration behavior itself. For the nanoalumina particles, their strong particle-toparticle behavior was responsible for both their agglomeration and
build-up leading to deep filtration behavior during the resin infusion
process. Future work could examine particle-to-particle surface in-
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teractions to identify under what conditions and to what extent agglomeration will take place.
Tailored composite processing routes
An industrial composite processing route that side steps the filtration concern is implementing the particle tougheners into a resin film
for resin film infusion (RFI). Research into implementing the nanoparticle tougheners into high Tg resin systems suitable for RFI is a
process route that should be explored further. Unlike conventional
LCM flow-based processing, were particle addition is limited by the
associated viscosity increase with particle content, a high resin viscosity is a conveniently a desired characteristic for resin films; removing particle addition restrictions governed by viscosity increase
limits. Further development of particle implementation with a resin
film processing route, or similar along those lines (processes benefitting from the inherent high viscosity of nanoparticle filled resins),
would be sensible. A toughened resin film would also complement
the promising results of the next topic.
Localized laminate toughening
In the present work, the strategic localized placement of the nanoparticle tougheners within the laminate was achieved through a
laboratory-scale representation of a prepreg process in combination
with a roughened resin film layer applied interlaminarly. The results
showed improvements for laminate toughening. Exploiting this finding with a tailored processing route is another area that can be further developed. Fundamentally, selective interlaminar toughening
strategy removes the need to address particle or agglomerate size
concerns, as the particles do not need to be deposited into the small
spacing within the laminate fiber tows. As already mentioned in this
thesis, some existing industrial examples for how this could be implemented are by prepreg processing, or the use of an interlaminar
resin film layer, consisting of the toughened resin. Future work
could entail further control in the local toughener deposition in the
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composite laminate (not necessarily restricted to the aforementioned
processes) while optimizing the toughener size with the removal of
size restrictions through mutual process development.
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Appendix A – Preliminary particle
toughener selection
Prior to the main evaluation of the nanoalumina and the nanosilica
particles for toughening the high glass-transition temperature (Tg)
epoxy resin in Chapter 3 this thesis, a preliminary particle toughener
selection was carried out. The selection of prospective tougheners
was based on a review of the literature for epoxy toughening techniques (Chapter 2). For temperatures above 200°C, hard inorganic
particles were identified as the most ideal prospective tougheners
because of their temperature stability.
For inorganic particle tougheners, state-of-the-art developments
have shifted towards the use of nano-scale particles. The move away
from micro-scale to nano-scale sized particles has been shown to be
much more effective at toughening epoxy per given volume addition
[34]. Table A.A.0.1 lists a selection of perspective particle tougheners
found in the literature. This preliminary selection looked at several
key material processing aspects pertinent to liquid composite molding (LCM).
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Table A.A.0.1. List of potential nanoparticle epoxy tougheners found in the literature.

Particle

Range of % particles added

Reference:

Al2O3

0.5-4.6vol%

[43], [33], [44]

SiO2

1-15vol%

[40], [41], [42]

0.3wt%

[39]

SWCNT

0.3-0.4vol%

[39], [32]

DWCNT

0.3-0.5wt%

[39]

MWCNT

0.1-0.3wt%

[39]

TiO2 (300nm)

0.5-8vol%

[33]

Carbon black

A.A: Materials
From the list of hard particles in Table A.A.0.1, nanoalumina, nanosilica and carbon nanofiber particles were identified as the most suitable for this research. They were selected due to their Tg and epoxy
toughening performance in the literature and also their availability
(both through ETH Zurich, and commercially). In the literature, nanosilica (SiO2) publications are the most numerous. Publications with
nanoalumina also exist, although they are in lower frequency compared to nanoslica. Wetzel et al., in a direct comparison between
alumina (Al2O3) and titanium dioxide (TiO2), showed nanoalumina
to be the more effective of the two. Carbon nanotubes are of interest
in the literature due to matrix enhancement properties at low weight
additions (e.g. 0.5wt% [39]). However, the noted agglomeration behavior for carbon nanotubes remains a main drawback when dispersed into a polymer matrix [135]. As a result, carbon nanofibers
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were selected for preliminary evaluation in place of carbon nanotubes due to their claimed improved dispersion behavior [136]. Carbon nanofibers are similar in structure to carbon nanotubes, however, larger in both diameter and length. Also, potentially beneficial
with regards to their length, the more elongated fiber geometry was
recommended by Mirjalili and Hubert to further aid in crack bridging during fracture, based on their results obtained with carbon
nanotubes [32].
Table A.A.0.2. Selected and evaluated nanoparticles in the preliminary processability
study.

Particle
Nanoalumina
(Sasol Ceralox HPA-0.5w/MgO)
Nanosilica
(Rhodia Trixosil 365)
Carbon nanofiber
(Pyrograf Products, Inc. PR.24.XT.LHT)

Size

300nm

50nm

Diameter 70-200nm
Length 50-200µm

Both the nanoalumina and nanosilica particles were nominally
spherical in shape, while the carbon nanofiber had a fibrous aspect
ratio with lengths and diameters ranging from 70-200nm in diameter, and 50-200µm in length. The particle sizes are listed in Table
A.A.0.2. None of the evaluated particles were pre-dispersed in a
liquid (either epoxy or another liquid medium), all were supplied in
dry powdered form and sourced from within ETH. Dispersion into
epoxy was done by direct introduction of the particles into the epoxy
(Part A only – no hardener) followed by mixing using a speed mixer
at 2500 rpm (SpeedMixer DAC 150.1 FV).
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The epoxy resin system used in this thesis was Dow D.E.R. 330. Unfortunately, the research work using the Dow resin was delayed
until the fall of 2012 due to the late shipment of resin to the laboratory at ETH Zurich. The preliminary selection work was performed
using another off the shelf commercial epoxy resin (Huntsman Araldite LY 564/Hardener XB 3486).
The three prospective particle tougheners were preliminarily characterized for their agglomeration behavior and their effect on the resin
viscosity (in the interest of LCM processing). Evaluation of the particle epoxy blends were made at various low particle loadings (0.5, 1,
2vol% respectively). These loadings represent the lower-end found
in the literature the amount of tougheners needed for toughening
effectiveness.

A.A: Experimental
Particle / resin dispersion
In this preliminary study, particle dispersion was done by direct
addition of the particles to the epoxy resin and mixed using a dual
asymmetric centrifugal laboratory speed mixer. This represents the
simplest dispersion method, but also potentially the worst dispersion state. Simple direct addition was done for simplicity as this preliminary study represented a first pass analysis. More advanced
dispersions available commercially are used in the studies found in
the body of the thesis.
Direct particle addition mixing procedure
The mixing process was done in two steps:
1) Large particle agglomerates were broken up by dry mixing
the particles for 2 minutes at 2500 rpm in the SpeedMixerTM
(SpeedMixer DAC 150.1 FV).
2) Epoxy resin was then added to the pulverized particles and
the two were mixed together at 2500 rpm for 3 minutes.
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Agglomeration characterization
One primary characteristic of importance for particle tougheners is
their dispersion in the epoxy resin, particularly for nanoparticles that
are well known from the literature to be sensitive to agglomeration.
The dispersion of the particles in the epoxy resin was examined by
through-light thin film microscopy.
Thin film samples were produced by placing a small drop of mixed
resin (no hardener) on a glass slide. A second glass slide was then
carefully placed on top compressing the droplet into a thin film specimen. The full process was described earlier in Chapter 3. The resolution for visibility using this technique was approximately 0.5µm. The
general agglomeration behavior of the particles in epoxy was examined. Agglomerates no larger than 50µm in size was set as a criteria
to be considered too large for processing. The criteria was set to represent the upper the limit of the available inter-tow spacing in a
composite laminate consisting of woven glass or carbon fiber at
around 50% fiber volume content. (It was later found in the thesis
research that agglomerates much smaller posed a significant filtration problem)
Viscosity
Resin viscosity measurements were made using a non-heated rheometer (Mettler Toledo Rheomat RM 180) with a cup and cone setup
(24mm diameter x 36mm length cone, and 26.03mm diameter cup).
The rheometer used here was much more rudimentary compared to
the rheometer used for the viscosity measurements in the body of the
thesis (at the Dow facilities in Horgen, Switzerland).
For LCM processing, the resin viscosity should be 1000mPa·s (1Pa·s)
or lower. However, the rheological properties of particle filled resin
systems are in part relative to the base resin viscosity in which the
particles are mixed into. As the Hunstman resin system used in the
preliminary study was not the project resin, the viscosity changes are
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evaluated in a more qualitatively manner with how the particles
additions compare to one another.

A.A: Results and Discussion
Agglomeration characterization
Thin-film micrographs for epoxy blends containing nanoalumina,
nanosilica, and carbon nanofiber are shown in Figure A.A.0.1, Figure
A.A.0.2 and Figure A.A.0.3 respectively.
b)

a)

c)

1vol%

0.5vol%

2vol%

Figure A.A.0.1. Thin-film through-light examination of nanoalumina particles (without dispersion techniques) mixed into epoxy resin. a) 0.5vol%, b) 1vol%, and c) 2vol%.

a)

c)

b)

0.5vol%

1vol%

2vol%

Figure A.A.0.2. Thin-film through-light examination of nanosilica particles (without
dispersion techniques) mixed into epoxy resin. a) 0.5vol%, b) 1vol%, and c) 2vol%.
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b)

a)

0.5vol%

c)

1vol%

2vol%

Figure A.A.0.3. Thin-film through-light examination of carbon nanofibers (without
dispersion techniques) mixed into epoxy resin. a) 0.5vol%, b) 1vol%, and c) 2vol%.
Note: through-light examination was no longer possible for image c) – instead dark
field optical imaging is used.

With regards to the observed agglomerate sizes, the nanoalumina
agglomerates were observed to be larger than agglomerations of
nanosilica. The large agglomerates shown in the 2vol% nanoalumina
sample were exceptional in size, and did not represent the most
common agglomerates present. The carbon nanofiber resin blends
were observed to form the largest agglomerations of the prospective
particles evaluated. At 2vol%, through-light analysis was no longer
possible for the carbon nanofiber blend (image is traditional dark
field optical imaging). The large size of these agglomerates (100µm)
poses a fiber filtration sensitivity for LCM processing.
For the dispersion behavior of both the nanoalumina and the nanosilica particles, the particles were visible, meaning that both types of
nanoparticles were experiencing extensive agglomeration (what is
visible). The dispersion of the formed agglomerates was relatively
even for both particle types. The dispersion of both particle types in
epoxy were improved in the follow-up work (Chapter 3), with a
switch to a commercially dispersed nanosilica/epoxy blend and a
custom dispersion nanoalumina/epoxy blend were used.
Viscosity effect
The viscosity results in Figure A.A.0.4 show that at low particle loadings, nanoalumina and nanosilica particle additions exhibited a minimal increase in viscosity over the base resin.
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Figure A.A.0.4. Viscosity effects of various particle loadings for the various nanoparticles examined. Tests performed at room temperature with Huntsman Araldite LY
564/Hardener XB 6486 epoxy resin. Error bars denote +/- one standard deviation.

For up to 2vol% (approximately 7wt%) of nanoalumina, there was no
statistical difference in the resin viscosity of the different loading
amounts. The nanosilica blend at 0.5vol% did not show a statistical
increase in the viscosity over the base resin. Nanosilica loadings of
1vol% and 2vol% (less than 5wt%) showed only a minor increase in
viscosity; both still within the LCM processability range (1000mPa·s).
For the carbon nanofiber additions, a dramatic non-linear increase in
viscosity was observed with increasing particle loadings (at relatively low volume content). Only the 0.5vol% carbon nanofiber blend
was suitable for LCM processing in terms of viscosity.

A.A: Conclusions
Based on the preliminary processing investigations, it was decided to
proceed with the evaluation of nanoalumina and nanosilica particles
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as prospective tougheners with the Dow epoxy resin system for the
remainder of the project research. Due to agglomeration observations of the particles with only mechanical mixing, it was jointly
decided with Dow to switch to pre-dispersed particles for the remainder of the research to improve the particle dispersion behavior.
Additionally, to remove the variable of size effects, nanoalumina and
nanosilica particles of the same 20nm nominal size were sourced.
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Appendix B – Rheological data
(D.E.R. 330/Air Products Ancamine 2167)
Briefly touched upon in the body of this thesis, resin rheology is
again discussed here for further completeness. Prior to the composite
processing studies in Chapter 8 and Chapter 9, a thorough rheological study was performed in order to determine the processing window of the epoxy resin. The study was necessary as the particular
rheological characteristics involving the specific combinations of
Dow D.E.R. 330 epoxy resin with the Air Products Ancamine 2167
amine hardener, and tougheners examined in this thesis are not
commercially existing combinations, and were unknown.
This section begins with a general overview of the rheology of mixtures, and is followed by a selection of results highlighting the general rheology characteristics of the epoxy system combinations and
the resulting processing implications. The latter half of the section
contains the complete results of the full rheological study.

A.B: Introduction
For liquid composite molding (LCM) processes, the resin’s processing window and in some cases its processing route is dictated by
its rheological properties.
The resin infusion into the fiber reinforcement preform can be described by Darcy’s Law:
𝑣 = 𝑢𝜀 = −

𝐾
∇𝑝
𝜂

(16)

where 𝑣 is the volume averaged fluid velocity, 𝐾 the permeability
tensor, 𝜂 the resin viscosity and 𝑝 the pressure in the fluid. 𝑢 is the
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averaged flow velocity in the pore space with porosity 𝜀. For practical explanation, the resin viscosity 𝜂 indicates how fast the resin can
infiltrate the porous space surrounding the fiber reinforcement. In
this thesis, 1000mPa·s is considered the upper viscosity limit considered for LCM processability. This is the viscosity threshold used
internally at Dow (Dow internal discussion). Beyond this viscosity
bound, resin infusion by LCM processing is considered impractical.
Background
Viscosity of mixtures
The viscosity of a two-component epoxy resin system is a function of
the mixing of the epoxy resin itself together with the curing agent
(hardener). The resulting viscosity of the mixture is referred to as the
resin mix viscosity. It should be pointed out that the mix viscosity
does not follow a pure rule of mixtures, and is therefore usually
measured. However, several semi-empirical estimation methods to
approximate the mix viscosity of liquid mixtures exist if the viscosities of the two liquid constituents are known.
Two popular methods in petroleum engineering to approximate the
resulting blended viscosity are the Gambill method, and Refutas
Equation. In this thesis, the viscosities were measured experimentally (the most common practice). However, both approximation equations are briefly shown here to highlight how the viscosities of each
liquid component and their proportion can affect the overall viscosity of the system.
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The Gambill method is defined as:
1/3

𝑣1/3 = 𝑥𝑎 𝑣𝑎

1/3

+ 𝑥𝑏 𝑣𝑏

(17)

where, viscosity 𝑣 is a function of the mass fraction 𝑥 of each liquid
constituent (a, and b).
Another estimation often referenced in petroleum processing is Refutas:
𝑉𝐵𝑁𝑚𝑖𝑥𝑡𝑢𝑟𝑒 − 10.975
𝑣𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝑒𝑥𝑝 (𝑒𝑥𝑝 (
)) − 0.8
14.534

(18)

where the viscosity 𝑣 is dependent on a viscosity blending number
(VBN), defined as:
𝑁

𝑉𝐵𝑁𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ 𝑥𝑖 𝑉𝐵𝑁𝑖

(19)

𝑖=0

with each constituent VBN calculated as:
𝑉𝐵𝑁𝑖 = 14.534𝑥 ln(ln(𝑣𝑖 + 0.8)) + 10.975

(20)

When adding epoxy tougheners as a liquid phase, this is a third
term.
In the case of solid tougheners being added, the resulting resin mixture can be treated like a slurry suspension. With suspensions, the
added solid contribution to viscosity is usually considered to follow
Einstein’s Law:
𝑢𝑠 = 𝑢𝑟 + 𝑢𝑙

(21)

where 𝑢𝑙 is the viscosity of the epoxy resin, and 𝑢𝑟 defined as:
𝑢𝑟 = 1 + 2.5 

(22)
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where

 is the fraction of solids. Here, a proportional linear increase

in resin viscosity is directly dependent on the volume of solids added.
All of these aforementioned estimations are for inert solutions, ignoring any temperature dependency and viscosity increases associated
with the curing reaction taking place with a thermoset epoxy resin.
Viscosity temperature dependency
Temperature is another major influence on the resin viscosity. Increasing the resin temperature inherently lowers the resin viscosity.
As a result, LCM processes are often carried out at an elevated isothermal temperature above room temperature in order to reduce the
resin viscosity to a relatively flow-able regime of around 100300mPa·s to facilitate infusion into the fiber preform. However, subjecting the epoxy resin to an elevated temperature also has an associated effect of accelerating the thermoset curing reaction where the
chemical cross-links in the polymer begin to form. This has the counter-effect of raising the resin viscosity until gelation is reached; at
which point the degree of the 3-D cross-linking network of covalent
bonds are formed to the extent that the molecular weight becomes
infinitely large and liquid motion is no longer possible [137].
Viscosity rate dependency
The viscosity of some fluids can also change with shear rate – known
as non-Newtonian fluids. Fluids whose viscosity is independent of
shear rate are considered to be Newtonian fluids. The various viscosity behaviors with shear rate are illustrated in Figure A.B.0.1.
Of the non-Newtonian fluid type behaviors, three subcategories exist; pseudoplastic (shear thinning), dilatant (shear thickening), and
plastic (solid behavior until a certain force is imposed when it will
begin to flow).
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Newtonian

Non-Newtonian

Shear Rate
Figure A.B.0.1. Generalized viscosity vs. shear rate behaviors for Newtonian and nonNewtonian fluid types.

Epoxy resins can exhibit all of the various illustrated shear rate dependent behaviors depending on factors such as the molecular
weight and other additions to the epoxy [138, 139] (including solid
particle addition).
For conventional LCM processes, the shear effect characterization is
generally not of high importance as the shear forces are generally
low due to the slow flow rate. However, shear effect characterization
was carried out for completeness as it may be relevant for manufacturing processes such as high-pressure RTM or adhesive injection
setups where high shear rates may be subjected on the resin.

A.B: Materials
The epoxy toughener formulations evaluated for their rheological
characteristics are listed in Table A.B.0.1.
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A.B: Experimental
Rheological characterization was carried out using a cone and plate
style heated rheometer (Physica MCR 301, with a 50mm cone diameter and a 1° angle set at 0.054mm gap). Approximately 7mL of the
mixed resin sample was placed directly into the rheometer for measurement. With the exception of the shear rate characterization sweep,
all the tests were performed at a constant shear rate of 20s-1. For
measurements where the epoxy reaction was taking place, to minimize the influence of reaction time and for sample to sample consistency, 15g of epoxy was mixed with the corresponding amount of
amine hardener immediately before each measurement.
Characterizing the epoxy system to determine its general processing
window, the following evaluations were performed:





Temperature sweeps
Isothermal temperature holds
Particle effects on viscosity
Shear rate effect

The epoxy blend formulations evaluated are shown in Table A.B.0.1
(shown on the following page).
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Table A.B.0.1. Epoxy resin formulations examined for their rheological characteristics.

Resin

Epoxy Hardener

Toughener

Base resin system
D.E.R. 330

Amine
(Air Products Ancamine 2167)

None

Hard toughener systems
D.E.R. 330

D.E.R. 330

Amine
(Air Products Ancamine 2167)
Amine
(Air Products Ancamine 2167)

Al2O3 various loadings

SiO2 various loadings

Soft toughener systems
D.E.R. 330

D.E.R. 330

Amine
(Air Products Ancamine 2167)
Amine
(Air Products Ancamine 2167)

CSR various loadings

BCP various loadings

Hybrid toughener systems
D.E.R. 330

D.E.R. 330

D.E.R. 330

D.E.R. 330

Amine
(Air Products Ancamine 2167)
Amine
(Air Products Ancamine 2167)
Amine
(Air Products Ancamine 2167)
Amine
(Air Products Ancamine 2167)

CSR / Al2O3 various
loadings
CSR / SiO2 various
loadings
BCP / Al2O3 various
loadings
BCP / SiO2 various
loadings
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The main aim of the characterization experiments was to identify the
ideal infusion temperature (providing a suitably low enough resin
viscosity for LCM processing), and the approximate working time of
the resin for given amounts of toughener additions. The working
time was defined as the time until the resin viscosity rises to the set
upper limit of 1000mPa·s of due to the epoxy cross-linking reaction.

A.B: Results and Discussion
Base resin viscosity
Temperature sweep
Characterizing the resin viscosity over a range of temperatures identifies several key temperature points. First is the temperature at
which the lowest viscosity is obtained, helping facilitate the resinfiber infusion. Second is the elevated temperature range at which the
epoxy cross-linking reaction accelerates and with it, the rapid associated rise in viscosity.
Regarding the epoxy reaction, a usual point of interest for thermosets is the time at which gelation is reached. However, given the
LCM processing considerations, the time to which a viscosity of
1000mPa·s is reached was instead considered the critical characterization point. This is the viscosity value used internally at Dow as the
upper limit at which LCM infusion is still considered possible.
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Figure A.B.0.2. Temperature sweep of D.E.R. 330 with amine curing agent (Air
Products Ancamine 2167) heated at 5°C/min.

At room temperature (25°C point not shown in Figure A.B.0.2), the
combined mix viscosity of the Dow D.E.R. 330/Air Products Ancamine 2167 resin system is upwards of 2000mPa·s and is not LCM
processable. Around 50°C, the resin viscosity begins to fall into the
desirable LCM processing range. The lowest point in the viscosity –
temperature profile occurs somewhere between 70-90°C. A rapid
reaction rate and the associated increase in viscosity are observed to
occur at temperatures above 90°C. Balancing between a suitably low
viscosity and reaction time, the ideal infusion temperature is somewhere before this point.
Isothermal temperature holds
To gauge a range of possible injection temperatures, the initial resin
viscosity and approximate working time to the defined viscosity
limit of 1000mPa·s were characterized over a series of isothermal
hold temperatures between 40-60°C.
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Figure A.B.0.3. Viscosity vs. time for D.E.R. 330/amine curing agent (Air Products
Ancamine 2167) isothermal holds at 40°C, 45°C, 50°C, and 60°C.

Isothermal temperature holds at 40°C, 45°C, 50°C, and 60°C show
two expected effects with increasing temperature: 1) a lower initial
viscosity, and 2) an accelerated reaction rate, indicated by a more
aggressive increase in the resin viscosity. A crucial observation is
that between the temperatures of 40-50°C, there is little difference in
the effective working time (until a viscosity of 1000mPa·s is reached).
However, a substantial difference within this temperature range is
the lower initial viscosity at the higher end of this temperature spectrum. Weighing these two occurrences, the practical infusion temperature of the Dow D.E.R. 330/Air Products Ancamine 2167 system
is around 50°C in order to leverage the lower initial viscosity. This
was verified with infusion experiments performed at 40°C and 50°C
where the higher temperature resulted in longer injection distances.
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Effect of toughener addition on viscosity
Table A.B.0.2, Table A.B.0.3, and Table A.B.0.4 examine the effects of
adding the various epoxy tougheners evaluated in this thesis to the
viscosity of the Dow D.E.R. 330 epoxy resin system. The tables show
the viscosities at an isothermal hold temperature of 45°C. In order to
remove any reaction influence on the measurement, no epoxy curing
agent was added.
Table A.B.0.2. Viscosity of D.E.R. 330 (without hardener curing agent) at an isothermal
temperature of 45°C.

Formulation

D.E.R. 330

Viscosity
(mPa·s)
614

Table A.B.0.3. Viscosity of various formulations of D.E.R. 330 (without curing agent)
and hard particle toughener addition at an isothermal temperature of 45°C.

Formulation

Viscosity
(mPa·s)

Al2O3 5wt% (no hardener)

693

Al2O3 10wt% (no hardener)

796

Al2O3 25wt% (no hardener)

1176

SiO2 5wt% (no hardener)

794

SiO2 10wt% (no hardener)

976

SiO2 25wt% (no hardener)

1879
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Table A.B.0.4. Viscosity of various formulations of D.E.R. 330 (without curing agent)
and soft toughener addition at an isothermal temperature of 45°C.

Formulation

Viscosity
(mPa·s)

BCP 5wt% (no hardener)

719

BCP 10wt% (no hardener)

770

CSR 5wt% (no hardener)

1123

CSR 10wt% (no hardener)

2133

Table A.B.0.5. Viscosity of various formulations of D.E.R. 330 (without curing agent)
and hybrid toughener addition (mix of hard and soft toughener) at an isothermal
temperature of 45°C.

Formulation

Viscosity
(mPa·s)

BCP/Al2O3 2.5wt%/2.5wt% (no hardener)

743

BCP/Al2O3 5wt%/5wt% (no hardener)

807

BCP/SiO2 2.5wt%/2.5wt% (no hardener)

889

BCP/SiO2 5wt%/5wt% (no hardener)

1252

Continues onto next page
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Table A.B.0.5 continued.

CSR/Al2O3 2.5wt%/2.5wt% (no hardener)

904

CSR/Al2O3 5wt%/5wt% (no hardener)

1292

CSR/SiO2 2.5wt%/2.5wt% (no hardener)

932

CSR/SiO2 5wt%/5wt% (no hardener)

1403

It should be commented that with no epoxy hardener added, the
viscosities in Table A.B.0.2, Table A.B.0.3, and Table A.B.0.4 are
higher than those shown previously examining the reactive epoxy
resin system. The addition of the Air Products Ancamine 2167 curing
agent (lower viscosity than the epoxy) to Dow D.E.R. 330 lowers the
overall mix viscosity.
In all of the cases, the addition of tougheners increases the resin viscosity. The smallest increase in viscosity is observed with the liquid
block co-polymer (BCP) addition, only slightly higher viscosity than
the D.E.R. 330 epoxy itself. The BCP only forms its solid micelle
structure responsible for toughening during the epoxy cure cycle.
The result is only a minor increase in overall epoxy resin viscosity
during processing.
Conversely, the rise in resin viscosity with the solid particle toughener additions is higher than that observed with the liquid BCP
toughener addition. As discussed earlier in Chapter 3, the associated
rise in viscosity with solid particle additions of nanoalumina and
nanosilica were found to be higher than that predicted by Einstein’s
Law (Equation (21)).
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Figure A.B.0.4. Initial mix viscosity for nanoalumina and nanosilica particle/epoxy
(D.E.R. 330 with Ancamine 2167) blends vs. particle content (volume %) at 50°C. Note:
figure is viscosity with hardener addition; initial mix viscosity plotted assuming
minimal reaction contribution to viscosity. A similar figure was shown earlier in
Figure 3.9.

The viscosity increase is greater than predicted by Einstein’s Law
(linear increase prediction) and is also observed for other nanoparticle fluids in the literature [72, 76]. Not enough data points were collected to determine if this is also the case with the core-shell rubber
(CSR), which have an average sub-micron size between 200-300nm
[79].
When considering the reactive resin case (when the curing agent is
added), the effective outcome of the toughener addition is a further
reduction in working time. This is demonstrated in Figure A.B.0.5
(similar to the example shown earlier in Figure 3.7, which was instead plotted as log-scale viscosity vs. time).
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Figure A.B.0.5. Viscosity vs. time for various loadings of nanoalumina with D.E.R.
330/amine curing agent (Air Products Ancamine 2167) at an isothermal temperature of
50°C. Similar figure shown earlier in Figure 3.7.

The viscosity behaviors for all of the examined toughener/epoxy
formulations in this thesis, including other isothermal temperatures,
are found at the end of this appendix section.
In general, the processing penalty with toughener addition can be
summarized as:

↑

Toughener Content

=

↑

Resin Viscosity

↑

Viscosity

=

↓

Working Time (until
viscosity limit)

This processing penalty must be taken into consideration when considering the amount of toughener that can be added to the epoxy
resin system. With the particular resin system investigated in this
323

APPENDIX B – RHEOLOGICAL DATA

thesis (Dow D.E.R. 330 cured with Air Products Ancamine 2167
amine curing agent), the viscosity and the resulting working time of
the resin effectively limits the potential amount of toughener that can
be added if LCM manufacturing processes are to be used.
Effect of shear rate on viscosity
The viscosity of some fluids change with the imposed shear rate
(non-Newtonian fluids). Some polymer fluids likes epoxy resins can
show a viscosity reduction, or thinning, when subjected to high
shearing rates. Carbon nanotube epoxy formulations for example,
have been observed to show a strong shear thinning behavior [47].
Shear rate sweeps were carried out on the various hard nanoparticle/epoxy resin formulations, and the results are shown in Figure
A.B.0.6. The shear rate sweeps for the other epoxy formulations examined (soft tougheners and hybrid hard/soft toughener combinations) are shown later.
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Figure A.B.0.6. Shear rate dependency of hard particle epoxy formulations. Various
formulations of nanoalumina and nanosilica with D.E.R. 330 (without curing agent to
remove reaction effects).

For the D.E.R. 330 epoxy resin on its own, the viscosity thinning effect is minimal. The formulations with hard nanoparticle addition on
the other hand show a greater extent of viscosity thinning when subjected to increasing shear rate. The effect of thinning is observed to
be greater for higher particle content. The high viscosity blend of
25wt% nanosilica and epoxy formulation saw over a 20% viscosity
drop when shear rates exceed 200s-1. However, it should be pointed
out that such high shear rates are not present in typical LCM processing, where shear rates are generally low (e.g. 10-20s-1).
When the shearing forces are removed and the resin is left to sit undisturbed over time (e.g. minutes), either all or only a portion of the
initial viscosity is recovered. In the latter case, large amounts of shear
may permanently thin the resin to some extent – a permanent thinning of the fluid. In relation to LCM processing, permanent viscosity
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thinning may be possible by first subjecting the resin formulation to
high shear rates (e.g. implemented via an impeller or other means).
Despite the observation of shear thinning effects, and the potential
for this to be exploited, the extent of recovery for the epoxy formulations in this thesis was not examined further.

A.B: General conclusions
The initial mix viscosity of Dow D.E.R. 330 with the Air Products
Ancamine 2167 curing agent is too high to process by LCM techniques at room temperature. Heated infusion is required in order to
lower the viscosity low enough (around 300mPa·s) to facilitate fiber
infusion within a reasonable working time. However, at elevated
temperatures, the epoxy reaction occurs quickly and the practical
working time at a LCM suitable viscosity of less than 300mPa·s is
quite short. At a temperature range around 40°C-50°C, this equates
to about 20 minutes.
The addition of the particle tougheners to the epoxy resin system
undesirably further increases the resin viscosity. As the epoxy fracture toughness increases with increasing toughener addition (referring back to Chapter 3, Figure 3.10), the epoxy resin processability
decreases. The viscosity and available working time limits the
amount of toughener that can be added. The amount of toughener
addition is very much dependent on the epoxy resin system and
hardener curing agent combination being used. In the case of the
relatively high initial mix viscosity of the Dow D.E.R. 330 epoxy resin and Air Products Ancamine 2167 curing agent used in this thesis,
the viscosity limit for LCM processing restricts the potential amount
of toughener that can be added.
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A.B: Full rheology test matrix
Table A.B.0.6. Rheology test matrix for D.E.R. 330 with amine hardener (Air Products
Ancamine 2167) and various toughener formulations.
Epoxy
Only

With Hardener

Isothermal

D.E.R.
330 only

Al2O3

SiO2

BCP

Isothermal

Temp.
sweep

Shear
rate
sweep

wt%
toughener
in epoxy
(wt% with
hardener)

45°C

40°C

45°C

50°C

60°C

35110°C

45°C

0wt%
(0wt%)















5wt%
(3.9%)
10wt%
(7.9wt%)
25wt%
(20.5wt%)
5wt%
(3.9wt%)
10wt%
(7.9wt%)
25wt%
(20.5wt%)
5wt%
(3.9wt%)
10wt%
(7.9wt%)
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Table A.B.0.6 continued.
Epoxy
Only

With Hardener

Isothermal

CSR

BCP/
Al2O3
BCP/
SiO2
CSR/
Al2O3
CSR/
SiO2
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5wt%
(3.9wt%)
10wt%
(7.9wt%)
2.5wt% ea.
(1.95wt% ea.)
5wt% ea.
(3.9wt% ea.)
2.5wt% ea.
(1.95wt% ea.)
5wt% ea.
(3.9wt% ea.)
2.5wt% ea.
(1.95wt% ea.)
5wt% ea.
(3.9wt% ea.)
2.5wt% ea.
(1.95wt% ea.)
5wt% ea.
(3.9wt% ea.)

Isothermal

Temp.
sweep

Shear
rate
sweep

























































































































A.B: FULL RHEOLOGICAL EXPERIMENTAL DATA

A.B: Full rheological experimental data
Base resin
No Hardener – D.E.R. 330 only, isothermal (45°C)
Formulation

Viscosity
(mPa·s)

D.E.R. 330

614

Hardener Reaction – D.E.R. 330/Air Products Ancamine 2167 (amine)
Temperature Sweep (5°C /min)
1400

Viscosity (mPa·s)

1200
1000
800

600

Base Resin (D.E.R. 330)

400
200

0
30

50
70
90
Temperature (°C)

110

Figure A.B.0.7. Temperature sweep of D.E.R. 330/amine curing agent (Air Products
Ancamine 2167) heated at 5°C/min.
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Isothermal Holds: 40°C, 45°C, 50°C, 60°C
1200

Viscosity (mPa·s)

1000
800
D.E.R. 330 40C

600

D.E.R. 330 45C

D.E.R. 330 50C

400

D.E.R. 330 60C

200

0
0

10

20

30

Time (min)
Figure A.B.0.8. Viscosity vs. time for D.E.R. 330/amine curing agent (Air Products
Ancamine 2167) isothermal holds at 40°C, 45°C, 50°C, and 60°C.
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No Hardener – D.E.R. 330 and tougheners only
Shear dependency (hard tougheners)
2000

Viscosity (mPa·s)

1800
1600
Base Resin (D.E.R. 330)

1400

Al2O3 5wt%
Al2O3 10wt%

1200

Al2O3 25wt%
SiO2 5wt%

1000

SiO2 10wt%
SiO2 25wt%

800

600
0

100
200
Shear Rate (1/s)

300

Figure A.B.0.9. Hard tougheners / epoxy formulations (no hardener, non-reacting)
shear rate sweep at 45°C.
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Shear dependency (soft tougheners)
2400
2200

Viscosity (mPa·s)

2000
1800
1600

Base Resin (D.E.R. 330)
BCP 5wt%

1400

BCP 10wt%

1200

CSR 5wt%
CSR 10wt%

1000
800

600
0

100
200
Shear Rate (1/s)

300

Figure A.B.0.10. Soft toughener / epoxy formulations (no hardener, non-reacting)
shear rate sweep at 45°C.
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Shear dependency (hybrid toughener blends)
1800

Viscosity (mPa·s)

1600
Base Resin (D.E.R. 330)

1400

BCP/Al2O3 2.5wt%/2.5wt%
BCP/Al2O3 5wt%/5wt%

1200

BCP/SiO2 2.5wt%/2.5wt%
BCP/SiO2 5wt/5wt%

1000

CSR/Al2O3 2.5wt%/2.5wt%
CSR/Al2O3 5wt%/5wt%
CSR/SiO2 2.5wt%/2.5wt%

800

CSR/SiO2 5wt%/5wt%

600
0

100
200
Shear Rate (1/s)

300

Figure A.B.0.11. Hybrid toughener / epoxy formulations (no hardener, non-reacting)
shear rate sweep at 45°C.
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Isothermal Temperature Hold (45°C)
Hard Tougheners (no hardener)
Formulation

Viscosity
(mPa·s)

Al2O3 5wt% (no hardener)

693

Al2O3 10wt% (no hardener)

796

Al2O3 25wt% (no hardener)

1176

SiO2 5wt% (no hardener)

794

SiO2 10wt% (no hardener)

976

SiO2 25wt% (no hardener)

1879

Soft Tougheners (no hardener)
Formulation

Viscosity
(mPa·s)

BCP 5wt% (no hardener)

719

BCP 10wt% (no hardener)

770

CSR 5wt% (no hardener)

1123

CSR 10wt% (no hardener)

2133
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Hybrid Blends (hard/soft tougheners) (no hardener)
Formulation

Viscosity
(mPa·s)

BCP/Al2O3 2.5wt%/2.5wt% (no hardener)

743

BCP/Al2O3 5wt%/5wt% (no hardener)

807

BCP/SiO2 2.5wt%/2.5wt% (no hardener)

889

BCP/SiO2 5wt%/5wt% (no hardener)

1252

CSR/Al2O3 2.5wt%/2.5wt% (no hardener)

904

CSR/Al2O3 5wt%/5wt% (no hardener)

1292

CSR/SiO2 2.5wt%/2.5wt% (no hardener)

932

CSR/SiO2 5wt%/5wt% (no hardener)

1403
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Hardener Reaction – D.E.R. 330/Air Products Ancamine 2167
(amine)
Temperature Sweep (5°C /min)
Hard Tougheners
4500
4000

Viscosity (mPa·s)

3500
3000

Base Resin (D.E.R. 330)

2500

Al2O3 3.9wt%
Al2O3 7.9wt%

2000

Al2O3 20.5wt%

1500

SiO2 3.9wt%
SiO2 7.9wt%

1000

SiO2 20.5wt%

500

0
30

50

70
90
110
Temperature (°C)

130

Figure A.B.0.12. Temperature sweep of D.E.R. 330/amine curing agent (Air Products
Ancamine 2167) and hard toughener formulations heated at 5°C/min.
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Soft Tougheners
1800
1600

Viscosity (mPa·s)

1400
1200
1000

D.E.R. 330
CSR 3.9wt%

800

CSR 7.9wt%

600

BCP 3.9wt%
BCP 7.9wt%

400
200

0
0

20

40
60
80
Temperature (°C)

100

120

Figure A.B.0.13. Temperature sweep of D.E.R. 330/amine curing agent (Air Products
Ancamine 2167) and soft toughener formulations heated at 5°C/min.
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Hybrid Blends (hard/soft tougheners)
2000
1800

Viscosity (mPa·s)

1600
1400

D.E.R. 330

1200

BCP 1.95wt%/Al2O3 1.95wt%
BCP 3.9wt%/Al2O3 3.9wt%

1000

BCP 1.95wt%/SiO2 1.95wt%

800

BCP 3.9wt%/SiO2 3.9wt%

600

CSR 1.95wt%/Al2O3 1.95wt%
CSR 3.9wt%/Al2O3 3.9wt%

400

CSR 1.95wt%/SiO2 1.95wt%

200

CSR 3.9wt%/SiO2 3.9wt%

0
0

50
100
Temperature (°C)

Figure A.B.0.14. Temperature sweep of D.E.R. 330/amine curing agent (Air Products
Ancamine 2167) and hybrid formulations heated at 5°C/min.
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Isothermal Holds
40°C Hard Tougheners
4000

Viscosity (mPa·s)

3500
3000
2500

D.E.R. 330
Al2O3 3.9wt%

2000

Al2O3 7.9wt%

1500

Al2O3 20.5wt%

1000

SiO2 7.9wt%

SiO2 3.9wt%
SiO2 20.5wt%

500

0
0

10

20

30

Time (min)
Figure A.B.0.15. Viscosity vs. time during isothermal hold at 40°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and hard toughener formulations.

339

APPENDIX B – RHEOLOGICAL DATA

40°C Soft Tougheners
1600

Viscosity (mPa·s)

1400
1200
1000
D.E.R. 330

800

BCP 3.9wt%

600

BCP 7.9wt%

400

CSR 7.9wt%

CSR 3.9wt%

200

0
0

5

10

15
20
Time (min)

25

30

Figure A.B.0.16. Viscosity vs. time during isothermal hold at 40°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and soft toughener formulations.
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40°C Hybrid Blends (hard/soft tougheners)
1400

Viscosity (mPa·s)

1200
1000

D.E.R. 330
BCP 1.95wt% / Al2O3 1.95wt%
BCP 3.9wt% / Al2O3 3.9wt%
BCP 1.95wt / SiO2 1.95wt%
BCP 3.9wt% / SiO2 3.9wt%
CSR 1.95wt%/Al2O3 1.95wt%
CSR 3.9wt%/Al2O3 3.9wt%
CSR 1.95wt%/SiO2 1.95wt%
CSR 3.9wt%/SiO2 3.9wt%

800

600
400
200

0
0

10
20
Time (min)

30

Figure A.B.0.17. Viscosity vs. time during isothermal hold at 40°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and hybrid toughener formulations.
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45°C Hard Tougheners
3500

Viscosity (mPa·s)

3000
2500
D.E.R. 330

2000

Al2O3 3.9wt%
Al2O3 7.9wt%

1500

Al2O3 20.5wt%
SiO2 3.9wt%

1000

SiO2 7.9wt%
SiO2 20.5wt%

500

0
0

10

20

30

Time (min)
Figure A.B.0.18. Viscosity vs. time during isothermal hold at 45°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and hard toughener formulations.
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45°C Soft Tougheners
1400

Viscosity (mPa·s)

1200
1000
800

D.E.R. 330
BCP 3.9wt%

600

BCP 7.9wt%
CSR 3.9wt%

400

CSR 7.9wt%

200

0
0

10

20
Time (min)

30

40

Figure A.B.0.19. Viscosity vs. time during isothermal hold at 45°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and soft toughener formulations.
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45°C Hybrid Blends (hard/soft tougheners)
1400

Viscosity (mPa·s)

1200

D.E.R. 330

1000

BCP 1.95wt% / Al2O3 1.95wt%
BCP 3.9wt% /Al2O3 3.9wt%

800

BCP 1.95wt%/SiO2 1.95wt%
BCP 3.9wt% / SiO2 3.9wt%

600

CSR 1.95wt%/Al2O3 1.95wt%

CSR 3.9wt%/Al2O3 3.9wt%

400

CSR 1.95wt%/SiO2 1.95wt%

200

CSR 3.9wt%/SiO2 3.9wt%

0
0

10

20
30
Time (min)

40

Figure A.B.0.20. Viscosity vs. time during isothermal hold at 45°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and hybrid toughener formulations.
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50°C Hard Tougheners
3000

Viscosity (mPa·s)

2500
2000

D.E.R. 330
Al2O3 3.9wt%

1500

Al2O3 7.9wt%
Al2O3 20.5wt%

1000

SiO2 3.9wt%
SiO2 7.9wt%
SiO2 20.5wt%

500

0
0

10

20

30

Time (min)
Figure A.B.0.21. Viscosity vs. time during isothermal hold at 50°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and hard toughener formulations.
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50°C Soft Tougheners
1400

Viscosity (mPa·s)

1200
1000
800

D.E.R. 330
BCP 3.9wt%

600

BCP 7.9wt%
CSR 3.9wt%

400

CSR 7.9wt%

200

0
0

10

20
Time (min)

30

40

Figure A.B.0.22. Viscosity vs. time during isothermal hold at 50°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and soft toughener formulations.
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50°C Hybrid Blends (hard/soft tougheners)
1600

Viscosity (mPa·s)

1400
1200

D.E.R. 330
BCP 1.95wt% / Al2O3 1.95wt%

1000

BCP 3.9wt% / Al2O3 3.9wt%

800

BCP 1.95wt% / SiO2 1.95wt%

600

CSR 1.95wt%/Al2O3 1.95wt%

BCP 3.9wt% / SiO2 3.9wt%
CSR 3.9wt%/Al2O3 3.9wt%

400

CSR 1.95wt%/SiO2 1.95wt%
CSR 3.9wt%/SiO2 3.9wt%

200

0
0

10

20
Time (min)

30

40

Figure A.B.0.23. Viscosity vs. time during isothermal hold at 50°C. D.E.R. 330 (with
amine curing agent Air Products Ancamine 2167) and hybrid toughener formulations.
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Appendix C – D.E.R. 330 cured with
Dow amine hardener
A.C: Introduction
To confirm the effectiveness of the nanoalumina particles for toughening of a high glass-transition temperature (Tg) D.E.R. 330/amine
cured epoxy system, a reduced test plan was carried out on a second
high Tg amine hardener. Resin characterization was carried out for
selected particle loadings (see Table A.C.0.1) on the untoughened
D.E.R. 330, and blends of 5wt% (without hardener addition), 10wt%
(without hardener addition), and 25wt% (without hardener addition)
of nanoalumina and D.E.R. 330. As the stoichiometric ratio of hardener was lower for the Dow amine (32g/eq), the appropriate amine
hardener addition resulted in 4.3wt%, 8.6wt%, and 22.1wt% of
nanoalumina respectively.
Characterization performed:





DSC analysis of glass-transition temperature (Tg) to ensure
a similar Tg as obtained with the Air Products Ancamine
2167 hardener
Heated viscosity measurements to characterize the
processing viscosity
Fracture toughness testing to determine if the nanoalumina
particle was still effective at toughening with a different
amine hardener
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Table A.C.0.1. Test matrix for select characterization of Dow D.E.R. 330 with
experimental Dow amine hardener (Exp-S2-H0.00).

Characterization
Formulation
DSC (Tg)

Heated viscosity

D.E.R. 330/Dow Amine

Evaluated

Evaluated

4.3wt% Al2O3

Evaluated

-

8.6wt% Al2O3

-

Evaluated

22.1wt% Al2O3

Evaluated

-

A.C: Results and Discussion
Glass-transition temperature (Tg)
The results of the glass-transition temperature (Tg) determined by
differential scanning calorimetry (DSC) for Dow D.E.R. 330 and the
experimental Dow amine hardener is found in Table A.C.0.2. DSC
analysis was carried out at the Dow facilities in Freienbach on a different machine than used in the previous toughener resin studies. Tg
was determined from the inflection point method.
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Table A.C.0.2. Glass-transition temperature (Tg) of Dow D.E.R. 330 epoxy cured with
Dow amine (Exp-S2-H0.00) and nanoalumina formulations measured by DSC.

Formulation

Tg
(°C)

D.E.R. 330/Dow Amine

170

4.3wt% Al2O3

164

22.1wt% Al2O3

171

The Tg was found to be approximately 15°C higher than the previous study with Dow D.E.R. 330 in combination with the Air Products
Ancamine 2167 amine hardener.
Viscosity behavior
Due to the inherent lower viscosity of the Dow amine hardener, the
mix viscosity of D.E.R. 330 with the Dow amine hardener (e.g. at
room temperature) is expected to be lower than that of D.E.R. 330
with the Air Products amine hardener (Ancamine 2167). To allow for
an approximate match between the resin infusion temperature with
the Dow amine hardener and that of the studies involving the Air
Products Ancamine 2167, isothermal holds at 40°C were performed
(intended to be close to the 50°C values with the Air Products hardener epoxy blends).
A 10wt% blend (without hardener) was evaluated. The stoichiometric difference with the hardener, this resulted in a slightly higher
weight content of nanoalumina than studied earlier with the Air
Products hardener. The behavior of untoughened D.E.R. 330 and a
8.6wt% nanoalumina blend with the Dow hardener at 40°C is shown
in Figure A.C.0.1.
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Log-Scale Viscosity (mPa·s)

10000

Defined Infusion Limit

1000

D.E.R. 330
Al2O3 8.6wt% (2.8vol%)

100
0

20

40
Time (min)

60

80

Figure A.C.0.1. Viscosity vs. time for D.E.R. 330/amine (Dow amine hardener
Exp-S2-H0.00) and 8.6wt% Al2O3 formulation at an isothermal temperature of 40°C.

At an isothermal hold temperature of 40°C, the 8.6wt% nanoalumina
formulation displayed an initial viscosity of 310mPa·s. This is close
to the viscosity of the 7.9wt% nanoalumina formulation with the Air
Products hardener (290mPa·s) obtained at 50°C. However, with approximately the same starting viscosity, the working time to 1Pa·s
increased from approximately 20 minutes (Air Products amine) to 50
minutes (Dow amine).
Fracture Toughness
Verifying the nanoalumina addition toughened the D.E.R. 330 epoxy
cured with the Dow amine hardener, a series of resin plaques were
produced for the neat resin, and at 6.5wt% loading nanoalumina.
The nanoalumina content was set to 6.5wt% to match the nanoalumina content used in the particle flow studies involving the Air
Products amine hardener.
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Production of the epoxy resin plaques was the same as performed
with the Air Products amine hardener (Chapter 3), with the exception of a slight change in the cure cycle according to the Dow hardener (1 hour at 75°C, followed by 3 hours at 165°C).
1.8

Fracture Toughness K1C (MPa*m1/2)

1.6
1.4
1.2
1.0
0.8
0.6

0.4
0.2

D.E.R. 330
+ Dow Exp.
hardener

D.E.R. 330
Al2O3 6.5wt%
+ Dow Exp.
hardener

0.0
Figure A.C.0.2. Fracture toughness K1C of untoughened D.E.R. 330/amine (Dow amine
Exp-S2-H0.00) and 6.5wt% Al2O3 addition.

The neat D.E.R. 330 resin with the Dow amine hardener was found
to have a baseline fracture toughness of 0.577MPa·m1/2. With a moderate 6.5wt% nanoalumina addition, fracture toughness K 1C of the
epoxy improved by over 130% to 1.375MPa·m1/2; a significant value
considering the Tg of the epoxy system. This fracture toughness improvement was greater than that obtained with the Air Products
amine hardener. With this in mind, it should be re-stated that the
epoxy toughenability is limited to the specific resin/hardener combination [65]. However, this result shows that nanoalumina addition is
effective at toughening D.E.R. 330 epoxy with different amine hardeners, and was not limited to the specific amine hardener evaluated
throughout this thesis. In fact, in this case the obtained toughening
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increase was in fact higher than with the primary project Air Products Ancamine 2167 amine hardener.

A.C: Conclusions
The nanoalumina particles were found to effectively toughen the
Dow D.E.R. epoxy cured with a second high Tg amine hardener
(Exp-S2-H0.00). The reaction neutrality of the nanoalumina particles
was again confirmed for this amine cured system by the maintaining
of Tg temperatures determined from DSC measurements, confirming
the creation of a high cross-link density network. The results confirm
the appropriateness of the nanoalumina particles to toughen the
Dow DGEBA epoxy cured to a high Tg with different curing agents
of the amine class of hardeners, and that the toughening ability of
the nanoalumina is not limited to the specific epoxy/hardener combination examined throughout this thesis.
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Appendix D – Particle cake filtration
occurrence
In circumstances involving the filtration sensitive nanoalumina particles where resin flow was prolonged, cake filtration was observed
to occur (Figure A.D.0.1). In these occurrences, the particle concentration within the laminate towards the inlet was measured by thermal gravimetric analysis (TGA) to be around 20wt% (with the concentration of the cake itself measured as high as 57wt%).

Figure A.D.0.1. (left) example of cake filtration at the inlet, (right) distribution of pore
space in the inter-tow and intra-tow region within the infused laminate.

A.D: Geometric constraints
Due to the observation of cake formations in some circumstances,
evaluations of geometric constraints promoting cake filtration were
made. The aim was to determine whether the experimental observations could be explained by geometrical constraints.
From microscopy analysis (Figure A.D.0.1 (right)), it was observed
that for the 12 layer aramid fiber laminates (V f = 35%), the distribution of porous space can be proportioned as approximately 30% inter-tow and approximately 70% intra-tow. Based on the assumption
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that 20wt% particle concentration is approximately the threshold
concentration at which cake filtration begins to occur. And if it is
assumed that the resin flow is predominantly taking place in the
much larger flow channels between the fiber tows; recalculating the
measured 20wt% particles in the resin to reside only outside of the
fiber tow areas equates to approximately 30wt% of particles in these
flow regions, at which point the cake formation begins.
Examining whether a particle concentration of 30wt% in the resin
could be the geometric threshold for cake filtering, stochastic simulations were performed. The simulation study was carried out by Dr.
Florian Klunker (Research Leader, Composites Processing Group). It
is included here to give added explanation to the cake formation
observations that occurred in a limited number of the in-plane filtration experiments.
Hypothetical geometrical spheres were randomly placed inside a
unit volume in such a manner that they are not in contact with each
other. In an iterative manner, a sphere was created and placed at a
random position. If the position of the sphere did not encounter a
geometrical conflict, it was kept, otherwise it was not considered and
removed. If after 1000 trials, no more free positions could be found,
then the simulation was stopped.
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Figure A.D.0.2. (left) stochastic particle distribution in the resin, (right) number of
position conflicts with increasing particle content.

Figure A.D.0.2 shows an example of the geometric constraint simulation. In the left image, the geometrical representations of the spheres
is shown. In the right image, the number of iterations needed to find
a suitable position is shown as a function of the volume ratio of
spheres. In this representation, starting at 10% volume occupied by
the spheres, several iterations are visible. It can be observed that
significant numbers of geometrical placement conflicts are present as
the volume of spheres placed increases. The particle weight percentages in the resin (20wt% in the resin to enter the laminate, and
30wt% of particle concentration between the tows) are equivalent to
approximately 15% and 26% in volume. Comparing this to the simulation confirms that a threshold for cake filtration is at approximately
at 20wt% particles in the resin. As particle concentration within the
laminate increases with time, this threshold will eventually be
reached after a sufficient resin flow time. The finding that a volumetric limit is given by the particles is an important consideration in
applications where a high particle content and a high fiber volume
content is required. In which case, alternative processing methods
away from traditional LCM processes such as RTM may be necessary.
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Appendix E – Calculations of epoxy
properties
A.E: Approximation of Core-Shell Rubber (CSR)
Density
For the determination of the weight percentage (wt%) of core-shell
rubber (CSR) in epoxy, the density of the Dow CSR particles was
needed, but was unknown (the CSR density data was not provided).
The CSR density was approximated using the following equations
[140]:



 ER  1 



r E
CSR  r E

r


1  r  E


rW
1  rW

(23)

(24)

where,

 ER

=

Density of the CSR/epoxy blend
(15wt% CSR)

E

=

Density of the epoxy

 CSR

=

Density of the CSR

rW

=

wt% of CSR

As the specific epoxy base in the FortegraTM 301 was undisclosed, an
assumption that the epoxy in the blend was of the same density as
D.E.R. 330 was made. Using the known properties of the supplied
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FortegraTM 301 (15wt% CSR dispersed in epoxy), the density of the
CSR particles can be determined using Equations (23) and (24):

 ER

=

1.1 g/cm3

E

=

1.16 g/cm3 (D.E.R. 330)

rW

=

0.15

The density of the CSR (  CSR ) was therefore approximated to be
0.851 g/cm3.

A.E: Calculation of Flexural Elastic Modulus for
Hard Particle Toughened Epoxy Blends
The flexural modulus values for the nanosilica toughened epoxy
blends provided in Chapter 9 (Dow D.E.R. 330/Air Products Ancamine 2167) were calculated from 3-point bending data of the bulk
epoxy samples tested in a short-span (deep) beam configuration. The
testing of the un-notched beam samples was performed as part of the
testing calibration used in the single-edge notch bend (SENB) fracture toughness testing carried out in Chapter 3 according to ASTM
D5045.
Flexural modulus was extracted from the general beam 3-point
bending behavior during the initial elastic portion of the loading.
Including the contribution of shear effects, the deflection (  ) at the
mid-point can be calculated:
2
PL3   E  h  

  
1  
48EI   kG  L  

where,

E
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=

Elastic modulus (flexural)

(25)

A.E: CALCULATION OF FLEXURAL ELASTIC MODULUS FOR HARD
PARTICLE TOUGHENED EPOXY BLENDS

P

=

Load

I

=

Second moment of inertia

G

=

Shear modulus

h

=

Height (depth) of beam

=

Span of beam

=

Shear contribution coefficient

L
k

For a rectangular beam cross-section,

I

bh 3
12

(26)

where,

b

=

Beam width

For isotropic materials, the shear modulus G can be approximated:

G

E
21   

(27)

where,



=

Poisson’s ratio

A value of 0.389 was used for Possion’s ratio of the bulk epoxy. The
beam geometry was the same as the SENB samples tested in Chapter
3, but were instead un-notched. The span to depth ratio of the beam
samples was 4:1 and not 16:1 according to ASTM D790 (flexural testing of reinforced plastics).
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Figure A.E.0.1. Illustration of un-notched sample 3-point bending test setup according
to ASTM D5045 (SENB sample beam geometry).

The reduced span to depth ratio used in the un-notched SENB beam
sample geometry, results in greater shear influences being present.
This was accounted for by introducing a Timoshenko shear factor (𝑘)
included into the second shear contribution term in Equation (25)
[141, 142].

k  10

1   
12  11

(28)

Flexural elastic modulus values for the nanoalumina and nanosilica
particle modified epoxies tested in Chapter 3 for facture toughness
are listed on the following page in Table A.E.0.1. The modulus values are calculated from 3 samples tested for each particle content.
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Table A.E.0.1. Flexural modulus calculated for the nanoparticle modified epoxy (Dow
D.E.R. 330/Air Products Ancamine 2167) in Chapter 3.

Particle content

Epoxy elastic modulus (flexural)

(wt%)

(GPa)

0

2.34 ± 0.09

3.9wt% Al2O3

2.04 ± 0.10

7.9wt% Al2O3

2.59 ± 0.10

20.5wt% Al2O3

2.64 ± 0.17

3.9wt% SiO2

2.45 ± 0.18

7.9wt% SiO2

2.54 ± 0.07

20.5wt% SiO2

2.56 ± 0.36
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Appendix F – Additional
fractography images
A.F: Bulk epoxy fracture (Mode 1)
Untoughened D.E.R. 330 / Air Products Ancamine 2167

Crack
Initiation

Mist Zone
Hackle Zone
(fast fracture)

Figure A.F.0.1. SEM fracture surface image of untoughened bulk epoxy fracture
surface from mode 1 SENB testing.
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Nanosilica toughened (20.5wt%)

Hackle Zone
(fast fracture)

Crack
Initiation
Mist Zone

Figure A.F.0.2. SEM fracture surface image of nanosilica toughened (20.5wt%) bulk
epoxy fracture surface from mode 1 SENB testing.

Nanoalumina toughened (20.5wt%)
Crack
Initiation

Hackle Zone
(fast fracture)
Mist Zone

Figure A.F.0.3. SEM fracture surface image of nanoalumina toughened (20.5wt%) bulk
epoxy fracture surface from mode 1 SENB testing.
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A.F: BULK EPOXY FRACTURE (MODE 1)

Additional Comments:










Textural differences in the fracture surfaces indicate differences in the fracture mechanisms taking place
Clear transition in fracture behavior as crack propagates
3 clearly defined brittle fracture zones:
o Initiation (with some river lines present)
o Mist zone
o Fast fracture (hackle formations)
SiO2 and Al2O3 toughened epoxies feature more textural
changes within the mist zone
Untoughened epoxy more constant appearance within initial
process development zone (mist region)
Al2O3 toughened epoxy observed to have the most textured
surface
o Strong particle agglomerate influence
(Chapter 3: Figure 3.14 to Figure 3.16)
See Chapter 3 for additional fracture surface images
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A.F: Composite delamination (Mode 1)
Untoughened D.E.R. 330 / Air Products Ancamine 2167 matrix
Crack initiation region
Hackle
Markings

Figure A.F.0.4. SEM fracture surface image of UD carbon fiber / untoughened epoxy
matrix laminate. Observed delamination surface after mode 1 DCB testing. Crack
initiation region.

Propagation region (crack length 80mm+)

Hackle
Markings

Clean
Fibers

Figure A.F.0.5. SEM fracture surface image of UD carbon fiber / untoughened epoxy
matrix laminate. Observed delamination surface after mode 1 DCB testing. Crack
propagation region.
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A.F: COMPOSITE DELAMINATION (MODE 1)

Nanosilica (25wt% homogeneous distribution)
Crack initiation region
Hackle
Markings

Figure A.F.0.6. SEM fracture surface image of UD carbon fiber / nanosilica (25wt%
homogeneous distribution) toughened epoxy matrix laminate. Observed delamination
surface after mode 1 DCB testing. Crack initiation region.

Propagation region (crack length 80mm+) – Picture #1
Hackle
Markings

Clean
Fibers

Figure A.F.0.7. SEM fracture surface image of UD carbon fiber / nanosilica (25wt%
homogeneous distribution) toughened epoxy matrix laminate. Observed delamination
surface after mode 1 DCB testing. Crack propagation region.
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Propagation region (crack length 80mm+) – Picture #2
Hackle
Markings
Clean
Fibers

Figure A.F.0.8. SEM fracture surface image of UD carbon fiber / nanosilica (25wt%
homogeneous distribution) toughened epoxy matrix laminate. Observed delamination
surface after mode 1 DCB testing. Crack propagation region.

Hackle formation up close (propagation region)

Figure A.F.0.9. SEM fracture surface image of UD carbon fiber / nanosilica (25wt%
homogeneous distribution) toughened epoxy matrix laminate. Epoxy hackle fracture
formation up close. Crack propagation region.
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A.F: COMPOSITE DELAMINATION (MODE 1)

Nanosilica (25wt% locally distributed, 14wt% average)
Crack initiation region
Hackle
Markings

Figure A.F.0.10. SEM fracture surface image of UD carbon fiber / nanosilica (25wt%
locally distributed, 14wt% average) toughened epoxy matrix laminate. Observed
delamination surface after mode 1 DCB testing. Crack initiation region.

Propagation region (crack length 80mm+)
Clean
Fibers

Hackle
Markings

Figure A.F.0.11. SEM fracture surface image of UD carbon fiber / nanosilica (25wt%
locally distributed, 14wt% average) toughened epoxy matrix laminate. Observed
delamination surface after mode 1 DCB testing. Crack propagation region.
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Nanoalumina toughened (17wt%)
Crack initiation region

Hackle
Markings

Agglomerates
& Cavitation

Figure A.F.0.12. SEM fracture surface image of UD carbon fiber / nanoalumina
(17wt%) toughened epoxy matrix laminate. Observed delamination surface after
mode 1 DCB testing. Crack initiation region.

Propagation region (crack length 80mm+)
Agglomerates
& Cavitation

Hackle
Markings

Clean
Fibers

Agglomerates
& Cavitation

Figure A.F.0.13. SEM fracture surface image of UD carbon fiber / nanoalumina
(17wt%) toughened epoxy matrix laminate. Observed delamination surface after
mode 1 DCB testing. Crack propagation region.
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A.F: COMPOSITE DELAMINATION (MODE 1)

Agglomerates & cavitation up close (propagation region)

Agglomerates
& Cavitation

Figure A.F.0.14. SEM fracture surface image of UD carbon fiber / nanoalumina
(17wt%) toughened epoxy matrix laminate. Observed delamination surface after
mode 1 DCB testing. Agglomerates and cavitation up close. Crack propagation region.

Additional Comments:








Large hackle formations indicate a larger process or damage
zone ahead of the main crack
Hackles appear most prominent in laminates with SiO2
toughened epoxy matrix laminates
o Al2O3 agglomerates appear to disrupt epoxy hackle
growth (but agglomerates bring other fracture energy absorbing mechanisms)
Local SiO2 toughened laminates features more variation in
hackle patterns
o An indication of varying behavior, likely due to local
particle concentration differences
Al2O3 toughened matrix also features agglomeration influences on toughening with debonding and cavitation present
Al2O3 agglomerates (some larger than 2-3μm) disrupt crack
path – evident with adjacent hackle markings
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