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ABSTRACT

This project explores the network formation and structure-property relations of some high
temperature epoxy resins cured with aromatic diamines. A highly aromatic dimeric
naphthalene epoxy resin monomer, bis(2,7 glycidyl ether naphthalenediol) methane (NNE), is
cured with 4,4’-diaminodiphenyl sulfone (DDS) to produce a network that exhibits rapid
gelation, vitrification, and an ultimate glass transition temperature approaching 350°C. An
array of thermal, spectral, rheological, and thermo-mechanical analysis techniques are used to
comparatively assess the formation of the NNE-DDS network to a commercial high-Tq epoxy
resin comprised of 4,4’-tetraglycidyldiaminodiphenyl methane (TGDDM) and DDS. The
difference between the glycidyl ether (NNE) resin and glycidyl amine (TGDDM) resin through
cure was explored. It was determined that the NNE resin showed primarily epoxy-amine
addition and no signs of etherification or side reactions which was, in contrast to TGDDM,
attributed to the absence of tertiary amine within the epoxy backbone. The time-temperature-
transformation (TTT) diagrams of the resins are constructed to explain the processing and
formation of the glass transition temperature and show competition between devitrification (Tq)

and the ultimate glass transition temperature of NNE.

The structure-property relations of the NNE and TGDDM networks are explored via thermal
analysis and mechanical testing of the cured resins and their carbon fibre composites. It is
shown that the structure of the NNE monomer and limited mobility produces a network with
high free volume and poor equilibrium packing density. The rapid vitrification at low degree
of conversion prevents a high degree of cure and the network becomes topologically
constrained. That in turn results in higher moisture ingress, lower strength and modulus, but
achieves better thermal stability than TGDDM at temperatures above 200°C. Further ageing of
the resins and composites at 250°C for 504hr indicate some benefit for high temperature, short
duration thermal performance of NNE compared to TGDDM. That is attributed to the limited
mobility of the matrix after cure and the effects of the tertiary amine contained in TGDDM
providing more pathways to degradation.

The NNE resin, whilst possessing superior thermal performance, is difficult to process and
exhibits poor mechanical performance compared to TGDDM. An approach to modify the
network for improved strength and stiffness combined with reduced viscosity was taken at the
molecular level. A monofunctional reactive epoxy diluent, partially reacted substructures
(PRS), a molecular fortifier (MFN), and pure naphthalene were synthesised and cured with
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NNE in percentages ranging from 5-20 mol% or wt%. This survey showed an antiplasticising
effect where strength reduced, and modulus increased significantly. Further, the
monofunctional epoxy and naphthalene, when added at 10 mol % and 10 wt%, respectively,
reduced the melt viscosity and increased the processing window to values in the range of
conventional resin transfer moulding parameters. Carbon fibre composites of the modified
resins at 10% loading showed the neat resin properties transferred to improvements in the

composite flexural modulus with minimal impact on strength and interlaminar shear.

Finally, the toughening of a multi-functional epoxy resin was achieved by use of core-shell
rubber (CSR) particle toughening. The improvement to room temperature fracture toughness
of nearly 40% of the neat resin at 20 wt% particle addition was then used to create a carbon
fibre composite. The composite mode | fracture toughness was evaluated by means of in situ
acoustic emission (AE) spectroscopy and scanning electron microscopy (SEM) imaging of the
fracture surface. A nearly two-fold increase in Gic was shown. AE spectroscopy indicated that
toughening by CSR contributed to high frequencies of interply-, fibre bridging-, and fibre-
dominated failure events than the unmodified composite where the frequencies of events

showed lower energy matrix-dominated failure.

This project investigates the capabilities of a high temperature naphthalene-based epoxy-amine
resin formulations and routes to achieve simultaneous improvements to thermal resistance and
stability, mechanical performance, and fracture toughness for structural composite
applications.
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1 INTRODUCTION

Polymers for fibre reinforced composites are a branch of materials that must have compatibility
with reinforcement and properties that can withstand the design loads and environmental
factors during a structures’ lifecycle. At a basic level, strength, stiffness, and toughness are
essential to most structural composite applications. Increasingly, with the expansion of markets
where composites are performance or cost-competitive with traditional engineered materials,
the requirements of modern polymer composites can include stability at temperature extremes
and in caustic environments. For the manufacturers of these structures, the processing
characteristics present another area of concern both in terms of economic viability and build

quality.

In this chapter, a brief overview of the current state of polymer composites in industry is
presented alongside background of the fundamentals behind some common thermosetting
polymer materials used for composites and other research that is relevant to the work in this
thesis. Specifically, this work aims to investigate some high temperature epoxy resins as matrix
systems for composites where structural and thermal performance are important functional
criteria. Involved are studies of the network development of the epoxy-amine system,
evaluation and origin of key thermal, material, and mechanical properties, the translation of
resin properties to the matrix of a carbon fibre composite, and routes to modify and enhance
such properties. The ultimate goal is to understand the structure-property relations of a key set
of high-temperature epoxy networks and demonstrate their viability as matrix systems for
advanced composites. That includes general information about thermoplastic and thermoset
resins that are relevant to composites and how the chemical structure of epoxy resins can affect
properties and performance as well as how those may be altered or modified. Finally, an

overview of the work and an outline of the remaining thesis is provided.

1.1 INDUSTRY APPLICATIONS OF POLYMER COMPOSITES
Polymer composites, especially carbon fibre reinforced plastics (CFRP), are now a recognized

material system outside of engineering and technology disciplines. Cars such as the
Lamborghini Sesto Elemento, which of course pay homage to the sixth element of the periodic
table, have made it into mainstream television, magazines, and as pin-up posters on bedroom
walls. Even more ubiquitous is the fast scale-up of composite technology in the aerospace

industry. The Airbus A350-900XWB is to contain nearly 52% composites by weight [1].
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Composites are recognizable in aerospace, wind energy, recreational, industrial, and
automotive applications [2]-[5]. Recent estimates suggest that the amount of plastics and
polymer composites integrated into aircraft will increase by 5% through 2021 [6]. A structural
composite is comprised of at least one reinforcing material, generally long-form fibres, and a
matrix that binds to and maintains dimensional stability of the reinforcement. The range of
fibres can include various types of glass, basalt, boron, carbon, and a number of proprietary
aramid fibres of which Kevlar™ is the most common. The advantage of composites lies in the
ability to adapt fibre and matrix to suit a number of key performance criteria for a structure
whether it be impact resistance, strength, stiffness, and resistance to thermal and environmental

degradation.

Composite matrix materials can range from ceramics, metals, alloys, and polymers. However,
polymer matrix composites dominate the global markets with thermosetting polymers
accounting for approximately 70% of the structural composite market and of those, more than
half are epoxy-based [7]. Increasingly, a desire for repairable low-cost composites has driven
advanced thermoplastic matrices although there are still numerous constraints with the
properties and production of composites for many typical applications. In general, epoxy-based
thermosetting resins produce a combination of strength, stiffness, and environmental

performance suitable for most applications by conventional manufacturing techniques.

A variety of alternatives to epoxies exist and are usually employed to target lower cost
production (polyester, vinylesters, polyurethanes) or performance at high temperatures
(bismaleimides, phenolic novolacs, cyanate esters, benzoxazines) but tend to have higher raw
material cost and usually difficult to process. An overview of these high-temperature resins is
covered later in this work. In essence, epoxies are preferred and attractive because they perform
favourably across a range of metrics. It is the high-temperature space where epoxies are out-
performed hence why it is of interest to develop increasingly higher-temperature epoxy resin

systems to continue to meet the demands of an expanding composites market.

1.2 GLASS TRANSITION TEMPERATURES AND THERMAL STABILITY OF

POLYMERS
Polymers are generally characterised by a few distinct changes in state with respect to

temperature. These can include the melting temperature (Tm Or Tmer), crystallisation
temperature (Tc or Terysta), peak exothermic temperature (T, or Texo), the glass transition
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temperature (Tg), and a degradation temperature (Tq Or Tqeg). The latter three temperatures are
most relevant to thermosetting polymers and are discussed in more detail within this work.
Significant to the discussion of high temperature performance is the role of the glass transition
temperature of a polymer and the composite as it relates to thermal stability. In addition to their
melt temperature, thermoplastics can exhibit a glass transition temperature while thermosets,
primarily amorphous glasses or semi-crystalline in nature, go through a transitional range of
temperatures where the network transforms from a hard solid to a soft, compliant material
similar to a rubber [8]. As a polymer is heated the molecular mobility at the chemical network
level increases at a differential rate until the temperature applied exceeds the glass transition
temperature, resulting in large-scale changes to the mechanical properties of the bulk polymer
[9]. This glass to rubber transition generally results in a rubber plateau where, irrespective of
increased temperature the elastic modulus of the material is constant. In practical terms the
glass to rubber transition represents an onset over a range of temperatures where there is non-
linearity from equilibrium for the stiffness of the resin or composite. Therefore, the Tg is useful
in defining the upper limit of a service temperature (Tservice) Which is an engineering term used

to define a maximum operating temperature that is outlined by the service requirements.

The degradation temperature can represent purely thermal, thermal-oxidative (in the presence
of oxygen), and hygrothermal temperatures (in a moisture-rich environment) at which bonds
within the chemical network begin to cleave and network properties significantly deteriorate.
In this work, it is primarily thermal and thermal-oxidative degradation that is considered. Much
like the glass transition temperature, the value of the Tq is not a phase change but occurs over
a range of temperatures. It is further complicated by the temperature dependent activation of
the different bonds that form the chemical network. The presence of weak C-H bonds will
degrade faster than those with higher bond energies such as the C-F bonds in
polytetrafluoroethylene (PTFE) [10] of which commercial Teflon™ is an excellent example,
particularly in the form of non-stick coatings gracing kitchen cupboards the world over.
Further, with thermo-oxidative degradation, the pathway for oxidation is partly driven by the
thermo-mechanical expansion and contraction with exposure to heat. That is a mechanism by
which micro-scale cracks can form and create a pathway for the initiation of oxidation,
diffusion-controlled process that is accelerated by higher exposed surface areas. It has been
shown that thermo-oxidative ageing of the composite can be improved by minimising thermal

mismatch between the reinforcing fibre and the resin so that when the resin expands with
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heating, fewer pathways are formed by which the diffusion-controlled oxidative reaction can
be accelerated [11], [12]. Lifetime modelling based on thermal analysis of some common
epoxy resins with significantly different glass transitions have predicted a useful service
temperature for 10,000 hours that differ by a mere 2°C for times in the thousands of hours [13].

Therefore, in the context of this work it is important to note the difference between the glass
transition temperature and thermal stability. Neither of these temperatures are distinct phase
changes and must be considered in context with the application. The resin thermal performance
in a composite form and in most applications the thermal stability will be mutually exclusive

of the glass transition temperature.

1.3 POLYMER MATRIX SELECTION FOR COMPOSITES AND MECHANICAL

PERFORMANCE OF HIGH-TEMPERATURE RESINS AND MATRICES
For applications that demand thermal stability at elevated temperatures, resins such as

DGEBA-based epoxies are not always suitable and different types of polymeric networks are
utilised. These include phenolic novolac, addition cured polyimides that are most commonly
copolymerised bismaleimides (BMI) and the commercial PMR-15 polyimide, cyanate esters
(CE), some highly aromatic thermoplastics such as polyetheretherketone (PEEK), and multi-
functional epoxy resins [14]. Thermoplastic matrix composites are a growing area due to the
potential for shorter processing times, ability to be repaired and recycled, and in some instances
the thermal stability. With regard to thermal stability, a few thermoplastics are widely known
for high T4 and mechanical performance suitable for aerospace applications. Polyimides are
sometimes noted as the upper-limit for service temperature of polymer composites near 350°C
[15]. Achieving a composite with high thermal stability is a very difficult task due to the
competing performance criteria needed to manufacture complex and high-tech structures as
well as in-service performance criteria. Rocket components on the NASA X-30 experimental
vehicle were manufactured using PEEK composites but full-scale manufacturing of
CFRP/PEEK was unattainable and the matrix was switched to an epoxy [16]. Others such as
polyimides (PEI) have been used for service temperatures above 200°C but again these can
lack processability due to high melt temperatures [17]. As such, thermosetting matrices and
particularly, high performance and low-cost matrices such as epoxy-based resins remain in

demand as high performance matrices.

13



1.3.1 Basic Concepts in the Chemistry of High Temperature Epoxies
Thermal stability of polymers can generally be attained by a combination of aromatic

components in the backbone of the monomer units, strength of the chemical bonds, and high
crosslink density between polymer chains. Generally, the degree of crosslinking results in
greater energy needed to cleave chemical bonds [17]. Rigid aromatic groups such as phenyl or
naphthalene units resist bond rupture and increase thermal stability [18]-[20] but also tend to
lead to a higher room temperature glassy modulus which is associated with lower ductility and
toughness [21], [22]. Typically, the increase to thermal stability reduces mechanical strength
because of the higher crosslink density and constrained mobility of the molecular network.

Of the epoxy-based resins, diglycidyl ether of bisphenol A (DGEBA) is most widely used in
commercial formulations and as a standalone resin or for epoxy-based polymer composites.
DGEBA epoxy monomers result from the synthesis of epichlorohydrin with an excess of
bisphenol A which results in two oxirane rings, one each bound terminally to the hydroxyl
groups of the bisphenol backbone. The relative ease of synthesis and the good mechanical and
thermal properties make it suitable for many applications. Polyamines, anhydrides, acrylic
acids and inorganic catalysts can induce ring-opening via chain or step growth polymerisation
and subsequent crosslinking to form a rigid thermoset network [23].

To form a crosslinked network, the ring-opening of the epoxide group must be in the presence
of a suitable nucleophile. The oxirane ring of the epoxy is susceptible to nucleophilic attack
due to the electrophilic nature of the carbon in the C-O bond. Upon ring-opening of the epoxide,
the strain of the oxirane ring is relieved and a new bond is formed. Of primary interest are
diamine-cured epoxy resins. The amine nucleophile contains a lone electron pair of the nitrogen
atom and can bond to the lone carbon after ring-opening. The active hydrogen of the primary
amine reacts with the epoxy group to form secondary amine which can then react with another
epoxy group. For diamines, the secondary amine can form a second bond through the ring-
opening process which is proceeded by formation of a tertiary amine that can catalyse side-
reactions and etherification [24] although the amine addition reactions remain the predominant
mechanism [25]. Other high performance resins such as commercial BMIs are pentafunctional
with the possibility of both chain extension and crosslinking from the three double bonds and
etherification via two hydroxyl groups [26]. Phenolic resins are even more complex due to the

radical polymerisation into high oligomeric networks [27]. The relative simplicity of the epoxy-
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amine reaction means that, in general, there are few side reactions that can take place during

the cure and cross-linking stages.

The DGEBA monomer is di-functional because it has two oxirane rings. A multi-functional
epoxy is classed as an epoxy containing more than two epoxy functional groups attached to the
backbone. Commercial triglycidyl-p-aminophenol (TGAP) and tetraglycidyldiaminodiphenyl
methane (TGDDM) are the most common multi-functional epoxy resins, containing three and
four functional groups, respectively. The aromatic backbone, higher functionality, and
resulting high crosslink density when cured with a suitable aromatic polyamine can result in
glass transition temperatures above 250°C. However, the thermal stability can be affected by
internal cyclisation and dissociation caused by the glycidyl amine linkage [28]. Again, the

higher glass transition temperature can be mutually exclusive of thermal stability.

1.3.2 Modification and Toughening of Polymers and Composites
The formation of crosslinks within a polymer network enhance the stiffness by reducing the

molecular mobility which tends to have an adverse impact on strength, strain to failure, and
fracture toughness but an increase to strength and modulus. Also, the ability of the monomers
to occupy free volume as the network forms can affect stiffness so that even for high
functionality, the resulting cured resin modulus can be lower. Therefore, a large body of work
revolves around how to enhance the intrinsic properties of thermoset polymer networks and
their composites whether for improved mechanical properties or improved toughness, although
ideally both.

Some common routes to modify resins can be classified as extrinsic toughening where a
material is added at the nanoscale or microscale level and those that are intrinsic where the
network is modified. Further, there can be functional and non-functional forms of either. Nano-
clays, emulsion-polymerised rubbers, and silica beads are shown to improve the toughness of
thermosetting resins and could be considered extrinsic and non-reactive modifiers [29], [30].
More traditionally, to enhance fracture toughness, thermoplastics or rubbers are added in
quantities from 5 to as much as 30 wt% where phase-separated morphologies containing large
micro-scale domains of tougher thermoplastics help to create energy-absorbing failure

mechanisms under fracture [31], [32].
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Enhanced modulus can be achieved by modifying the cured network. One such phenomenon
that results in increased stiffness and sometimes strength is antiplasticisation. At the network
level, monofunctional additives have been shown to enhance stiffness of multifunctional epoxy
networks [33]. Molecular additives that supress segmental motions in the network have also
shown to enhance modulus due to limited network mobility [34]. For high temperature resins
and composites, a consideration must always be had for how the modifier affects the glass

transition temperature and thermal stability.

Other routes that try to balance thermal and mechanical properties include combining multiple
polymeric species of differing properties. Interpenetrating networks of two or more chemically-
different thermosetting polymers have also shown to influence the properties of the polymer
blend and can be tailored to balance the properties of the two for thermal, mechanical, and
environmental stability [35]. Unlike the IPN approach, co-polymerisation creates a
homogenous network between two or more functionally similar monomers in the polymer
formulation. These can also be tailored to change the thermal and mechanical properties from
those of the monomeric constituents [36]. In all, however, similarly high temperature resins
tend to have similar mechanical properties so the resulting effects may not be amplified in the
blend.

In brief, there are many challenges to employing high temperature epoxies for structural and
thermal applications. Performance both in terms of thermal resistance and ageing require highly
aromatic and rigid network structures which adversely impacts mechanical properties.
Modification of the resin needs to balance thermal and mechanical behaviour as well as
processability, especially for translation to a reinforced composite. Hence, there is a strong
need to explore new epoxy resins and strategies to modify the matrix to meet the demands of

high-temperature performance of composite structures.

1.4 RESEARCH AIM AND OBJECTIVES
The commercial TGDDM and resins are characteristic of glycidyl amine and in the case of

TGAP, characteristics of both glycidyl amine and glycidyl ether resins. DGEBA is purely a
glycidyl ether resin. An epoxy resin of interest to high temperature composites is the
tetrafunctional dimeric naphthalene based resin, bis(2,7 glycidyl ether naphthalenediol)

methane (NNE). First synthesised by Ogura & Takahashi, the homopolymerized resin is
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characterised by a very high T4 of 328°C which is claimed to be the highest of any known

epoxy resin [37]. The structure of the epoxy monomer is shown in Figure 1-1.
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Figure 1-1 - Chemical structure of the dimeric naphthalene epoxy monomer, NNE

Limited research into tetrafunctional epoxy glycidyl ethers either as a neat resin or composite
exists making the structure-property relations between glycidyl ether and glycidyl amines a
focal point of this work. Further, this resin is in a class of naphthalene-containing epoxies and
bismaleimides which have shown benefits in terms of enhanced glass transition and thermal
stability [38]-[45]. Therefore, the effect of naphthalene backbones on composite performance
and thermal stability is also a primary focus of this work. The objective is to apply a
fundamental knowledge of the evolution of cure and the mechanical properties of the neat resin
and then systematically modify the resin to produce a balance of thermal, mechanical, and
processing characteristics that would be desirable for structural composite applications. These

would include:

1 A high thermal stability above 200°C for long durations (<100 hours) and a glass
transition temperature above 250°C

9 Lower viscosity for processing by liquid moulding and other out-of-autoclave

techniques
1 A strength, stiffness, and fracture toughness comparable to commercial TGDDM

1 Routes to modification and enhancement of properties via particle modification,

molecular reinforcement, reactive diluents, and partially reacted substructures

While resins based on TGDDM would appear to meet many of the aforementioned
performance parameters, the nature of the glycidyl amine resins presents some challenges to

furthering the available matrix systems for high-temperature polymer composites. A thorough
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investigation of the tetrafunctional glycidyl ether, NNE, cured with conventional aromatic
diamines could present a viable alternative to TGDDM and allow for realised performance
benefits in the area of high-temperature composite structures. However, there is a general lack
of comparable studies on the structure-property relations for multifunctional glycidyl ether

resins and their composites and even less so for high aromatic naphthalene-based epoxies.

1.5 OUTLINE OF WORKS IN THIS THESIS
Chapter 2 presents the relevant literature relating to high performance polymers for composites

with special attention to the high-temperature and thermally stable resins used for composite
applications. The effect of chemistry and processing on the network formation is reviewed in
terms of curing kinetics, chemical bond formation, degradation, and how it relates to the time-
temperature-transition signature of epoxy resins. Special emphasis is placed on the structural
differences for epoxy glycidyl ethers versus epoxy glycidyl amines and how the past research
relates to this work comparing two tetrafunctional epoxies that differ in this way. Further, a
review of proven and emerging strategies for the enhancement of the resin properties, primarily
for improved mechanical performance and toughness, are presented. Translation of thermal

and mechanical properties from the resin to composite are reviewed.

Chapter 3 details the experimental techniques and equipment that are employed to investigate
the research goals outlined in the previous chapter. Except where specified, the measurement

and analysis techniques common across the proceeding results chapters are presented.

Results of the various investigations outlined in this work are presented across the next range
of chapters followed by a summary conclusion. Chapter 4 presents an investigation of the
cure kinetics and evolution of the glass transition temperature of the unmodified resins utilised
in this work. A combined approach compiles thermal cure kinetics by differential scanning
calorimetry (DSC) with near-infrared Fourier Transform spectroscopy (NIR) and dynamic
thermal-mechanical analysis (DMTA) at increasing isothermal temperatures. The results of
DSC are used to calculate the kinetic rate constants of the three resins and measure the growth
of the Ty relative to the isothermal cure temperature. NIR is utilised to capture the change in
the reactive groups of the different formulations and quantify the change in epoxy, primary
amine, the primary/secondary amine overtone, and the growth of the hydroxyl groups relative
to time and isothermal temperature. Significantly, contrasting behaviour between the change
in functional groups of the glycidyl ether and glycidyl amine networks are observed after
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elevated temperature post-cure. That is determined to relate to potential for etherification
between glycidyl ether and glycidyl amine network. The DMTA analysis further expands on
the kinetic analysis, showing the growth of the rigid network structure and T4 through changes
to the isothermal cure and post-cure temperatures. This chapter culminates in the time-
temperature-transition (TTT) phase diagrams for the tetrafunctional glycidyl ether and glycidyl

amine resins.

Chapter 5 expands the work of the preceding chapter to investigate the structure-property
relation between the glycidyl ether and glycidyl amine resins as well as the influence of the
dimeric naphthalene structure of the former. Neat resin properties are studied at varying cure
conditions and compared to the pure glycidyl amine and the bi-component blend of the two.
Here, the effect of conversion is studied by increasing the cure and post-cure of the NNE
network and the effect of crosslink density is studied between NNE, TGDDM, and a bi-
component blend of the two. DMTA and thermogravimetric analysis (TGA) of the cured resins
as well as density and moisture ingress studies provide insight into the network properties.
Carbon fibre reinforced composites of the three resin formulations are manufactured and
evaluated in the as-cured state and a thermal ageing study is presented to compare the three
resins in terms of their thermal-oxidative performance in the composite at a high isothermal
temperature. It is shown that the glycidyl ether nature of the tetrafunctional resin is superior for
composite applications due to the limited effect of thermal expansion in the composite
accelerating the thermo-oxidative reaction in the early stages of ageing.

Chapter 6 investigates some novel and emerging strategies to modify the resin and composite.
Aromatic monofunctional epoxy additives and partially reacted substructures (PRS) assembled
from pre-reaction of the diamine with the mono-functional epoxy are synthesised and added to
the epoxy resin in stoichiometric quantities. Additionally, non-covalently bound naphthalene
and a molecular additive are added to occupy free volume in the network and provide
fortification to the network. The effect of these additives is investigated with respect to cure
kinetics, rheological behaviour, thermal properties, moisture ingress and mechanical
performance for the neat resin. The influence of the additives on the composite is investigated.
It is shown that 10-20 mol% of a mono-functional epoxy and 10-20 wt% of naphthalene

addition can significantly reduce the melt temperature, viscosity, and processing window of
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the neat resin. An increase in modulus is immediately apparent for both resin and composite at

5 wt% for the mono-functional additive, the PRS, and naphthalene.

Chapter 7 presents a resin and composite study into the core-shell rubber (CSR) toughened
tetrafunctional epoxy resin and the carbon fibre composite. While CSRs have been utilised for
toughening since the late 90s, their efficacy on highly crosslinked brittle materials is not well-
presented. In this work, an in-depth investigation of the efficiency between CSR addition to
the resin and translation of the composite is presented. Multi-spectral sensing of the composite
Mode | fracture toughness response is utilised to determine the difference in acoustic response
of the CSR laminate and enhance the understanding of mechanical fracture toughness test data.
It is shown that CSR addition dramatically improves the composite fracture toughness of a

tetrafunctional epoxy.

Chapter 8 provides a summary of the body of work and outlines aims for future developments

within these fields of research.
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2 LITERATURE REVIEW

2.1 HIGH TEMPERATURE POLYMERS
While epoxy resins are the most common of thermoset materials in composites there are a

number of high-performance, high-temperature polymers that are used for such applications.
These include some phenolics, benzoxazines, cyanate esters, and bismaleimides as well as
other high-temperature thermoplastics. Also, hybrid resin formulations comprised of the above

resins or co-polymerised with epoxies has been extensively studied.

2.1.1 Phenolic Novolac Resins
Phenolic resins are a type of polymer that has excellent thermal and chemical stability. These

systems find widespread use in a variety of demanding applications from bushings used in
rotary equipment to electronic chip-boards and applications requiring good flame-retardant
properties. One common issue with phenolic resins is excessive amount of water vapour that
volatilises during cure. In work by Hodzik et al., a comparison of glass-fibre phenolic
composites to a polyester-based composite showed the phenolic species gained nearly 2% total
mass after aging in a moisture rich environment compared to just 0.3%. Subsequently, the
water-aged specimens exhibited much less stable fracture toughness than the polyester
composite [46]. Critically, as water vapour precipitates during the cure cycle it may become
entrapped between layers of the composite structure and form a void thereby severely limiting
the structural integrity. While not a hard rule, most phenolic composites tend to have a low

laminate thickness to ensure minimal void content in the final laminate.

2.1.2 Benzoxazine Resins
Benzoxazine-based resins for structural composites applications have only gained the interest

of researchers and engineers within the last decade and are not as widely discussed as any of
the former matrix systems mentioned. One of the repeated advantages that are reported
suggests these types of resins have a low melt viscosity, excellent flame retarding
characteristics, thermal stability, and a relatively high T4 above 300°C compared to standard

epoxy-based resins [47], [48].

Some recent developments continue to make benzoxazines and poly-benzoxazines attractive.
Harehane et al. produces an imidazole-based benzoxazine that cured at a lower temperature
than typical systems [49] which is a significant development because of the very high energy

cost associated with curing most high-Tg resins. Also, Agag et al. were able to produce a
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repeating, linear benzoxazine molecule that had a thermoplastic character however, upon
cross-linking to achieve a higher Tg and thermal stability, the resin was noted for being severely
embrittled [47]. As with BMIs, phenolics, and cyanate esters, this alternative high-temperature
matrix is still disadvantageous as a result of high cure temperatures and embrittlement.

2.1.3 Cyanate Esters
Cyanate esters are a class of polymers that are generally used in applications with demanding

hot-wet performance. The isocyanate crosslinks to form cyanurate rings via the process of
cyclotrimerization and as a result are one-part systems or one-part catalysed to reduce the long
gelation time [50]. The reaction results in a polymer network with high thermal stability,
toughness, and low water absorption after cure [14]. T4 can be as high as 290°C [51] and water
uptake can be as little as 0.5 wt % [52]. Cyanate esters can be co-polymerised with epoxies to
produce interpenetrating networks that can enhance performance compared to the neat epoxy
resin, particularly by increasing the glass transition temperature and reducing equilibrium

moisture ingress [53]-[55].

2.1.4 Bismaleimides
Bismaleimides are an addition-cured polyimide and are a class of resins that are notable for

high Ty and long-term thermal stability. A common bismaleimide 4,4’-bismaleimidophenyl
methane (BMIM) co-polymerised with 2,2’-diallyl of bisphenol A (DABA) is penta-functional
with the ability to undergo crosslinking with the allyl, maleimide, and etherification [56]. These
resins tend to have low viscosity, can be resin-transfer moulded at room temperature, and are
cited as a replacement for epoxies due to the excellent thermal (T in the range of 300°C) and
mechanical properties [20]. The backbone is based on an imide linkage which results in higher
crosslink density which makes the cured resin relatively brittle [14]. One development of note
for the bismaleimide system is the potential for mending. The Diels-Alder reaction between a
diene and a dienophile (imide) is a reversible reaction meaning it can be re-formed with the
addition of heat and pressure. Bismaleimides have been central to various investigations into
the reversible Diels-Alder reaction for potential to heal damaged polymer composites [57]. As
with cyanate esters, bismaleimides may also be co-polymerised with epoxies to improve

thermal stability and mechanical properties of the latter [35], [58]-[60].
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2.2 EPOXY RESINS

2.2.1 Fundamentals and Basic Structure of Epoxies
The fundamental building block of an epoxy monomer is the terminal epoxide group also

referred to as an oxirane ring. The oxirane ring itself can undergo two mechanisms of reaction
either direct coupling via homo-polymerisation or between the epoxide and a reactant [61]. The
ability to react with a variety of curing agents makes epoxy resins versatile for a number of
different applications. Another benefit is the ability to tailor performance by designing the
structure of the epoxy monomer. The oxirane ring can be bound terminally to both aromatic
and aliphatic units and the functionality (number of oxirane rings terminally bound to the
backbone) can be manipulated. The ring itself is highly strained which makes it a very reactive
species compared to other building blocks of thermosetting polymers such as the imide
formation in bismaleimides [26] and the homopolymerized cure of cyanate esters which require
elevated temperatures above 200°C and the use of catalysts [62]. An example of the oxirane

ring structure and some aromatic and aliphatic mono-epoxies is shown in Figure 2-1.

Ry Rs (b)

Figure 2-1 - Example of (a) oxirane ring, (b) aromatic mgr)lofunctional o-cresyl glycidyl ether
and (c) aliphatic monofunctional n-butyl glycidyl ether
In order to produce a cross-linked network, the functionality of epoxide groups terminally
bound to the backbone must be equal or greater than two [63]. Additionally, the curing agent,
in the case of direct coupling, must follow the same rule. These principals hold true for the case
of di-functional epoxies such as diglycidyl ether of bisphenol A (DGEBA) whereas for multi-
functional epoxies the crosslinking is determined both from the epoxy and diamine. The
reactivity of epoxy resins is relatively high due to the strained nature of the oxirane rings and
is particularly reactive with proton donors and the cured network structures can show glass
transition temperatures (Tg) in the range of 60-250°C [63] although modern developments in
epoxy resin technology and hybridisation have shown T4s above 250°C are possible [37], [64].
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The primary route to achieving high temperature performance, the main interest of this work,
is by maximising the epoxide functionality, utilising aromatic structures within the backbone,

and using suitable curing agents with similar properties in functionality and aromaticity.

2.2.2  Amine-addition During the Cure of Epoxy Resins
There are two ways by which epoxy resins can form cross-linked networks, namely co-reaction

and catalytic homo-polymerisation. The latter is a chain-growth polymerisation process where,
upon catalysing the ring-opening of the epoxide group, the free oxygen can form a hydrogen
bond with an adjacent epoxide unit and forms a polymeric chain until termination. However,
the chain-growth polymerisation can cause early termination of primary chains which can then
negatively impact thermal and mechanical properties [23]. The step-growth polymerisation
between the functional group of a monomer and that of the co-reactant are considered mutually
independent from other reactions also occurring during polymerisation [65] and generally
results in a higher cross-link density than chain-growth polymerisation. For epoxies, the
example of the step-growth process is the polymerisation of the epoxide functionality via
primary and secondary amine addition and then the etherification reaction which is depicted in
Figure 2-2. While a significant advantage for epoxy resins are the number of possible curing
agents (alcohols, imidazole catalysts, acid anhydrides, and polyamines) the cure with aromatic
polyamines is of primary interest for building high temperature, thermally stable resins

formulations.
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Figure 2-2 - Examples of (a) primary amine addition, (b) secondary amine addition, and (c)
etherification reaction
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The initial step-wise growth via primary amine addition results in linear chain formation.
Following the reaction of epoxide with primary amine, a secondary amino functional group is
formed which can then undergo ring-opening polymerisation and reaction with a second
epoxide group. After the secondary amine is consumed there forms a tertiary amine. Tertiary
amine can catalyse further ring-opening and hydrogen bonding with free hydroxyl produced
during the primary and secondary amine reaction. The effect of etherification in the later stages
of cure, especially at elevated temperatures, can change the bulk properties of the cured
network after primary amine consumption [66], [67]. For an ideal epoxy-amine polymerisation
with no side reactions, the consumption of primary amine leads to the formation of a
macromolecular structure and typifies the gelation point of the system [68]. Empirical formulas
such as the Flory-Stockmeyer theorem express gelation as a function of the epoxide and
hardener functionality but the gel point occurs as a result of both primary and secondary amine
reactivity [69], [70] and experimentally, conversion of epoxide functional groups tend to
deviate by as much as 15-30% from the theoretical predictions [71]. For most resins,
particularly those commercially available, impurities and oligomers will affect how the

network is formed.

2.3 HIGH-TEMPERATURE EPOXIES AND SIGNIFICANCE OF GLYCIDYL ETHERS

AND GLYCIDYL AMINES IN NETWORK FORMATION
As previously noted, the functionality, aromaticity, and co-monomer largely dictate thermal

characteristics of the cured epoxy network. While high temperature performance and thermal
stability are rightly judged based on the application and service conditions there are some
metrics reported that classify a polymeric material as a “high-temperature.” These have
included durability above 180°C for long-term thermal exposure (>10,000 hrs) [17] and
stability above 200°C for greater than 100 hours and a Tq4 greater 250°C [72]. However, it is
also important to consider the resistance to physical ageing at elevated temperatures and the

long-term changes to mechanical properties [14].

The most common epoxy resin for high temperature composites s
tetraglycidyldiaminodiphenyl methane (TGDDM) which tends to exhibit a glass transition
temperature in the range of ~250°C [64], [73]-[76]. The reaction of diaminodiphenyl methane
(DDM) in an excess of epichlorohydrin followed by the dehydrochlorination of the product
with sodium hydroxide to produce the epoxidized monomer [77]. Figure 2-3 shows the

chemical structure of TGDDM.
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Figure 2-3 - Exgmple structure of the TGDDM (()epoxy monomer
Here the aromatic phenyl rings in the backbone and the four terminally bound epoxide groups
lend to the resins thermal performance at elevated temperatures. However, also present is the
tertiary amino where the epoxide groups are bound to the nitrogen atoms on either side of the
backbone. The presence of the nitrogen has been of particular concern for reasons to do with
reaction mechanisms through the cure cycle and other properties affected in the cross-linked

network.

This resin, a glycidyl amine, has been shown to undergo significant etherification and can also
form cyclic rings during cure which can adversely affect thermal and mechanical performance.
Levchek et al. explored the homopolymerized TGDDM and showed that at temperatures above
150°C, the formation of cycloaliphatic rings catalysed either by the tertiary amine or other
impurities, was present and does not contribute to cross-linking and polymerisation [78]. The
effect from the formation of internal cyclic structures can adversely affect phase
transformations during cure and the resulting thermal and mechanical performance of the resin.
Matejka studied diglycidyl amine and diglycidyl ether resins cured with aromatic diamines and
showed consistently lower molecular weight of the glycidyl amine resins due to the formation
of cyclic structures pendant to the cross-linked network [79]. The results of their kinetic
analysis also showed that the overall reaction rate was slowed by the presence of glycidyl amine
and cyclisation was accelerated by increasing the cure temperature. That is a significant
concern with epoxy resins for high temperature because of the generally high final cure
temperatures (Tcure > 180°C) typically used with TGDDM-based and other resin formulations.

In contrast to the epoxy-amine reaction induced cyclisation found for glycidyl amines, such
behaviour is largely absent for glycidyl ethers. Matejka et al. studied diglycidyl ether of
bisphenol A (DGEBA) and TGDDM cured with both aromatic and aliphatic amines [69]. In
their survey they noted significant cyclization for the nitrogen-containing epoxies while
DGEBA showed no signs of cyclisation. Further, the gelation of DGEBA-based formulations

was dependent only on the reactivity of the primary and secondary active hydrogen of the
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amino group. Min et al studied DGEBA-based systems modified with the addition of
polysulfone thermoplastic and showed no appreciable etherification or side-reactions until the
system viscosity began to affect network reactivity and only a small fraction (9%) was
consumed by such mechanisms [80]. Clearly then, glycidyl ether resins promise an advantage

over glycidyl amine resins to approach defect-free and controlled epoxy-based networks.

More recently, new research into tertiary-amine free epoxy polymers for high temperature (Tq
> 250°C) has demonstrated alternatives to TGDDM- and TGAP-based resins. Liu et al
formulated a high molecular weight tetrafunctional glycidyl ether and showed similar glass
transition temperature and superior mechanical performance for a blended system comprised
of DGEBA and DDS versus TGDDM [28]. Further, Xing et al. formulated a similar
tetrafunctional glycidyl ether epoxy and demonstrated the viability as a matrix for carbon-fibre
reinforced polymer composites at elevated temperatures by improved inter-laminal shear
strength (ILSS) versus TGDDM-based composites [81]. Other benefits included reduced
moisture uptake, reduced dielectric loss, and improved fracture toughness, strength, and higher
temperature of degradation. Zhang et al. synthesised and studied the performance of a novel
sulphonated tetrafunctional glycidyl ether resin and showed similar performance
improvements for the neat resin and as a composite matrix when stoichiometrically blended
into a DGEBA-DDS formulation. Of course, in all cases these tetrafunctional glycidyl ethers
are very high molecular weight and the authors all make note of the high viscosity and melt
temperature above 90°C, hence the need for dilution into DGEBA. In the course of the research
and development in new high temperature resins, processing constraints frequently become a
limiting factor. As such, factors such as low viscosity, high melt temperature, and reduced
reactivity can restrict the usefulness of new resins for real-world plastic and composite
applications, regardless of performance enhancements over conventional high-T4 epoxies such
as TGDDM and TGAP.

2.4 ROLE OF NETWORK STRUCTURE ON PROCESSABILITY, THERMAL

STABILITY, AND MECHANICAL PROPERTIES
Certain chemical structures have been shown to have a repeated and characteristic effect on the

thermal stability of epoxies and other thermosetting materials. In early work on the
incorporation of naphthalene units into a bismaleimide-based resin, Wang et al. reported
significantly increased molecular weight, Tg, degradation onset, and peak exotherm during cure

[20]. In subsequent work the addition of a pendant naphthalene unit decreased the very high
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melt point but also decreased thermal stability from near 300 to 260 [43]. The incorporation of
naphthalene units into an epoxy monomer generally improves the thermal performance of
epoxies compared to phenyl and biphenyl groups of the same functionality [42], [82]. Due to
the planar nature of phenyl and naphthalene structures these molecules can be tightly organized
which decreases mobility of the polymer network. The naphthalene unit has been reported to
exhibit greater hydrophobicity than phenyl-based resins which was attributed to less epoxy ring

opening and subsequently less —OH groups present [40]. .

2.4.1 Crosslink Density and the Effect on Chain Segment Mobility
The crosslink density is a value that is determined from all segments and chains that are formed

during polymerisation and after the reaction has ceased. The establishment of a crosslinked
network structure is fundamental to thermosetting polymers and is a major factor that
influences the resulting thermal and mechanical properties, in addition to affecting fracture

toughness.

The effects of crosslink density on polymeric materials are generally pronounced and
consistent. At low crosslink densities the polymer network is characterised by poor dimensional
stability and generally low stiffness [83]. Conversely, as the crosslink density increases, the
mobility of these segments becomes restricted and are less free to deform in three dimensional
space [84]. The higher crosslink density and limited mobility tends to result in a higher

modulus.

Thermal properties are also affected as crosslink density increases. The degree of crosslinking
results in greater energy needed to cleave chemical bonds [17]. Rigid phenyl or naphthalene
units resist bond rupture and increase thermal stability [18]-[20] but also tend to cause
embrittlement and low toughness due to a less flexible network architecture [21], [22].

Increasing thermal stability can result in inverse mechanical performance.

2.4.2 Thermal Degradation and Stability
While aspects related to the glass transition temperature of a polymer can inform thermal

performance at temperatures near the Ty, thermal stability deals with the performance over a
time-scale that is factors of magnitude longer than the various test methods utilised to study
the Tg. Indeed, the degradation mechanisms at temperatures below the Tq of epoxies has been
a major area of study since the early years of commercially-useful epoxy resins [85], [86].

Bishop & Smith investigated the thermal degradation of amine and anhydride cured epoxies
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by gas chromatography and identified non-chain scission degradation below 500°C and the
breakdown of the aliphatic portions of the network in the range of 500-600°C and later the
aromatic phenol groups at 700°C [87]. Later work by Grassie et al. improved upon the earlier
experimental observations using gas chromatography techniques and, utilising an amine-cured
DGEBA resin, identified the evolution of secondary alcohols as low as 240°C and
decomposition of the cross-linked networks above 340°C [88]. Levchik et al. studied the
homopolymerized TGDDM system and proposed the scission of alkyl-ether and allyl-amine
bonds which evolved from 260°C after dehydration of secondary alcohols in the structure [89].
Further work by Levchik et al. in to the amine-cured TGDDM network and measured lower
char yield and higher volatiles content as a result of the increase in tertiary amine species and
decrease in ether groups that results from the co-polymerisation of TGDDM and DDS [90].
The crosslinks formed upon ring-opening of the epoxide group are aliphatic compounds so
while the aromatic backbone and high crosslink density contribute to limited network mobility,
thereby enhancing Tg, the long-term thermal stability of the resin is limited by the aliphatic

nature of linkages.

Thermal analysis, while frequently employed is limited in the ability to determine a lifetime
assessment of thermally-aged resins. By non-isothermal TGA, the onset(s) of degradation and
the char yield are easily determined. The final char yield is a result of the dehydration of
secondary alcohols in the network followed by polymerisation into new compounds of aliphatic
and aromatic hydrocarbons which can repeat many times until a stable char is formed by
pyrolysis [89]. Some attempts to utilise thermal analysis for lifetime and service temperature
predictions have shown interesting behaviour. Al-Yami et al. investigated a proposed epoxy
resin (Ty = 126.8°C) by isothermal TGA from 280-360°C and utilised the isothermal scans to
develop a model for the lifetime expectancy at sub-Tg continuous service temperatures [91] For
aspects of service temperature, Stutz evaluated DGEBA and TGDDM resins cured with 44DDS
and through conventional isothermal TGA at increasing service temperatures below the Tyg,
noted only a 10°C difference in lifetime of the latter resin, even at Tservice = Tg 0f DGEBA-DDS
[13]. It was noted that DGEBA showed appreciably higher activation energy of degradation
than TGDDM but, regardless, Stutz concluded that only a few bonds needed to be broken for
TGDDM to exhibit a rapid decrease in Tg and reach a lifetime service temperature comparable
to DGEBA.
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2.5 MODIFIED EPOXY RESINS AND TRANSLATION TO THE COMPOSITE

25.1 Thermoplastic Toughened Polymers
Thermoplastic (TP) modification of epoxy and other thermosetting polymer matrices is a

widely reported toughening strategy. Introduction of a thermoplastic in small quantities can
lead to separate phases during the cure of the thermoset. The availability of high-temperature
thermoplastics with favourable toughness means certain epoxies can be toughened with
minimal impact on thermal stability. These plastics, such as polysulfone and polyetherimide,
have been heavily studied on commercial high-temperature epoxy, cyanate ester, and
bismaleimide resins [92]-[96].

These separate thermoplastic phases become apparent at the microscopic level, forming
independent of the bulk matrix into a variety of morphologies which can increase the fracture
energy through shear yielding and crack branching [97]. At small concentrations of
thermoplastic doping into an epoxy the morphology tends to be homogenous or contain small
phase separated regions of thermoplastics [98]. For larger concentrations the phases of epoxy-
rich and thermoplastic-rich material can become co-continuous or phase inverted where the
epoxy phase becomes entrapped in thermoplastic-rich phases [99]. At concentrations less than
20% by weight these thermoplastics separate into microscale phases within the cured epoxy
network. The thermoplastic-rich regions lack crosslinks which enable greater dissipation of
energy which imbues a greater toughness to the material. Figure 2-4 shows the various phase
morphologies of TP-modified epoxy networks pictographically alongside physical examples

by SEM imaging.
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Figure 2-4 - Diagram énd -SEM images of phase separated , co-continuous, and phase
inverted epoxy/TP systems [100]

The introduction of a thermoplastic phase can affect the material properties in a variety of ways.
Brooker et al similarly investigated the effect of PES on a DGEBA/TGAP blend cured with
MDCEA and shows phase-separated spherical regions of 1um at 15-20% PES while co-
continuous and inverted phases occurred at 25 and 30% respectively. The resulting fracture
toughness of the phase separated regions was lower than the co-continuous and phase inverted
regions and virtually no decrease in T4 occurred as the PES and DGEBA/TGAP blends had
near identical T4 [99]. However, for higher functional systems the thermal mismatch between
thermosetting polymer and thermoplastic can become deleterious. Kinloch et al investigated
the effects of polyethersulfone (PES) addition on highly functional TGAP (n=3) and TGDDM
(n=4) systems cured with 44DDS. These epoxy systems, when mixed with PES contained 0.2-
0.4um diameter thermoplastic phases which more than doubled the fracture toughness (both
Kic and Gic) but decreased both flexural modulus and T4[101] Similarly, Cheng et al reported
that TGDDM/TGAP blends with PES resulted in lower T4 due to lower cross-link density and

also negatively impacted the gel time, reducing it from 305 to just 175 minutes [93].

Thermoplastics tend to affect kinetics during the cure of epoxy formulations at large quantities.
Giannotti et al reported that epoxy/DDS and epoxy/MCDEA with PES and PEI at 10% resulted

in no change to the kinetic rate constants while at 20 wt% the rate constants for both systems
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decreased notably as phase-separation began to occur, although effects due to an increase in
viscosity from the addition of a high-Tg thermoplastic are also noted [102], [103].

Highly cross-linked materials modified by thermoplastics have been extensively studied in
terms of the effect TP addition has on fracture toughness and thermal stability. Suman et al
evaluated a dicyanate ester (BADCy) with 5, 10, 15, and 20% PES. They showed that at the
lowest concentration, Tg by DMA was virtually unchanged at 289°C while further increases in
PES caused two peaks to occur at 201°C (thermoplastic) and 260°C (cyanate ester).
Additionally, the impact toughness of glass-fibre laminates (I1zod) was decreased at 10% and
only marginally increased at 20% concentrations and flexural properties decreased from the
unmodified BADCy [94] .

2.5.2 Toughening by Core Shell Rubber Particles
Various researchers have investigated toughening polymers by core shell rubber particles for

at least three decades. Core shell rubbers (CSR) are particles on the sub-micro scale (50-200
nm) and are comprised of a soft core material (e.g. butadiene, styrene, silicone gel) encased in
a hard copolymer (e.g. polymethylmethyl acrylate) outer layer. These particles are immiscible
in an epoxy solution however have a high degree of dispersion in solution. An example CSR
particle manufactured by Kaneka Corporation and an image of it dispersed in an epoxy matrix
is shown in Figure 2-5. The diameter of the solid core tends to be much larger than the thickness
of the shell. The core material elastic modulus is shown to affect the overall impact on fracture
energy [104], [105].

Core: Rubber

: ° Shell: Co-polymer

o8 L{.ﬁ compatible with epoxy

100nm particles resin

Figure 2-5 - SEM image of core shell rubber particles dispersed in a matrix system with
diagram of CSR structure [106]
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Some of the earliest work into core shell rubber toughening involved the determination of the
toughening mechanisms. The cavitation of the CSR particle accelerates shear yielding [104],
[107], [108]. Other research suggests that cavitation is secondary to shear band formation and
yielding [109]. In addition to those toughening mechanisms others report crack pinning [110]

and crazing [111] as additional mechanisms of toughening by CSR particle addition.

Core shell rubbers (CSR) have been widely studied on di-functional epoxies [30], [104], [105],
[109], [112]-[114] and to a much lesser extent for high temperature cyanate ester [115],
benzoxazine [116], and a blend of di- and tetrafunctional epoxies[117]. While strength and
stiffness generally decrease with increased CSR loading, the glass transition temperature
generally remains the same [105], [109], [114]. A summary of the glass transition, epoxy, and
improvements to fracture toughness have been collected from the literature and are shown in
Table 2-1. Of the studies on CSR-toughened epoxies, none exhibit a glass transition

temperature above 200°C.

Table 2-1 - Summary of investigations exploring CSR toughening, the type of epoxy
investigated, Ty of the resulting matrix, and fracture toughness/energy

. T,.°C
Matrix CSR ¢ Kic Gic
System | Concentration* (unmod. (MPavm) | (J/m?) Notes Source
/ mod.)
DGEBA/ . 220/
DICY 24% 141 0.8/1.7 1130 Decreased E, oy | [105]
DGEBA/
Phthalic 3% 1933/ osasgs . DecremedBemic
anhydride ' flexural
DGEBA/ . 189 /
DDM 10% 187.5/ - - 562 - [104]
DGEBA/ 148/ | 070/ | 117/  Decreased E but
Albidur 20% 14 146 o7 | | [109]
HE600 . INCcreased Ofracture
DGEBA/ 0 1.20/ 343/ 1225/
DDM 30% > 64 2671 128.1 Decreased E, oy | [112]
No major
DGEBA/ 0 106.5/ 750/ change in
MTHPA 6% 116 i 1150 dielectric [113]
properties
DGEBA/
TGDDM/ R Increased Gji;c of
DS N/A <190°C = NI/A the composite | L118]
Blend

*Concentration is reported only at highest fracture toughness reported
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2.5.3 Antiplasticisation of Cross-linked Polymer Networks
Anti-plasticisation is a loosely termed behaviour sometimes exhibited by polymeric materials.

The nature of anti-plastic behaviour can be induced by many different routes although generally
the resulting behaviour is the same. The total strain to failure tends to decrease whilst modulus
and sometimes strength increase, resulting in a stress-strain behaviour with little to no plastic
yielding [119]. Antiplasticisation can be a phenomenon of the mechanism (i.e. cure schedule)
and degree of cure or can be influenced by modifying the resin formulation with additives at
the molecular and nano- to micro-scale. Venditti et al. proposed a relation between the higher
free volume fraction from more rigid networks and the antiplasticisation phenomenon showing
that with increased cure, the unreacted parts of a tetrafunctional epoxy network become
constrained within the crosslinked framework thus increasing modulus and reducing the strain-
energy dissipating capabilities of the network [120]. Excerpt models of the proposed
antiplasticisation effect from increased constraint due to cure are shown in Figure 2-6.

Polymer

backbone Thermosetting Network System
\ "Relatively flexible”
Unreacted backbone allows dense
Side-group packing. Unreacted Network
side groups fill space
(p, G high). Unreacted \
rial
"Self anti-plasticization” maie Unreacted material
“occupies” space within
\“‘Q (C) the stiff network
: Increased reaction O) o (p, G' high):
(Imide rings formed in backbone . a s e
' and loss of side groups) ’ Anti-plasticization
\ |
: Increased Reaction
“Stiffer” backbone
decreases ability of '
?;g?;;;?m volug:;c The network grows and
increases (p, G' low). free volume exists within
the stiff network (p, G' low).
. (@) . o0 .
Figure 2-6 - Fundamental model of cure-induced antiplasticisation for a thermosetting

network [120]

The mobility of a thermosetting network is complex and defined by the progression from
dispersed short-chain molecules through to the formation of a macromolecular structure (i.e.
polymeric gel) until vitrification and a “locking in” of the network. The ability of the network
to absorb energy then is largely defined by the ability to rearrange the network relative to
external force. Hata & Yamauchi investigated the relation between different antiplasticisers of

molecular weight between 278-528 g/mol and related the increase to modulus and decrease to
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the sub-ambient B-transition to the suppression of free volume effects on the network as the
primary mechanism for antiplasticisation [121]. Also of note, there was no change to strain at
failure or impact strength for the three antiplasticisers studied but the phenomenon was
apparent for all three systems. Further work by Hata & Kumanotani explored even higher
molecular weight diluents and showed that at a critical juncture, the epoxy resin modified with
the highest MW showed no antiplasticisation again confirming the relation the phenomenon
has to the ability to fill the available free volume [122]. Similarly Heux et al. monitored cured
epoxy networks by sub-ambient DMTA and nuclear magnetic resonance spectroscopy
concluding that the segmental motions across a small number of repeat units was slowed hence
the reduction in the B-transition and increase to modulus [123]. Bershstein et al. evaluated the
creep strain rate of some antiplasticised systems of varying crosslink density and showed the
suppression of hydroxypropylether units near NH functionalities were suppressed by
antiplasticisers but had no influence to the ring flip of the epoxy backbone [124].

The culmination of the free-volume filling effect increases modulus but at a consequence to
other properties as the Tq becomes a component of the Tgy of the diluent or antiplasticiser.
Grishchuck et al. utilised co-polymerised benzoxazine (BOX) on an aliphatic and aromatic
amine-cured epoxy and reported the co-continuous nano-phases of BOX within the network
resulted in lowered Tg, increased modulus, but decreased fracture toughness due to the
antiplasticisation [125]. Sauvant & Halary investigated a series of non-reactive molecular
additives and showed similar effects to the Ty, modulus and a reduction to moisture uptake but
quite different performance in fracture across modifier type and test temperature with some
improving fracture toughness and some diminished fracture toughness [126]. They suggested
that could be due to the formation of multiple nano-phases during cure and shear yielding but
did not extensively investigate the hypothesis.

2.5.4 Reactive and Non-Reactive Diluents
A diluent can be considered any material that, when incorporated into the molten epoxy resin,

decreases viscosity. The types of diluents can be categorised as those that can react with the
active species within the polymer network to then incorporate into the network and those that
do not react. Some common diluents include low viscosity monofunctional epoxies, aliphatic
epoxies and amines, and various solvents. Diluents can also aid in the increase or reduction of
exotherms, improve chemical resistance, and enhance electrical properties [127]. Diluents can

also affect the mechanical properties of the resin or matrix [127], [128].
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Reactive diluents for epoxies are mono, bi, and multi-functional epoxies of low molecular
weight and viscosity. These monomers tend to contain long and flexible aliphatic segments.
When incorporated in stoichiometric quantities to the network of a rigid epoxy they can
increase the mobility of the network in response to load. Advantages of reactive diluents can
include reduced viscosity, increased toughness, and ancillary benefits to moisture ingress and
UV stability. Disadvantages generally include reduced thermal stability due to the aliphatic

nature for many of these compounds [33].

Less common are non-reactive diluents and interpenetrating networks to simultaneously reduce
viscosity and improve toughness. In either case, the incorporation of a diluent creates systemic
changes to the reaction kinetics, processing, and properties of the cured resin. Jena et al
demonstrated improved toughness, glass transition temperature, and reduced viscosity with a
BMI/DBA modified TGDDM resin [59]. Sinha et al compared a reactive (polyethylene glycol)
to non-reactive (toluene) diluents in a DGEBA-TETA system and showed beneficial co-
polymer formation, increased tensile strength, toughness, and crosslink density for the former,

which was maximised at 10 mol%, and generally deleterious performance for the latter [129].

2.6 POLYMER COMPOSITES

2.6.1 Evolution of Composite Materials and Manufacturing
The use of polymer composites dates to the mid-1930s with the simultaneous development of

fiberglass and a new class of relatively cheap and easily processable polymers. Games Slayter,
a researcher with Owens-lllinois Glass Company, developed the first large-scale method for
manufacturing fiberglass filaments [130] which would lead to the creation of Owens-Corning
Fiberglass Corporation. In the earlier part of the 1930s, Julian Hill and Wallace Caruthers, two
researchers with the DuPont Chemical Company, were developing a series of polyamides and
polyester resins that had real potential on an industrial scale [131]-[133]. The advanced in
light-weight, high strength fibres and new polymers would shortly lead to the first large-scale
composite marine and automotive structures by the 1940s, effectively launching the first

composites industries.

It would be the development of high strength, stiff carbon fibres that would launch what is
now the near-ubiquitous use of composites in structural applications. Carbonised filaments
were developed as early as the 1860s by Sir Joseph Swan and used to demonstrate the viability

of electric light [134]. Nearly a century later the technology to develop long-form carbon
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filaments of an aspect ratio beneficial for structural applications was realised by a researcher
at Union Carbide Corporation, Roger Bacon [135]-[137]. Shortly after, Otani reported on the
development of a high strength carbon fibre from polyvinylchloride pitch [138]. While
previous research had shown carbon fibre filaments could be manufactured from textile fibres,
the results of Otani’s work showed the potential for higher strength and stiffness in an
economical fashion. Shortly thereafter, researchers from the Royal Aircraft Establishment of
the United Kingdom showed the potential for high strength, high stiffness carbon fibre made
from textile filaments [139]-[141]. From there, rapid developments in just a few decades would
see commercialised carbon fibre applied to airplanes and spacecraft and, with economies of
scale, into a multitude of industries from sports and recreational equipment, medical devices,

and heavy industry.

In parallel with the rapid developments of new structural fibres and advancements in design
capabilities for composites, the role of the polymer matrix quickly evolved. From the 1970s
onwards, development in high strength, toughened resins to meet the expanding requirements
of composite structures in the aerospace industry led to commercialised multifunctional
epoxies, bismaleimides, cyanate esters, and research into the hybridisation of resin

formulations.

2.6.2  Applications and Trends in Composites Technology
As the demand for composites grows outward in many directions, certain limitations of these

class of material systems have become apparent. An example of that is shown in the adoption
of composite bridge and fracture plugs in the natural gas and oil extraction industry. These new
plug designs are manufactured from as much as 97% polymer composites and are designed to
withstand a temperature of 149°C (300°F) and pressures in the range of 690bar (10,000 psi),
all the while reducing drill bore time by nearly 50% over tradition metal and metal-composite
plugs [142]. However, hot-wet (hygrothermal) performance has limited the utility of some
commercial high-Tg resin systems such as cyanate esters, due to poor performance in a

moisture-rich environment.

The focus on degradation for composites has long been on the ingress of moisture and time to
saturation that a particular system achieves. However, with the need for elevated service
temperature increasingly entering the focus of composites end-users, the development of novel

formulations for elevated temperatures in a caustic environment is a relatively new market-
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driven demand. The temperatures, pressures, and environmental factors such as working fluids
with high salinity can exacerbate degradation of the polymer matrix. Under such conditions,
composites may undergo hydrolytic (separation of chemical bonds by addition of moisture)
and hygrothermal (change in material properties due to combined thermal and moisture effects)
degradation [143]. In such cases, fibreglass, with an osmotic nature, tends to exhibit extended
hygrothermal degradation in comparison to carbon composites. The controlling factor then is

the matrix.

Polymer composites for extreme temperatures are not solely the focus of heavy industry such
as oil & gas applications. Near-engine components in automotive and aerospace structures
require a combination of stiffness, lightweight capabilities, and long-term resistance to high
temperatures. Researchers with the Fraunhofer Institute developed a new combustion engine
and used re-designed valves made of high-temperature phenolic resins and advanced computer
simulation to optimize the design and reduce exposure to heat, ultimately achieving a 20%
reduction in weight over conventional aluminium components [144]. High-temperature
polyimides capable of performance above 300°C resins have also been used to replace
traditional metallic components in automotive pistons but ultimately failed to meet the
demands of the 425°C operating conditions, even with tailored design for composites and
metallic shielding [145].

When considering the aerospace market and near-engine components the demands become
increasingly greater. Nickel-based and titanium alloys dominate much of the structure in and
around the various components of the gas turbine engines due to the necessity of stable
performance around 600°C with minimal long-term creep behaviour [146]. Aluminium alloys
are susceptible to long-term creep even at temperatures in the range of most polymer
composites making them a target for replacement in areas where the long-term service at
elevated temperature is of concern. The effect of such a shift is ongoing in the aircraft industry
but is well recognized by the trends in improvements to aircraft structures as shown in Figure
2-7.
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Figure 2-7 - Trend in aircraft efficiency based on the effect of the introduction of
technological advances (borrowed from [146])
It is interesting to note that the only areas of major growth have occurred with advances in
aerodynamics and the introduction of new materials and design. Engines themselves contribute
a major part to efficiency but perhaps less so due to the minimal savings in weight achieved in
the structure elsewhere through lightweight composites due to trade-offs such as cost and

thermal performance.

Composites may come in many forms from metal-matrix, carbon-carbon, and polymer matrix
composites. The majority of composites, approximately 70% by production volume are

polymer reinforced, and of those, 71.5% are thermoset matrices [7].

Thermoplastic matrix composites are a growing area of interest due to the potential for rapid
manufacture, reparability, and in some instances the thermal stability. With regard to thermal
stability, a few TPs are widely known for high Ty and mechanical performance suitable for
aerospace applications. Polyimides are sometimes noted as the upper-limit for service
temperature of polymer composites near 350°C [15]. Rocket components on the NASA X-30
experimental vehicle were manufactured at the sub-scale using PEEK composites but full-scale
manufacturing of CFRP/PEEK was unattainable and the matrix was switched to an epoxy [16].
Others such as polyimides (PEI) have been used for services temperatures above 200 but lack

processability due to high melt temperatures [17]. As such, purely thermoplastic composites
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are still only a minor part of modern composites since many alternative, highly processable

thermosets exist for similar service conditions.

2.7 MODIFICATIONS TO POLYMER COMPOSITES
There are two main routes to modify polymer composites and can be considered intrinsic and

extrinsic modifiers. Intrinsic modification would be those where the matrix is modified to
enhance some property of the composite. As previously mentioned, these can include
thermoplastic tougheners [147], inorganic such as carbon nanotubes [148], nanosilicas and
nanoclays [149], and others that are added directly to the matrix. Extrinsic modifiers are added
at the composite level and can include films [150] or veils [151], [152] into the interlaminar
regions of the composite and reinforcements in the through-thickness direction of a laminate
such as z-pins [153]. Composites can also be hybridised to include multiple fibre types which
is more of a laminate design scheme than a modification.

Very little reference to antiplasticisers or core shell rubbers used for continuous fibre polymer
composites is present in the literature. Frequently, the antiplasticising effects that moisture
ingress and ageing have on mechanical properties of polymer composites are reported [154],
[155]. One study by Vassileva & Friedrich studied the effects of alumina nanoparticles added
to the matrix and studied by DMTA to yield some traces of antiplasticisation but only the
context of resins for composites is discussed, not applied [156]. Similarly the work by
Subramaniyan & Sun shows that a hybrid CSR/nanoclay can toughen their DGEBA-based
resins but only discusses the possibility to make toughened FRPs from it [157]. In a review of
the available literature for CSRs only Riew et al. showed a translation of the resin performance
to a composite [158]. That translation of resin properties to the composite is critical for
modified matrix systems because the very different stiffness and strain to failure of fibre
properties can supress the effect of modifiers for the neat resin.

The translation of toughness improvements delivered by modification to the neat resin is not
always directly proportional to the fibre reinforced composite. Scott & Phillips demonstrated
that CTBN-toughened composites showed a markedly reduced fracture energy than the neat
resin counterparts which was attributed to the decreased “glue-line” thickness between the
composite lamina [159]. Chong & Taylor investigated block co-polymer toughened epoxies
and their composites and while the bulk resins showed large improvements to fracture energy,
the increase to fracture toughness was not translated to the composites [160]. The fracture
energies of the composite and the neat resin are shown in Figure 2-8 below.
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Figure 2-8 - Comparison of initiation and propagation fracture energy of the CFRP to the neat resin
fracture energy [160]

The difference in the effect that certain tougheners have on the composite versus the neat resin
is considered to be a function of the aspect ratio between the crack tip area in a bulk polymer
versus the composite. The plastic zone in the composite is constrained to a small domain in the
resin rich regions between lamina. Previous work on epoxy networks has demonstrated the
inverse relation between crack growth and the size domain around the crack site [161]-[163].
The theoretical assumption would be that under mode | loading, the fracture energy in the
composite would mirror that of the bulk resin. That would be the case if no transverse crack
bridging or bifurcations were to occur. That behaviour was noted by Scott & Phillips but the

results of fracture energy showed a large deviation between the resin and composite [159].

Conversely, some particle toughening routes show limited effect in resins at the bulk level but
improved response in composites. Bradley et al investigated the effect of crosslink density and
core shell rubber toughening of three epoxy amine systems with T4 between 189°C (low Mc)
and 225°C (high Mc) and concluded that while adding a rubber microphase to low Mc materials
could elicit an improvement to toughness, highly crosslinked materials were not toughened by
rubber particles [164]. However, work by Riew et al. demonstrated a significant improvement
to fracture toughness of a high-T¢ epoxy laminate toughened by CSRs [117]. Hsieh et al
demonstrated improved toughness to a composite by addition of glass beads that were surface

treated to improve bonding with the epoxy matrix and toughness was achieved by deflection
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of the crack tip [29]. Therefore, it is important to note that the performance of modifiers on the

neat resin can behave independent of the composite.

2.8 THERMAL PERFORMANCE AND STABILITY OF POLYMER COMPOSITES
Thermal stability and resistance to thermal loading (i.e. thermal shock) are mutually exclusive

terms with regards to polymer composites due to both physical and chemical changes that can
occur on different timescales. For the polymer matrix, exposure to elevated temperatures
results in degradation reaction mechanisms such as the formation of alcohols and cleavage of
the bonds that comprise the initial cured network structure. The deterioration in mechanical
performance with the exposure of temperature extremes has been shown to be driven by the
interfacial properties between the fibre and matrix. Tsotsis demonstrated that mass loss and the
glass transition temperature are not demonstrative of the reduction in mechanical strength of
epoxy composites, that is mass loss always results in a decrease to mechanical properties but
not a quantifiable metric [165], [166]. Significantly, the thermal degradation of polymers is
usually investigated by mass loss [167], [168] and the products that arise from the degradation
of the network. The sub-T4 ageing results in cleavage of bonds, changes to the free volume of
the network which can adversely contribute to deterioration in the matrix properties [169].
Rose et al. showed that for TGDDM-DDS, there was no significant change in the chemistry of
the degradation products in the inert atmosphere and an oxygen atmosphere up to 340°C, well
above the glass transition temperature [170]. The ageing of the composite can proceed by

multiple pathways making it a complex phenomenon to investigate.

There are two key aspects that differentiate the effects of thermal ageing on a composite,
namely the physical and chemical changes that occur either separate or simultaneously. Weight
loss associated with thermal ageing can occur due to the evacuation of volatiles and moisture
and thermo-oxidative ageing tends to result in a greater weight loss as shown in Figure 2-9
[171]. After the evolution of volatiles and moisture, a steady-state loss of mass can indicate a
thermo-oxidation mechanism which, overtime tends to reach an equilibrium after which
subsequent weight loss is associated with new thermo-oxidative processes [172]. Other
changes that occur include effects on the Ty, crack density, modulus, fracture toughness, and
embrittlement of the matrix as a result of both continued conversion of functional groups and
degradation of bonds segments within the network, sometimes concurrently. An increase to the

Tg can be associated with network growth (chain extension and crosslinking) while a lower Tq
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suggests chain scission and some degradation. Chemical degradation can be complex and result

in irreversible changes to the network and subsequently the thermal and mechanical properties.
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Figure 2-9 — Relation between weight loss and ageing on the T4 of a composite [171]

Thermal-oxidative ageing propagates through a composite from the formation of
microstructural cracks primarily at the free edge of the laminate where thermal gradient effects
are more pronounced. These defects serve as pathways for air from the environment to
penetrate the composite and react with the free polymer surface. It is consistently shown for
thermal ageing [173] and thermal shock an cycling [174], [175] result in a deterioration of the
interfacial properties between fibre and matrix. Particularly with long-fibre composites, the
exposure to heat causes distortion between fibre and matrix due to differing thermal expansion
behaviour. Mahato et al. spiked an epoxy/glass fibre composite to 50, 100, 150, and 200°C for
durations ranging from 5-40 minutes and showed that shorter exposure decreased tensile
strength while the extreme of 40 minutes increased tensile strength [176]. Partly, the
improvements after longer exposure times at 100°C and 150°C spike temperatures times were
attributed to extended crosslinking of the epoxy matrix. The exception arose for 200°C
exposures where, regardless of time, the modulus and strain to failure decreased and was
suggested to relate to degradation, embrittlement, and possible micro-cracking of the matrix.
Interestingly, there was no clear trend between time, temperature, and the change in modulus
and strength at the intermediate steps where a variety of different damage modes were
observed. That could suggest a stronger correlation between the initiation and propagation of

surface defects than temperature in terms of the effect on the composite.
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Stutz described the degradation mechanisms of glycidyl ethers as purely dehydration and
cleavage of the hydroxypropyl ether functionality whereas the glycidyl amine undergoes
dehydration, cleavage, and dissociation into amine and formaldehyde [13]. It was evident that
the degradation of DDS-cured DGEBA and TGDDM, as studied by kinetics, showed similar
lifetime service temperatures (115-120°C) regardless of Tg. Delozeanne et al. investigated
DDS-cured DGEBA and TGDDM by FTIR and showed different reactive products and
deviation of the kinetic models for the degradation of the two epoxies [177]. Purely gravimetric
kinetics rely on the assumption of a single mechanism for the degradation of the functional
groups, regardless of epoxy, but it was clear that the chemical difference in the two resins had
different rates, different products, and therefore, competing chemistries which could impact
the thermal stability of the resins regardless of T¢ and Tq. While a majority of the previous
research into thermal stability of the model high performance aerospace resin, TGDDM, are
concerned with sub-Ty temperatures in the range of 120-200°C [170], [177]-[179], a

characterisation of the near-Ty performance is not reported.

2.9 SUMMARY OF THE LITERATURE
The current state of the research into high temperature epoxies and their reinforced

composites primarily focuses on a small set of commercial epoxies such as TGDDM. While
there have been some developments in high-temperature (Tg < 200°C) resins, many trade-offs
still exist in terms of thermal stability, mechanical properties, and ease of processing. Some
promising improvements to thermal stability are shown with the use of epoxies containing
naphthalene backbones which can improve char yield and the glass transition temperature. Of
the modification routes, a substantial body of research has investigated thermoplastic and
core-shell tougheners and exhibit similar gains to toughness. But the negative impact on Tg of
the former and the lack of research on resin systems with T4 greater than 200°C of the latter
show a clear need to explore CSR particle toughening strategies on high-Tg, high-crosslink
density networks and their composites. An interesting but small body of work on direct
antiplasticisation shows promise as a strategy to improve modulus and potentially maintain a
high T,4. The translation of increased modulus via antiplasticisation to a composite has not
been clearly demonstrated. It is also clear that the glass transition temperature and thermal
performance of the resin can be mutually exclusive and therefore it is important to consider

both the short- and long-term degradation to properties at elevated temperatures.
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3 EXPERIMENTAL METHODS AND MATERIALS

3.1 INTRODUCTION
The standard methodology and materials used in the following studies are outlined in this

chapter. Where deviation from the standard methodology outlined in this chapter occurs, it is

clearly noted in the subsequent chapters.

3.2 MATERIALS

3.2.1 Epoxy Resins and Amino Hardeners
The main epoxy monomers and hardener utilised in the study are shown in Figure 3-1 and key

information are provided in Table 3-1. In the subsequent chapters additional chemicals are noted
where used. The epoxy resin to amino hardener stoichiometry, unless otherwise specified was
1:0.95. Commonly, a slight excess of epoxy is included to promote etherification between free

hydroxyl and to ensure full consumption of secondary amine [180], [181].

A O
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(c)
Figure 3-1 - Chemical structures of (a) NNE, (b) TGDDM, and (c) 44DDS monomers

Table 3-1 - Main epoxy and amine hardeners used in this study

Material Acronym Chemical Name EEW Mfg. Supplier
(g/mol)

Epoxy NNE bis(2,7 glycidyl ether 170 DIC Corp.

Monomer naphthalenediol) methane (JPN)

Epoxy TGDDM Tetraglycidyl 124 Huntsman

Monomer diaminodiphenyl methane Corp. (USA)

Amine 44DDS 4,4’-diaminodiphenylsulfone | 238.30 TCI Chemical

Hardener Inc. (JPN)
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3.2.2  Pre-Processing of Resin Constituents
All epoxy monomers and silicon moulds used to cast resins were degassed at 65°C in a vacuum

oven set to 250mbar for a minimum duration of 24 hours. This is essential to remove excess
moisture and potential volatiles that can accumulate in transit from suppliers and whilst in
storage. The resins are cast into silicon moulds containing cavities of dimensions suitable for
the desired mechanical testing. Prior to formulating resins, silicon moulds were staged in a
convection oven. The oven was then heated to 150°C and held at that temperature. This is to
prevent adverse thermal shock on the molten resin and also to dry out the moulds of any
moisture. Typical cure schedules for resins were 150°C for four hours, 180°C for four hours,

and then a free-standing (after demoulding) post-cure 200°C or above for 2 hours.

3.2.3 Formulation of Neat Resins
Resins were prepared utilising a hot oil bath and roto-evaporator equipped to laboratory

vacuum supply. The epoxy resins were added to a round-bottom flask and heated to 120°C and
degassed for 15-30 minutes until no bubbles were apparent in the molten state. Then the amino
hardener was carefully added to the molten epoxy. The epoxy-amine mixture was then
transferred back to the roto-evaporator and mixed under heat and vacuum at 130°C for 15
minutes until the DDS was dissolved into epoxy and no bubbles were apparent. Then the

mixture was quickly removed from vacuum and transferred to the pre-heated moulds.

3.2.4 Cure of Neat Resins
Cure schedule variations are noted in the subsequent chapters but in general, heating was

initiated in a convection oven at 150°C for four hours. Then the temperature was raised to
180°C at 5°C/min heating rate for an additional four hours. Resins were then de-moulded and
a free-standing post-cure at 200°C under a heating rate of 3°C/min (for TGDDM-DDS) and
220°C and a heating rate of 3°C/min (for NNE-DDS) was performed.

3.2.5 Characterisation of Monomers by High Performance Liquid Chromatography
Commercial resins generally are not pure but comprised of one or more isomers and some

portion of oligomers. In the case of epoxies, that can include monomers that vary in epoxide
functionality, lack epoxide groups, contain excess hydroxyl due to ring-opened groups, and
other impurities. These defects in turn can affect the catalysis of cure and resulting thermal
and mechanical properties. High performance liquid chromatography (HPLC) has been
repeatedly used to identify different structures in the uncured resin and determine the averaged
molecular weight distribution [77], [182]-[184].
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The foundation of HPLC measurements for polymers is to essentially identify traces of these
oligomers and isomers by their polarity. A non-polar solution will allow for the rapid
transmission of a non-polar molecule to transport through the detector column of an HPLC
much faster than more polar species. At the same time, the oligomeric species tend to be high
molecular weight and will fall out of solution at a much later time than the main isomers.
Therefore, it is essential to allow for sufficient transport of the monomer in order to detect these

defects, typically on the order of 30-60 minutes.

An HPLC (Agilent Corp., USA) with a C18 gradient column of 150mm length and diameter
was utilised to determine the purity of the various resin monomers investigated. Between 100-
250 millimol of epoxy resin was first dissolved into acetonitrile (ACN) which was then diluted
to obtain a solution comprised of 70% MilliQ water to 30% ACN. The same gradient of 70%
MilliQ water to 30% acetonitrile was used at the initial stage of the gradient elution and slowly
increased to 100% ACN over a period of 45 minutes. The flow rate was 1mL/min and the
sample volume was 20 uL. A multi-channel UV detector recorded the spectra at wavelengths
of 210, 230, 254, 280, and 290 nm. The HPLC results are provided in Appendix A.

3.3 NEAT RESIN CURE KINETICS
The uncured resins are utilised to study the evolution of cure by a variety of techniques ranging

from thermal, optical, and rheological methods and techniques.

3.3.1 Differential Scanning Calorimetry
A Netzsch Proteus 205 differential scanning calorimeter (DSC) was utilised for isothermal and

dynamic analysis of the uncured and cured resins. DSC measures the difference in heat flow
required to raise the temperature of a substance. This can either be measured by the temperature
change between the sample and a reference or by controlling the temperature by altering the
applied thermal energy, thereby creating a differential in the heat flow measured between the
reference and the sample. In this case, the heat flux DSC method is used.

Dynamic DSC involves heating the resin at a constant rate (1-20°C/min) up to a temperature
in excess of the peak exothermic temperature of the reaction. A baseline can then be drawn
beneath the exothermic peak and the heat flux determined by integration with respect to
temperature. The peak temperature of the exotherm and the heat flux can be utilised to

determine the energy barrier of activation by performing at least three scans at different ramp
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rates. In this work, a minimum of five heating rates are utilised. Both the Kissinger and Flynn-
Wall-Ozawa methods are employed to determine activation energy and should be in agreement
with one another. The iso-conversional approach to reaction kinetics are based on the
assumption that the reaction rate is dependent on temperature and conversion but independent
of reaction order. Li et al. studied the kinetics of castor oil pyrolysis by Kissinger and Flynn-
Wall-Ozawa (FWO) methods and gave a succinct description of the two methods as applied to

degradation kinetics [185]. Under constant heating rates, the kinetic equation is as follows:

2= k(T) x f(e) > A S = Ae” " /rT x f(o) Eq. 1

dt
Here, the reaction rate constant is determined by an Arrhenius relationship from the slope of
k(t). Ea (J/mol) is the respective activation energy, R (J/mol-K) is the gas constant, and T (K)
is the temperature. The heating rate, § (K/t), is constant. The kinetic equation can be integrated
to yield:

d _ T -—-E
O“ITZ) =g(@ =Ap~' [ e “/rrdrT Eq. 2

For the Kissinger method, the resulting integration can be approximated using the Coates &

Redfern [186] approach and is given as:

RT? ~Eay
X —e RT

A
8" Ea Eq.3

g(a) =

Upon some rearrangement of terms and taking the natural logarithm, the equation is simplified

to:

InZ = |n2Ee _Ee Eq. 4

T2~ " Rg(a) RT

The Flynn-Wall-Ozawa approach is determined by Doyle’s approximation and is given as:

9(a) = 50.00484¢ 1 052Ee/RT Eq.5

which can be arranged to arrive at:

AEa
Rg(a)

Inf = In-———5331—1.052- Eq. 6

Isothermal DSC involves heating a resin up rapidly to a specific isothermal temperature and
holding it for a sufficient duration of time to establish a zero baseline in the trace of heat flow
from which an integration can be carried out with respect to time. Upon cooling to ambient
temperature (20-25°C), the cured resin can be dynamically reheated up to a temperature in
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excess of the glass transition temperature for the fully cured resin, if known. A residual
exotherm in the dynamic scan after isothermal curing indicates the residual enthalpy of the
partially reacted resin system. The ratio of the isothermal enthalpy and the residual enthalpy
indicates the fractional conversion at that specific isothermal cure temperature. As isothermal

curing temperature is increased, the residual exotherm should reduce into the baseline.

The method for performing DSC starts with weighing out an empty aluminium crucible with a
pierced lid which serves as the reference crucible. The sensitivity of DSC measurements
requires fine control of sample mass. Therefore, an analytical balance capable of measurements
to 0.01 mg is utilised. Then, another crucible and pan are weighed, and the balance is zeroed.
To the empty crucible, approximately 10 mg of resin is added, compacted to ensure uniform
contact with the bottom of the pan, and weighed. The reference and sample crucible lids are
crimped, and the tops pierced to allow for the exhaust of volatiles that can evolve whilst the
resin is heated. The weights of the reference crucible, sample crucible, and sample mass are
recorded and entered into the DSC control software. An auto-sampling robot loads the crucibles
into the corresponding reference and sample plates of the DSC heating chamber which is then
sealed, and the specific heating profile is performed. Simultaneous conductive heating of the
plates and cooling by nitrogen gas controls the sample temperature throughout the heating and

cooling cycles.

3.4 RHEOLOGY
Rheology comprises a series of techniques to understand the behaviour of liquid and soft

materials where the behaviour is partially or primarily plastic as opposed to elastic. The
rheological methods employed with thermosetting polymers include oscillatory rheology of the

polymer melt and can also consider dynamic thermomechanical analysis (DMTA) techniques.

3.4.1 Oscillatory Rheometry
The fundamental principal of rheology is that under induced shear stress or shear strain, the

response of the material is to deform. A Newtonian fluid is any such material which satisfies a
linear shear strain rate versus shear stress. Most polymers are non-Newtonian and exhibit a

non-linear deformation with respect to the shear strain rate.

3.4.2 Dynamic Thermomechanical Analysis
Thermosetting and thermoplastic polymers exhibit degrees of elastic and plastic behaviour. For

an uncured thermosetting polymer there are three key temperatures at which key events in the
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network formation occurs. These include the melt temperature, temperature of gelation, and
temperature of vitrification. With respect to time, there are also times to gelation and
vitrification which are dependent on the cure temperature. From these points, a master curve
can be established which outlines the key phase changes relative to the cure temperature. This

is often called the time-temperature-transformation (TTT) diagram.

The DMTA method involves stimulating a polymer at a given oscillating frequency of a
mechanical load whilst dynamically or isothermally heated in a chamber. As the oscillating
frequency of the mechanical load perturbs the material, a phase lag can occur between the
applied load and the elastic response of the material. This phase lag indicates the viscous

(plastic) portion of the material.

A Q800 DMTA (TA Instruments, USA) was utilised for all isothermal curing of resins and for
sub-ambient and dynamic scans of cured resins. A standard protocol was utilised for each type
of measurement and is outlined in detail below. The fixture used for all tests was a dual/single
cantilever apparatus with free span length of 35mm in dual cantilever and 17.5mm in single

cantilever modes.

Isothermal experiments allow for the determination of gelation, vitrification, and the evolution
of glass transition temperature at specific cure temperatures. In this method, strips of
unidirectional carbon fibre are doped with uncured resin using a solvent mixture of 50%
dichloromethane and 50% acetone to dissolve the epoxy monomer and amino hardener. Then
the solvent was evaporated in a convection oven for a minimum one hour at a temperature 75°C
and utilising forced extraction. A composite of nominal dimensions of 1-1.5mm thickness,
60mm length, and 10mm width was constructed and wrapped tightly in aluminium foil to
prevent bonding to the clamp fixture. The pre-impregnated fibre sample was affixed to the dual
cantilever apparatus. The procedure for isothermal curing included a 30 minute dwell at 90°C
followed by a ramp to the isothermal temperature (130-180°C) at which the sample was held
for 480 minutes. Then the sample was cooled to 50°C and ramped to a temperature above the
full T4 at a ramp rate of 5°C/min to determine the glass transition temperature. The gelation
and vitrification are evident in the tan(d) as peaks in the initial stages of cure. Upon vitrification,

the storage modulus ceases to evolve.
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Dynamic heating experiments was performed on single and dual cantilever specimens. Resins
were held at an equilibrium temperature of 50°C for 2 minutes after which the specimens were
heated at 5°C/min under a displacement amplitude of 10-50um loading up to a temperature 30-
40°C in excess of the expected full T4. Nominal dimensions were 3mm thickness and 12mm
width. The glass transition temperature is apparent when the storage modulus begins to drop
from a relatively constant value and a peak emerges in the tan(d) after the storage modulus

onset.

3.5 NEAR INFRARED SPECTROSCOPY
Fourier Transform Infrared Spectroscopy (FT-IR) is a light spectroscopy technique that

employs infrared light energy passing through a domain to determine the emissivity or
absorbance of the solids, liquids, and gases that occupy the domain. Particularly for polymeric
materials, the presence of distinct infrared signatures in the near-IR (NIR) range of 4000-
8000cm™?, that correspond well to the presence of chemically uniform species makes it a useful
technique for quality inspection and more advanced studies of the polymerisation process. The
fundamental principal that determines the absorbed light at any frequency in the IR domain is

Beer’s law which is given as:
A =log> Eq.7

Here, A is the spectral absorbance, I is the light intensity of the source entering the specimen,
and lo is the light intensity that is measured as passing through the specimen. The absorbance
at any wavelength is a function of the corresponding functional group represented. Each of
these groups has a molar emissivity and chemical concentration that will affect the measured
absorbance. In addition, the physical measure of the length through which the light must travel

through (i.e. specimen thickness) will affect absorbance. Therefore, Eq. 1 may be rewritten as:
A= ecl Eq. 8

where ¢ is the molar emissivity in kg-mol™ cm, ¢ is the molar concentration in mol-kg?, and
| is the path length of the light radiation in cm. Due to variations in thickness, it is usually the
case that a standardised peak that is independent of the polymerisation is used to normalise

each signal. That enables some further simplification of the above relationship to:
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A =ac Eq. 9

Absorbance is re-written in terms of a relative molar absorptivity, a, given in kg-mol™, and the

chemical concentration.

From this relationship, a number of techniques are used to measure the polymerisation of
epoxies and similar materials either in terms of time at a temperature suitable for

polymerisation or with increasing temperature.

For the case of epoxies cured with amine hardeners, there are a number of distinct and easily
resolved peak bands which relate to functional groups. As such, numerous researchers have
employed the use of NIR for monitoring the cure formation of epoxy networks [24], [187]-

[190]. Some common bands which are typically employed are shown in Table 3-2.

Table 3-2 - Typical absorbance bands for epoxy-amine systems

Absorption Band Wavenumber (cmt) Functional Group
Epoxide 4522, 5881, 6070 CH

Primary Amine 5072 NH2

Primary and Secondary | 6577-6692 NH2, NHR
Amine

Hydroxyl 4903, 6990 OH

Aromatic 4619, 4682, 5992 CH

The epoxy peak at 4522 cm™ is most easily resolved as the peaks at 5881 cm™ and 6070 cm™
overlap with the aromatic peak a 5992 cm™. The primary amine peak at 5072 is discernible
only for low degrees of conversion as primary amine is consumed first. The overlapping signal
at 6577-6692 cm™ is a combination of primary and secondary amine. Since it can be assumed
no secondary amine exists in the uncured state, the primary amine peak at 5072 cm™ is needed
to determine the ratio of primary to secondary amine later in the reaction. The aromatic peaks
not associated with polymerisation are useful in normalising the respective spectra for

quantitative analysis as they should not change as the system polymerises.

Fundamentally, the reaction of epoxy with the functional groups of an amino acid in a semi-
sequential order. Firstly, the primary amine reacts to cause the oxirane ring to ring open. The
ring-opening polymerisation is succeeded by formation of a hydroxyl unit and the unlocking

of a secondary amine for further reaction. Once the primary amine is consumed, these
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secondary amines will react with available epoxide species. Following the consumption of

secondary amine, both hydroxyl and tertiary amine form.

In the NIR domain, the tertiary amine is undetectable but it is assumed that the difference
between available secondary amine and primary amine represent the ideal amount of tertiary
amine available. Further, directly determining hydroxyl concentration from any of the resolved
peaks in the NIR domain are challenging because the band is representative by free hydroxyl
and hydrogen-bonded species. It is also assumed that no net change in hydroxyl concentration
occurs even with homo-polymerisation and etherification side-reactions [70].

The conversion of epoxy is simple to determine in the near infrared domain by utilising the
well-defined peak at 4522 cm™. By stoichiometry, the initial epoxide concentration is known.
Therefore, the conversion is taken as:

[EP]x

Ogp = ﬁ Eq 10

o

where [EP]o is the initial concentration of epoxide functional groups and [EP]x is either time-
dependent (as with curing isothermally) or temperature dependent. The absorbance of the
epoxide band is easily determined after normalisation as the ratio of the scaled absorbance band

by the unreacted epoxide concentration derived from stoichiometry of the formulation.

The conversion of primary amine is observed at degrees of cure below the time or temperature
necessary to induce gelation. In the same way as with the epoxide molar absorptivity, the
primary amine molar absorptivity is determined by scaling the absorbance band and dividing
by the stoichiometric concentration of primary amine. Then the conversion of primary amine
is determined by:

[PA]x

App = ﬁ Eq 11

Once again, the [PA]o is the molar concentration of available primary amine unreacted and

[PA]x is time or temperature dependent concentration determined from the absorbance band.

The cured network properties are, in effect, influenced by the reaction of secondary amine and

side reactions such as homopolymerisation and etherification. Determining the values for the
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former is complex as the absorbance band is a combination of primary and secondary amine.
Researchers have attempted to quantify secondary amine in a number of different ways. Varley
et al. proposed utilising the primary amine band at 5072cm™ to resolve the concentration of
primary and secondary amine concentrations from the complex band at 6577-6692 cm™ [191].
The approach is further complicated because tertiary amine formed from the consumption of
secondary amines is not visible in the NIR spectra and determination of hydroxyl is
complicated by an initial concentration already present in the uncured network. For these
reasons it is simpler to consider the change in peak areas of the secondary amine and hydroxyl

peaks, particularly with regards to etherification reactions. primary/secondary band.

The etherification reaction is comprised of consumption of an epoxide and a free hydroxyl, and
upon bond-formation after the ring-opening of the epoxide, another hydroxyl is formed.
Secondary amine is either fully consumed or consumed in a reaction with an epoxide. The
normalised spectra then would show a decrease to the peak at 4521cm™ and no net change to
the hydroxyl peak at 6800-7200cm™. In that case, it can be assumed that etherification can be
identified by a relationship where the change in the ratio of secondary amine peak area and
hydroxyl peak area decreases while epoxide remains unchanged.

3.6 MECHANICAL PROPERTIES AND FRACTURE TOUGHNESS
The mechanical properties which were studied consisted of flexural strength, strain to failure,

and bending modulus as well as the notched fracture toughness and the methods of testing were
based on the relevant ASTM standards. In addition, composites testing was carried out for
flexure and interlaminar shear strength characterisation. All testing was carried out on an

Instron 5000 series servo-electromechanical load frame (lllinois Tool Works, Inc., USA).

Flexural properties of the neat resins were studied in accordance with ASTM Standard D790-
17. The flat resin strips were of nominal width and thickness of 13x3 mm, respectively. The
three-point bend (3PB) flexural test was performed with a nominal span of 48 mm utilising a

rolling-pin fixture with 5mm diameter steel rollers.

Singe-edge notch flexural (SENB) testing was performed following ASTM Standard D5045-
14. The sample specimens were of nominal cast dimensions of 6x13x60 mm and a moulded
pre-notch of 6mm depth and 3mm v-grooved opening was a feature of the mould. Prior to

loading, a fresh safety razor blade (Wilkinson Sword) was scored along the inside of the slit in
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a single motion. Due to the brittle nature of the resins studied, it was not possible to tap in a
pre-crack as the favoured method. An optical microscope was utilised to measure the length of
the pre-crack. The loading rate of 20mm/min was used for all tests. A diagram of the specimen
and loading configuration is shown in Figure 3-2.

P (N)

5

Span
Figure 3-2 - Diagram of the SENB specimen and loading configuration

Fracture toughness is determined by assuming the application of linear elastic fracture
mechanics (LEFM) is valid for the material of concern. The value of X, the pre-crack aspect

ratio, is determined from the reciprocal of crack length, a, to the specimen width, w, as:

X =

Eqg. 12

a
w

In general, a/w ~ 0.5 is an ideal specimen ratio for the application of LEFM. This value is then

used to determine the crack calibration factor for each specimen.

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

f(x) = 6x Eq. 13

Once the value of f(x) is determined, the fracture toughness is easily determined from the
specimen dimensions and the peak load of the load-displacement curve of a fracture test.

K = (Pma;) £(x) Eq. 14
BW2

Of relevance to composite fracture toughness is the resin fracture energy. This is determined
from measured values of the elastic tensile modulus, E, and the value of Kic. The fracture

energy is in units of J/m? and is calculated from the following equation:
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_2 VK2
Gic = L VE)K]C Eqg. 15

where E and v are determined experimentally at the same environmental conditions as the
SENB tests.

The composite interlaminar shear strength (ILSS) was determined via the testing procedure of
ASTM D2344-16. A minimum of 8 specimens were evaluated with a nominal 2 mm thickness
and span of 10mm. All composites were unidirectional laminates and tests were carried out

with respect to the 0° fibre orientation oriented in the spanwise direction of the loading fixture.
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4 NETWORK DEVELOPMENT OF THE TETRAFUNCTIONAL EPOXY RESINS

4.1 INTRODUCTION

4.1.1 Influence of Monomer Functionality, Chemical Structure, and Cure Temperature on the
Glass Transition Temperature

Epoxy-amine resins can be tailored to meet a wide range of performance criteria by relatively
simple changes to the formulation of constituents which make up the polymer system.
Diglycidyl ether of bisphenol A (DGEBA) epoxy monomers are the building blocks of most
commercial epoxy resin systems. Three main components of an epoxy resin system most
significantly impact the kinetics of reaction and the final properties of the cured resin. These
are generalised as follows:

1. Monomer functionalities
2. Molecular structure of the monomer backbone

3. Substitution pattern of the molecules

A large body of research into epoxy resins means there is ample information with which to
hypothesise and even simulate the characteristics of resins to achieve desired performance
criteria. For the basis of this research, only epoxide functionality is of concern as the common
aerospace diamine hardeners are tetrafunctional (i.e. n=4). Commercial monofunctional (n=1)
up to tetrafunctional (n=4) resins exist. As an example, the DGEBA monomer contains two
glycidyl rings for a functionality of 2. Epoxy monomers and diamines can contain aliphatic and
aromatic constituents with the latter generally exhibiting desirable high temperature
characteristics due to the inherent stability of these types of molecular structures. DGEBA
contains chain-linked phenyl groups which contribute to a glass transition temperature
approaching 200°C when cured with aromatic diamines. Finally, the homogeneity and
conformity of the network to extrinsic thermal and mechanical stressors can be affected by the
substitution pattern of the functional groups. A prime example is the phenomena observed
when epoxy resins are cured with para-para substituted 4,4’-diaminodiphenylsulfone (44DDS)
and meta-meta 3,3’-diaminodiphenylsulfone (33DDS). Research has shown that the isomers of
DDS result in wide disparities with regards to the thermal, mechanical, and cure kinetics [192],
[193].
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With regards to thermal stability and for this study the use of the aromatic diamine, 44DDS is
used exclusively. In addition, the backbone of epoxy monomers tends to contain aromatic
chain-linked structures. The functionality of resins is generally greater than two due to the
larger crosslink density afforded by more functional groups [28], [72], [194]. In the current
state, triglycidyl-p-aminophenol (TGAP, n=3) and tetraglycidyldiaminodiphenyl methane
(TGDDM, n=4) cured with 44DDS have been shown to exhibit glass transition in the range of
250-300°C, respectively [195]. At the upper end of the spectrum, a novel tetrafunctional
dimeric naphthalene-based epoxy monomer (NNE) synthesized by Ogura & Takahashi is
shown to exhibit a homopolymerized glass transition temperature of 328°C, which remains the

highest epoxy resin Tq reported [37].

The performance of the monomer is linked to the mobility of the cured network, rigidity of the
naphthalene units, and tetrafunctional nature. These types of naphthalene-based epoxies are
generally targeted towards applications in the electronics markets [196]-[198] and NNE is
marketed under the tradename Epiclon HP4710 (DIC Corporation, JPN). Of the previously
studied naphthalene-based based epoxy resins, they all contain glycidyl ether functional groups
and thus provide an opportunity to directly compare their performance against TGDDM, the
dominant tetrafunctional epoxy resin available commercially which is based upon glycidyl

amine epoxide groups.

The tertiary amines present in TGDDM and TGAP are potential catalysts for chain growth
polymerisation and have been shown to be susceptible to internal cyclisation and etherification
at later stages of cure and at higher temperatures [199]. Matejka et al. demonstrated the internal
cyclisation reaction in nitrogen containing diglycidylamine resins via rapid formation of cyclic
products at the beginning of cure [200]. This led to delays in gelation and affected the relative
reactivity of the primary to secondary amine groups [64]. Indeed, Attias et al. showed that as
much as 65% of the epoxide within a TGDDM amine-cured network can form cyclic structures
[201] leaving unreacted amine groups within a heterogeneous network. An example of the
chemical reaction that can form a cyclic defect or a normal crosslink ring is provided in Figure
4-1.
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Figure 4-1 - Example of a cyclic defect (left) and cyclic member (right formed during
reaction of glycidyl ammine with a primary amine

Residual functionality arising from side reactions produces networks with less than ideal
properties and has provided the impetus to search for highly crosslinked tertiary amine free
epoxy resins. Liu et al synthesised a nitrogen-free multi-aromatic tetrafunctional epoxy which
displayed markedly improved conversion and similar properties to TGDDM which they
attributed to lower steric hindrance [28]. Xing et al. also created a tetrafunctional epoxy resin,
free of tertiary amine and showed improvements in Tg compared to a DGEBA-based resin at
20 mol% loading, again attributing this to a lack of a cyclisation [81]. Their primary
disadvantage related to processing constraints arising from their high viscosity and comparative

intractability.

The kinetics and reaction mechanism of epoxy amine cure have been widely studied and is
impacted by many factors including temperature, chemical architecture and electronic effects,
catalysts and curatives, and environmental conditions to name a few [64], [199], [202]-[205].
Of course, all of these variables are interrelated and compete with each other simultaneously,
so it is a challenge to clearly delineate the effect of just one of these variables. Hence, it is
fundamental to understand the growth of the network from the unreacted state which is often

described as the time-temperature-transformation (TTT) diagrams.

4.1.2 Overview of the Investigation
The characterisation of the constituents of the epoxy-amine formulations prior to and during

cure is necessary to determine the processing parameters to manufacture cured resins and
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polymer composites. The schedule of cure temperatures must be determined in such a fashion
as to grow the polymer network in minimal time but to maximal conversion without under-
developed curing or degrading the network. Ultimately, that task requires fundamental
understandings of the characteristics of the resin by a variety of methods.

In this section, the epoxy monomers NNE, TGDDM, a bi-component (70:30 molar ratio) blend
of the two referred to as NTG, are characterised by acid titration, high-performance liquid
chromatography, and near infrared spectroscopy. The monomers are then formulated with
1:0.95 stoichiometric amounts of 44DDS and the cure is studied by dynamic mechanical
analysis, near-infrared spectroscopy, rheology, and isothermal dynamic mechanical analysis.
Additionally, the late-stage elevated temperature cure, described as post-cure, is studied and

the time-temperature-transformation diagram is constructed for the three resins.

4.2 MATERIALS

4.2.1 Materials and Preparation
The epoxy resins and amino hardeners used in this study are shown in Table 4-1. Materials

prepared in this study include a 1:0.95 stoichiometric formulation of NNE, a 70:30 molar ratio
blend of NNE and TGDDM, and a formulation of TGDDM, all of which are cured with DDS.

Table 4-1 - Summary of materials used in the study

Material Acronym Chemical Name EEW (g-eq.) Mfg.
Supplier
Epoxy NNE bis(2,7 glycidyl ether 170 DIC Corp.
Monomer naphthalenediol) methane (JPN)
Epoxy TGDDM Tetraglycidyl 124 Hunstman
Monomer diaminodiphenyl methane Corp. (USA)
Amine 44DDS 4,4- 62.08 TCI
Hardener diaminodiphenylsulfone Chemical Inc.
(JPN)

For dynamic thermal mechanical analysis, a strip of 150g/m? unidirectional carbon fibre served
as the substrate for the dual cantilever bending clamp. A 10g sample of the epoxy-amine resin
mixtures was dissolved in dichloromethane and methyl ethyl ketone as solvents. A series of
soaks and drying cycles in a convection oven heated to 65°C were performed until a target
saturation of 45 wt% resin in prepregs was achieved and solvents sufficiently evaporated. Four

strips of nominal 15 x 60 mm rectangular squares running in the principal fibre orientation
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were then formed into a small laminate, wrapped tightly in aluminium foil, and then clamped
in the cantilever apparatus of the DMTA. Preparation of the resins and experimental analysis

was carried out in accordance with the previously described methodologies in Ch. 3.

4.3 RESULTS AND DISCUSSION

4.3.1 Characterisation of the Epoxy Monomers
Due to the commercial nature of the TGDDM and NNE monomers, an acid titration was

performed to determine an experimental value of the EEW in accordance with ASTM standard
D1652-11. A total of 0.40 g of the monomer was dissolved in 15mL of dichloromethane (DCM)
which was used as a solvent. Then 10mL of tetraethylammonium bromide (TEAB) with
anhydrous acetic acid at a concentration of 250 mg/mL was mixed. To the acid solution, 8
drops of crystal violet indicator was added. The solution was then added to the dissolved epoxy
solution and mixed using a magnetic stirrer. A buret stand containing 0.1M concentration of
perchloric acid was titrated into the mixture dropwise until a stable green colour was obtained.
The measured EEW of the epoxy monomers is provided in Table 4-2.

Table 4-2 - Epoxy and amine equivalent weight of the monomers

Monomer Mfg. EEW (AEHW), g-eq. = Exp. EEW (AEHW), g-eq.
TGDDM 117-134 124.05 £0.21
NNE 170 170.72 £0.30
44DDS 62.08 NA

In addition to the epoxy equivalent weight, the monomer purity were investigated by HPLC
using a gradient dilution method. Approximately 100 uM of the TGDDM and NNE resins were
dissolved in 3mL of acetonitrile (ACN) used as a solvent. Upon dissolution of the monomers
in ACN, 7mL of MilliQ® ultrapure water (Merck KGaS, GER) was added. The solutions were
then degassed by placing them in an ultrasonic bath at 60°C for 30 minutes. The solution is
then forced through a filter using a syringe and deposited into a 2mL vial and loaded into the
HPLC autosampler.

In the commercial manufacture of epoxy and other monomers for thermosetting polymers mean
there are usually one or two predominant isomers and a series of less resolved oligomers and
other impurities. These impurities can greatly affect the kinetics and cured resin properties.

HPLC provides an effective way to determine, in a semi-quantitative manner, the level of
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impurity. A gradient elution is performed from a low ratio of solvent to water (30:70) over 50
minutes upon which the concentration of solvent is increased gradually to 100% at the final
stage. A 15 cm long C18 column equipped with a guard column at the inlet is used to circulate
20 pL of the solution at flow rates of 1 mL/min and 0.65 mL/min. As the solution passes
through the C18 column, the polarity and level of solvent to water cause certain compounds to
pass more slowly, effectively separating out the oligomers and impurities as they pass through
an ultraviolet light detector. The detector then can pick up the intensity of each compound of
which the intensity of the signal is recorded throughout the elution time. A slow flow rate and

long elution time is necessary to properly separate out the compounds.

The peak intensities of the monomers are shown in Figure 4-2. A single intense peak exists for
NNE and TGDDM at 27 and 29 minutes which represent the idealised structure of the two
epoxy monomers. For TGDDM, intense secondary peaks show at 17.3 and 38.4 minutes. As
retention time is related to molecular weight, the peak with the lower retention time may
represent impurities of lower functionality. The higher peak can relate to high molecular weight
species. For NNE, there are a significant number of peaks that arise at lower retention times
and above the dominant peak. This suggests a higher degree of impurity compared to TGDDM.
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Figure 4-2 - HPLC gradient elutions of the epoxy monomers, NNE and TGDDM at
nominally 100umol

4.3.2 Differential Scanning Calorimetry (DSC)
The three resins were studied by dynamic (non-isothermal) and isothermal methods. These

were used to calculate activation energies, peak exothermic temperatures, rate constants,
thermal cure conversion, the evolution of the glass transition temperature relative to
conversion.

62



4.3.3 Enthalpy of Reactions as Determined by Dynamic DSC
The dynamic measurements involved subjecting a nominal 10mg of uncured resin to five
varying heating rates. These were 2.5, 5, 10, 15, and 20 °C/min and the heating cycle extended
from 25-325°C. Integrating the area underneath each exothermic peak and averaging amongst
the heating rates results in an averaged total enthalpy of reaction. The peak exothermic
temperatures are gathered from the dynamic traces to determine a relative activation energy
from an Arrhenius plot. A representative series of dynamic scans are shown for NNE in
Figure 4-3 and the Arrhenius plot for the three resins is given in Figure 4-4 below. Values of
the peak exothermic temperatures, dynamic enthalpies, and calculated activation energies are

provided in
Table 4-3.
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Figure 4-3 - Dynamic DSC traces for the NNE resin at increasing heating rates
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Table 4-3 - Enthalpies of reaction, peak exotherms, and activation energies from the dynamic
DSC study

NNE NTG TGDDM

Heating Rate Tp DHayn Tp DHayn Tp DHayn

(°C/min) (°C) | @lg) | (°C) (Il (°C) (J/9)

2.5 169.7 2839 | 173.7 @ 326.8 | 1954 528.4

5 185.8  319.0 1920 | 3619 | 2144 580.5

10 2046 | 3147 | 2124 | 3439 @ 2340 568.9

15 216.1 3084 | 2242 3515 @ 2480 539.9

20 2245 | 3140 @ 2338 3746 @ 257.3 518.9

Ave. DHayn 311.4 335.2 547.3
(J/9)

Ea (kJ/mol) 65.8 62.0 66.0

It is assumed from the kinetic theories of Kissinger and Flynn-Wall-Ozawa that there exists
two relationships to the kinetic models, one of which is dependent only on temperature, and

the other only on conversion. Further, to satisfy the conditions of the Kissinger method, a
relative maximum is reached during the reaction such that the reaction rate, 2—;, is zero [206].

The net effect of these assumptions are that with increased heating rates, the peak exothermic
temperature should shift higher and a single peak exotherm should be observed in the DSC
trace. That holds true for the three resin systems which is expected due to the same chemical

reaction mechanisms in the initial stages of cure.
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The activation energies of the three resin systems are similar. This is not unexpected because
DSC does not distinguish between the early and late stages of cure. In effect, the activation
energies represent an average of the chemically induced reactions up to the diffusion-controlled
regime which would predominantly reside in the kinetically-controlled regime [207]. Of
interest is the systematic difference between NNE and TGDDM for the averaged DHayn and the
Tpwhere it is observed that NNE < NTG < TGDDM. These trends in the dynamic enthalpy of
reaction would indicate a lower fractional conversion after heating [208]. That can be attributed
to steric effects within the resin and the higher viscosity of the naphthalene formulations. For
the peak exothermic temperature, the lower values of NNE and NTG suggest a more rapid cure.

4.3.4 Extent of Cure and the Autocatalytic Models as Determined by Isothermal DSC
Isothermal DSC was used to further investigate the Kinetics of reaction, cure conversion, and

evolution of the glass transition across a range of cure temperatures. The resins were rapidly
heated at 20°C/min to an isothermal temperature that ranged from 130-180°C for an extended
period, followed by a cooling to ambient temperature and re-heating the cured resins to an
elevated temperature (300-350°C) at a constant 10°C/min heating rate. The DSC trace for the
isothermal stage of curing at 150°C for the three resins is shown in Figure 4-5 and the dynamic

heating cycle in Figure 4-6.
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Figure 4-5 - Isothermal DSC traces of the three resins at 150°C
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Figure 4-6 - Dynamic re-heating of the three resins after isothermal cure at 150°C

The fractional conversion of NNE at the lower cure temperatures is between 0.58-0.72 and
upon heating between 160-180°C, increases sharply to between 0.82-0.86. Interestingly, this
behaviour contrasts with the generally constant increase in conversion with temperature for
NTG and TGDDM. Further, the conversion at 180°C is significantly higher for TGDDM than
the naphthalene resins, 0.91 versus 0.86 and 0.85, respectively. That supports the dynamic DSC
study where it was shown that both naphthalene resins exhibited lower peak exothermic

temperatures and lower dynamic enthalpies of reaction.

The striking difference shown in the isothermal traces clearly indicate the relatively significant
difference in reactivity between NNE and TGDDM. The peak of the exothermic trace differs
by nearly 40 minutes. The TGDDM resin is characterised by a broad peak whereas both NNE
and NTG are tall and narrow peaks. Upon re-heating the resins, there emerges a slight
endothermic peak, taken as the glass transition at the relative fractional conversion achieved
under the isothermal condition. After that, an exothermic peak is shown from which the
residual enthalpy is calculated for determining the fractional conversion. A plot of the
fractional conversion for NNE at the six isothermal temperatures and for the three resins at
150°C is shown in Figure 4-7. The kinetic rate constants ki and ko are shown in Figure 4-8(a-

b) and the raw data from the isothermal study is provided in Table 4-4,
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Figure 4-7 - Plots of (a) NNE conversion at different isothermal temperatures, and (b) the

three resins cured at 150°C

The kinetic rate constants ki and k2 and were determined from between 10-40% conversion

which denotes the chemically controlled regime for epoxy-amine cure. The k1 was found to be

markedly higher for the naphthalene resins than TGDDM, even at the lower cure temperatures.

The difference in ko was insignificant between the three resins except at the lowest cure

temperature which probably is influenced by the difference in melt viscosities of the three

systems at that temperature. The k> parameter shows the influence of catalysis by proton donors

and is more significant in the later stages of cure. The lack of a difference between the three

resins suggests that process is less important to controlling the overall reaction rate.
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It is supported, then, that the reaction rates of NNE and NTG are significantly higher during
the initial stages of cure which still results in a similar T4 at lower conversion. Chemically,
these resins differ in the fact that NNE is a dimeric glycidyl ether and the four oxirane rings
are separate while TGDDM contains a tertiary amine where the two oxirane rings are bound
on either side of the backbone. St.John & George investigated the reaction of TGDDM-DDS
systems via a kinetic study and noted that the secondary amine reactivity was susceptible to
influences of cure time and temperature after gelation [70]. Here there is a clear difference for
primary amine addition so it is probable that the network formation for NNE and NTG slows
considerably faster than TGDDM in the initial stages due to the higher reactivity of primary
amine. An explanation may lie with steric effects and difference in chemical structure that
could influence the overall rate of reaction and the difference in fractional conversion. Liu et
al. investigated differences between a glycidyl ether (DGEBA) and a glycidyl amine (TGDDM)
as well as TGPAP which contains both [64]. Their work showed that DGEBA was slower to
react than TGDDM and TGPAP, in contrast to the behaviour seen with NNE. Therefore, it is
likely the separate arrangement of the oxirane groups about the naphthalene backbone
decreases steric effects and thus increasing reactivity. However, the subsequent rapid onset of
diffusion-controlled kinetics is also likely to result in lower overall conversion due to steric
effects. Oyanguren & Williams investigated a series of epoxies through gelation and
vitrification and suggested the constraint of the network up to vitrification could reduce overall
conversion when the cure is accelerated, in effect constraining the network [209]. The critical
conversion, ac, is modelled from the work of Chern & Poehlen [210]. This parameter represents
the transition from the chemically controlled to diffusion-controlled regimes at the earliest
onset. There is a marked difference, irrespective of cure temperature between the three resins.
As already shown from the kinetic parameters and fractional conversion, the ac of NNE < NTG
< TGDDM. In addition, it is notable that the difference between a. and a tends to be higher
for the naphthalene resins. That would imply that the diffusion-controlled stage occurs earlier

than TGDDM thus constraining the network at a lower conversion.
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Table 4-4 — Fractional conversion, glass transition temperature, Kinetics rate constants, and the
critical conversion determined from isothermal DSC

Epoxy Cure a Tq kix10% = ko x10% Uk

Resin Temp. (°C) (s1) (s}
Q)

NNE 130 0.58 171.3 1.33 6.82 0.52
140 0.65 184.7 2.19 11.6 0.57
150 0.72 195.9 3.71 15.0 0.62
160 0.82 209.4 5.36 29.4 0.67
170 0.85 222.9 10.6 33.5 0.71
180 0.86 237.1 16.7 60.5 0.76

NTG 130 0.61 168.3 1.36 5.12 0.58
140 0.67 183.7 2.2 8.15 0.61
150 0.71 199.5 3.57 13.5 0.66
160 0.77 215.2 6.41 18.0 0.72
170 0.80 234.0 9.24 29.0 0.74
180 0.85 - 14.7 35.7 0.81

TGDDM 130 0.61 156.4 0.26 4.43 0.61

140 0.72 177.2 0.23 8.20 0.66
150 0.74 194.1 0.36 13.3 0.71
160 0.80 210.4 0.72 21.7 0.76
170 0.86 226.3 2.04 31.9 0.81
180 0.91 239.7 1.71 49.8 0.85

4.3.5 Near-Infrared (NIR) Spectroscopy of the Isothermally Cured Resins
Fourier transform infrared spectroscopy was used to study the consumption and production of

functional groups throughout the cure. The epoxide, primary amine, complex
primary/secondary amine, and hydroxyl peaks are well resolved in the near IR (4000-8000 cm"
1) range and can be used to quantitatively determine a conversion of cure but also of the
competing mechanisms during cure. The thermal methods (DSC, DMTA) are unable to relate
the exothermic or mechanical relaxations to any one functional group. Therefore, NIR is a
useful method to understand the differences in network development during various stages of
the thermal history of the cure. The three resins were cured in glass slides and contained using
a 1 mm thick silicon gasket with a 10x10 mm square window so that they could be removed
from the heated oven intermittently. isothermal curing was performed at temperatures of 130,
150, and 180°C. Samples were removed from heating and quickly measured in the NIR regime
at 15 minute intervals for the first hour, 60 minute intervals up to 4 hours, then at 8 and 16
hours, respectively. While not performed in situ, care was taken to minimise the out-time and
so as to minimise the disruption of the cure. A plot of the spectra of NNE for different stages

of the isothermal cure at 150°C and after a 220°C post-cure is shown in Figure 4-9.
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Figure 4-9 - NIR spectra of the NNE resin from the uncured and cured states after 150°C
isothermal cure and a 220°C post-cure

During the initial stages of cure, the primary amine peak at 5090cm™ is progressively reduced
until it disappears and the small shoulder of the broad PA/SA peak from 6300-6800 cm™
eventually disappears. The reduction in PA corresponds with a reduction in the epoxide peak
at 4521 cm™ and an increase to the SA and OH peaks. A fractional conversion from NIR can
be produced for EP and PA peaks by determining a baseline area of the uncured (Ao) and
partially cured sample (A:). The conversion of primary amine and epoxy and the changes that
occur for the secondary amine and hydroxyl peaks are shown in Figure 4-10. A marked
difference to the primary amine peak conversion is immediately apparent between the
naphthalene resins and TGDDM. Within the first hour of cure, there is complete reduction to
the primary amine peak which does not occur until two hours for TGDDM. The relation
between gelation and the primary amine peak suggests a more rapid transition for the
naphthalene resins. Also of note is the higher conversion of epoxy within the early stage of the
isothermal cure but relatively low change between 16hr and post-cure where TGDDM epoxide
conversion essentially reaches 100% but the NNE and NTG resins are still at 87% and 92%,
respectively. The change to the secondary amine and hydroxyl groups are also much different.
For NNE, there is a net decrease between cure and post-cure in the SA peak while a large
increase to the OH peak is observed. That correlates with continued epoxy-amine addition and
is also reflected in the lower conversion of epoxy (presence of a residual epoxy peak) after
post-cure which is not observed in the TGDDM spectra. In fact, the TGDDM resin shows a

stagnation to the hydroxyl peak after 4 hours of cure and an insignificant shift between cure
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and post-cure, yet near complete conversion. When secondary amine launches a nucleophilic

attack with the available unreacted epoxy functional

groups then the epoxy peak should

decrease, secondary amine decrease, and hydroxyl increase.
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Figure 4-10 — Plots of (a)Fractional conversion from NIR for the epoxy and primary amine

functional groups and (b) changes to SA and OH

peaks for 150°C isothermal cure

To understand the effect of the post-cure on potential side reactions, the fraction of the

secondary amine area to the hydroxyl area, Asa/AoH,

was determined relative to the epoxy

conversion, oep. For the range of isothermal temperatures up to post-cure, the ratio of areas is

plotted from 55-90% conversion in Figure 4-11. Irrespective of the difference in epoxide

conversion and cure temperature, the three resins show

similar behaviour between the change

to the SA and OH peaks across this range. In effect, that demonstrates the predominant epoxy-

amine addition reaction occurs during isothermal cure.
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Figure 4-11 - Ratio of the SA and OH areas relative to epoxy conversion

A plot of the change in the Asa/Aon ratio and the change in epoxide conversion at the end of
cure for 180°C and subsequent post-cure at 200°C and 220°C is shown in Figure 4-12 and a
summary of the conversion time and fractional conversion determined by NIR is provided in
Table 4-5. From 180°C isothermal cure to 200°C post-cure, the change in the ratio for TGDDM
is negligible while epoxide conversion increases significantly. In contrast, the NNE ratio
decreases whilst the epoxide conversion only slightly increases. Further post-cure at 220°C
shows a net decrease for NNE and increase to conversion while TGDDM undergoes a net
decrease to the ratio and marginal increase to epoxide conversion. Unsurprisingly, the blend
sits between the two monomeric formulations but mirrors the behaviour of NNE. Ultimately,
the inverse trends between the naphthalene resins and TGDDM describe the difference in
reaction at post-cure. The naphthalene resins appear to undergo continued epoxy-amine

addition while the TGDDM resin may experience a side-reaction such as etherification.
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Figure 4-12 - Change to the secondary amine and hydroxyl area ratio relative to the
conversion after cure and post-cure

Table 4-5 - Summary of epoxy conversion time and fractional conversion from NIR

Epoxy Teure | 100% anmH2 Aep Aep Aep
Resin (°C) (min) (cure) (PC @200 °C) = (PC @220 °C)

NNE 130 120 0.78 0.86 0.88

150 60 0.83 0.86 0.88

180 15 0.88 0.88 0.90

NTG 130 120 0.82 0.92 0.94

150 60 0.86 0.93 0.94

180 30 0.93 0.95 0.96

TGDDM 130 240 0.84 0.98 1.00

150 120 0.85 0.98 1.00

180 45 0.96 0.99 0.99

It is important to note again the structural differences between NNE and TGDDM. The glycidyl
amine characteristic of the former is shown to behave differently to glycidyl ethers in that the
tertiary amine can catalyse etherification [70], [200] at elevated temperatures as well as
undergoing the phenomenon of internal cyclisation [199], [211]. Therefore, despite the lower
reactivity of the NNE after vitrification, when the reaction proceeds, it is more likely to proceed
via epoxy-amine addition. That is in agreement with the investigation by Min et al. They
utilised NIR to study a DGEBA/DDS blend and observed that the glycidyl ether resin showed
no signs of undergoing etherification at elevated temperatures [212]. Further investigations by
Min into the same resin formulation but with viscosity increasing thermoplastic modifiers,

however, suggested that as much as 30% of the reaction could be consumed by side-reactions
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such as etherification, but only when the viscosity significantly reduced conversion upon
entering the glassy state [80]. Also of note is the proximity of adjacent epoxy groups. It has
been shown that the intramolecular spacing of the epoxide relative to the catalytic centre of the
tertiary amine tends to promote etherification [66], [70]. The spacing between the two epoxide
groups of TGDDM is much closer to one another. In contrast, the NNE epoxide groups are

well-distributed about the larger backbone structure.

4.3.6 Rheology of Neat Resin Cure

4.3.7 Dynamic Rheology
A gelation temperature and the minimum viscosity are determined by dynamic rheology. The

three resins were heated at a constant rate of 2°C/min under a 10 Hz oscillation and 1% strain
from 90°C (molten state) to a maximum of 200°C. The traces of the rheological curves are
shown in Figure 4-13. Immediately apparent is the higher storage and loss modulus of the NNE
and NTG resins prior to gelation which translates to a higher complex viscosity. Prior to
gelation, primary amine groups sit at the end of chain segments and, as suggested by St. John
& George and would largely remain in the sol state during gelation [70]. A narrow range of
temperatures around 135-150°C occur near the minimum viscosity of NNE whereas this region
is extended for NTG and TGDDM. That shows a diluting effect of the TGDDM when added
to NNE. The minimum viscosity is decreased progressively between NNE, NTG, and TGDDM
as well as the temperature at gelation which is 168°C for NNE but 193°C for TGDDM, again
supporting the prior results that NNE is a more reactive epoxy resin. It is noted here that the
very high viscosity of NNE could be prohibitive to composite manufacture by liquid moulding

techniques.
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Figure 4-13 - Dynamic rheological traces of (a) NNE, (b) NTG, and (c) TGDDM resins

4.3.8 Isothermal Rheology
Under isothermal gelation from 130, 150, and 180°C, similar observations are made between

the three resins. An example of the storage modulus, loss modulus, and complex viscosity for
the 130°C isothermal rheological sweep are shown in Figure 4-14 and a summary of the values
for the three cure temperatures are provided in Table 4-6. Again, the storage modulus (G’) at
gelation is higher for NNE, and decreases progressively for NTG and TGDDM both between
resin formulations and as the isothermal temperature is increased. The value of storage modulus
is directly related to the energy required to deform a material and at gelation would indicate
the degree to which a material has become intracible. It is apparent that the gelled glass of the
partially cured NNE network just after gelation is more rigid than TGDDM and NTG, which
is concurrent with the slightly higher T4 at 130-150°C cure temperatures as presented earlier
via DSC analysis. What is immediately apparent is the rapid onset of gelation for the
naphthalene resins. At the lowest temperature regime, NNE gels within 45 minutes which is
consistent with the NIR data where the primary amine peak rapidly disappears within the first
hour of cure. As temperature increases, that time to gelation follows an exponential decay for
TGDDM whereas it is almost linear for the naphthalene resins. That could be attributed to the
magnified steric effects of the NNE resin that arise from the high reactivity, bulky naphthalene

structure, and higher viscosity.
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Figure 4-14 - Isothermal rheological traces of the three resins at 130°C showing (a) G’
(dashed) and G” (solid) crossover at gelation and (b) complex viscosity with respect to
isothermal time

Table 4-6 - Summary of the isothermal gelation times and storage modulus at gelation

Epoxy Resin Cure tgel Go= Gi
Temp. (°C) (min) (MPa)
NNE 130 43.9 0.607
150 24.1 0.488
180 10.0 0.418
NTG 130 51.5 0.510
150 28.1 0.310
180 9.7 0.069
TGDDM 130 232.0 0.384
150 106.0 0.219
180 27.4 0.041

4.3.9 Isothermal Dynamic Mechanical Thermal Analysis of Cure
Isothermal cure of the epoxy networks was carried out by doping the unreacted epoxy onto

unidirectional carbon fibre fabrics by dissolving the constituents in dichloromethane and
acetone and then removing the solvent by drying at 65°C for several hours. The strips were
then cut to dimensions suitable for dynamic mechanical thermal analysis in a dual cantilever
bending mode. This and other methods of in situ curing whilst under oscillatory loading has
been extensively used to study the evolution of the network from the uncured to the glassy state
and ultimately the glass-rubber transition prior to degradation [213], [214]. The initial work by
Gillham et al established via torsional braid analysis that the resin, as it cures, exhibits two
peaks in the tan(d) spectra prior to the growth of a steady storage modulus [215]. These two

peaks correspond to the gelation and vitrification points of the network, respectively. The
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attainment of a constant modulus after vitrification is indicative of the formation of a glassy

network.

Figures of the storage modulus and tan(d) spectra of the three resins cured isothermally at
160°C are shown in Figure 4-15. Similar to isothermal rheological traces, the first peak in the
tan(d) spectra appears significantly sooner than the TGDDM resin, indicating the high
reactivity and rapid onset of gelation for the naphthalene resins. The second peak, the
vitrification point, occurs only tens of minutes after gelation and the transition into the glassy
regime is much steeper for NNE whereas the trace of storage modulus for NTG and TGDDM

gradually rise to equilibrium.

——NNE NTG TGDDM

w
=
=]
S
o]
=
o
[®)]
ul
S
w
T o T 1 T 1 T S 1
60 90 120 150 180
D
E Toer o Toi
'
T 8 T S T L T L 1
60 90 120 150 180

Temperature (°C)

Figure 4-15 - Traces of the storage modulus and tan(8) of the three resins isothermally cured
at 160°C

In evaluating the effect of temperature on these transitions, a behaviour is observed with NNE
that is less evident in the blend and non-existent with TGDDM. In Figure 4-16 the gelation
peak only emerges in the 160°C spectra and as temperature is increased, the growth of the

gelation peak continues to get progressively larger. From the rheological studies, it was noted
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that the viscosity of NNE below 160°C was multiples higher than NTG and TGDDM.
Inherently, the tan(d) is representative of the reciprocal of elastic behaviour to viscous
behaviour. As the viscosity of the uncured resin is already high then a damping effect to the
viscous nature of NNE may affect the emergence of that peak up until the isothermal
temperature is sufficiently high enough to lower the viscosity. Contrasted with TGDDM, the
low melt viscosity allows for the observance of both peaks across the range of temperatures
from 130-180°C, where the behaviour is similar to that observed by [216], [217].
Supplementary traces for the NTG and TGDDM resins across the cure temperatures are
provides in Appendix A.
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Figure 4-16 - Traces of the tan(d) spectra for NNE relative to the isothermal cure temperature

Gelation and vitrification differ in that the former is a chemical process and the latter is a
physical phenomenon. The aep (obtained from DSC) of NNE, NTG and TGDDM at gelation
and vitrification as a function of Tcure is Shown in Figure 4-17. The aep’s at vitrification of NNE,
NTG and TGDDM are observed to be relatively similar, increasing consistently with Teyre.
Given vitrification is a physical process dependent an increase in aep With increasing Teure IS
not unexpected. Gelation however, is a chemical process independent of Tcure and controlled
by the functionality of the epoxide and amine group according to the Flory-Stockmeyer theory

given as:

1
‘= T omD =G 10
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Assuming 1:1 epoxide amino stoichiometry and ideal reaction conditions, the model predicts
gelation of these resins to occur at an aep 0f 0.33. Clearly the results diverge from this model
considerably, with the NNE displaying the greatest degree of divergence, increasing initially
from 0.41 to 0.8 over the range of cure temperatures. Serrano & Harran evaluated the
rheological gelation of DGEBA and TGDDM, concluding that higher cure temperatures, and
subsequently the greater potential for side reactions led to a deviation from the F-S model for
both resins but more significantly for TGDDM [218]. That is similar to the behaviour seen
from 170°C and 180°C isotherms in this work. A comparison of conversion via DSC is of
course only indirectly relatable to values captured via DMTA. Labana et al. showed that not
only were chemical effects such as intra-molecular reactions contributing to these deviations
but also steric and topological effects as conversion increases [219]. Chemical effects have
already been discussed regarding the difference in cure conversion between NNE and
TGDDM. NNE appears to proceed by epoxy-amine addition and TGDDM is more susceptible
to side-reactions with increasing temperature and conversion. Therefore, it is likely that steric
effects contribute to the high conversion at gelation which may be compounded by the initial
high reactivity and higher melt viscosity. The blend, NTG, does not appear to show the same
behaviour possibly as a result of the diluting effect that TGDDM imparts on the formulation.

]—=—NNEs, - = NNE,,
0.9 NTGgy NTG, -
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Upsc
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Figure 4-17 - Comparison of the DSC conversion at times for gelation and vitrification
determined from DMTA

After subjecting the doped carbon fibre tapes to isothermal curing in the DMA, they were
allowed to cool to ambient conditions and then re-heated under dynamic oscillatory damping
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at a 5°C/min heating rate up to a maximum of 300°C, initially. From these dynamic traces, the
tan(o) eventually grows into a distinct peak which is taken as the glass transition temperature
relative to the partially cured network. Figure 4-18 shows the traces of NNE throughout the
cure cycle and provides the temperature corresponding to the tan(d) peak. At the lower cure
temperature, the peak area is maximised while the temperature of the peak is lowest.
Progressively, the area is reduced and the peak shifts to higher temperatures until by 180°C
there is a significant reduction in peak area and a large shift towards 300°C. For the three resins,
the growth of the glass transition temperature is almost the same from 130-170°C where the
blend then increases significantly to 320°C. From the previous DSC and NIR studies, it is
established that NNE and NTG reach similar T4 but at lower conversion which begins to reflect

in the loss tangent plot.
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Figure 4-18 - Traces of the tan(d) peak under dynamic heating after the isothermal cure for
NNE (inset plots Tgs of the three resins)

A general rule with epoxy resins is that cure proceeds until Tg=Tcure and Ty will not increase
until Teure < Tg, assuming there is potential for further reaction to take place. While DSC results
have already shown a deviation from this relationship here it will be discussed in the context
of the cured network mobility. The transition between chemically-controlled to diffusion-
controlled mechanisms is marked by a significant decrease in reactivity and subsequent
increase to the activation energy barrier for etherification compared to amine-addition [220].
Guerrero et al studied the cure of TGDDM networks at varying stoichiometry and showed

similar behaviour where T4 grew well above Tcure When the epoxide conversion was highest

80



[75]. Partly attributed to the effects of etherification it was also related to the limited mobility
at higher conversion. The onset of the glass transition temperature is essentially a thermally
activated process that allows a rigid network to relax and gain mobility. The T4 values below
Tg represent the devitrification and hence more mobile network and are represented by the
decrease to the tan(5) damping peak. The higher Tqs determined for the three resins result from
a combination of the high crosslink density of multifunctional and aromatic epoxy-amine resins

and their limited mobility up to the glass transition regime.

It was evident from the 180°C trace that progressive growth to the Ty above 300°C for the
naphthalene resins could occur upon post-cure. Therefore, samples were cured at 180°C
following the same isothermal heating regiment but then heated for an additional two hours at
200°C and 220°C before cooling and further dynamic heating. The traces of tan(d) after post-
cure are shown in Figure 4-19 and the values of the gelation time, vitrification time, glass

transitions relative to temperature, and the ultimate Tg are given in Table 4-7.

The T4 of a material as determined by a viscoelastic response is either dependent on both
temperature of cure and conversion which is described by rubber elasticity theory [221]. At
some partial conversion there may exist large domains where the network is less constrained
due to unreacted functional groups. At 180°C cure, the Tq is a distinct secondary peak that
precedes the ultimate Ty . Although less apparent in the tan(d) trace, a much smaller peak or
shoulder is evident in the NTG spectra and disappears from 180°C to 200°C post-cure.
However, no such peaks or shoulders are seen with TGDDM and ultimately, the Tg=Tg . The
main difference between the three resin systems are that with increased post-cure there is no
disappearance of the peak with NNE, rather it continues to shift to a higher temperature as
conversion is increased. Nevertheless, this T4 begins to exceed the T4 . of TGDDM and the
value of T ¢ . is nearly 90°C higher. This behaviour in the tan(d) spectra describes the
topological constraint that the naphthene epoxy experiences where the unreacted functional
groups are so constrained in the glassy state that T4 cannot be reached within practical cure
temperatures. TGDDM reacts slowly and has a lower viscosity so that the network can reach a
higher degree of conversion priorto Tg . NTG is diluted sufficiently by the amount of TGDDM
so that the network is also less constrained and the apparent Tg=Ty at elevated cure and post-

cure conditions.
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Figure 4-19 - Traces of the tan(d) for the three resins at post-cure
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Table 4-7 — Gelation times, vitrification times, and glass transition temperatures

Epoxy Teure tgel tuit Ty Ty
Resin (°C) | (min)  (min) (°C) | (°C)
NNE 130 495 | 716 @ 199.3 -

140 44.2 60.7 | 206.3 -
150 32.6 43.6 | 2155 -
160 27.6 379 | 2279 -
170 241 33.7 | 244.0 -
267 180 20.9 29.6 | 258.0 3515

Post-cure | 180+200 267.0 3574
Post-cure | 180+220 285.6 | 351.3
NTG 130 441 73.0 | 203.0 -

140 314 52.8 | 212.2 -
150 25.5 42.8 | 2215 -
160 22.6 37.0 @ 236.9 -
170 20.9 33.1 2525 -
180 20.5 30.5 - 325.6
Post-cure | 180+200 - 329.8
Post-cure | 180+220 -
TGDDM 130 1159 @ 1734 1875 -
140 75.0 108.5 | 205.0 -
150 48.3 825 | 216.9 -
160 37.4 63.3 | 230.7 | 264.9
170 30.2 50.2 @ 242.2 261.9

180 26.5 43.3 - 267.0
Post-cure 180+200 - 267.9
Post-cure | 180+220 - 267.8

4.3.10 Modified Time-Temperature-Transition Diagrams of the Neat Resins
Based on the times to gelation and vitrification as well as the glass transition temperatures

determined from DMTA analysis, the time-temperature-transformation behaviour of the neat
resins where established for each system. The TTT behaviour of the NNE and TGDDM resin
are shown in Figure 4-20. The TTT diagram of the NTG resin is shown in the Appendix A.
The devitrification behaviour is represented based on a time relative to the isothermal cure
stage when no apparent growth in storage modulus occurs where it is assumed the Tg is
established. While it is certain that the reaction still occurs in the glassy state, it is a useful
description of the devitrification regime. Also, the fully cured Ty values are presented

although for visual simplicity are only assumed with respect to time.

It is clearly illustrated that the NNE system undergoes gelation and vitrification much sooner

than TGDDM, a behaviour also seen with the bi-component blend. The sigmoidal shape of the
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vitrification is commonly known [213], [217], [222] and, while less evident for TGDDM
compared to bi-functional epoxy resin systems, is even less apparent for NNE where the
gelation and vitrification behaviour show as near parallel straight lines. The first devitrification
regime for NNE (Tg) appears earlier than TGDDM. That can be attributed to the earlier onset
of vitrification which correlates to the faster reaction kinetics of the resin system as well as the
highly aromatic chemical structure. The second devitrification regime, Tq , appears at lower
temperatures for TGDDM than NNE. It is clear that the second devitrification regime of NNE
competes with degradation where at 351°C is significantly higher than TGDDM at around
267°C. Chan et al constructed the TTT diagram for a high temperature (Tg = 324°C) resin
system and assumed that Tq was unobtainable due to that competition between cure and
degradation in the upper temperature regime [223]. For epoxies, this behaviour is not widely
reported, largely because of the lower glass transition temperatures of most resin systems
presented in the literature. However, parallels between bismaleimides and other high-Tg
polymers exist which report Tg values well above the post-cure temperature and, usually as
the result of different functional groups becoming activated at elevated temperatures [56],
[224]. Again, it is clear that epoxies would experience clear competition between the ultimate

Ty and the proceeding of degradation.
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Figure 4-20 - - TTT diagrams of the NNE resin (solid) and TGDDM resin (open). Squares
represent gelation, circles vitrification, triangles the sub-Tg4 peaks from DMTA rescans, and
inverted triangles are the Tg values with horizontal lines demarking the limit of the material

prior to some thermal degradation. A TTT diagram of the NTG blend is provided in
Appendix A

84



4.4 SUMMARY
In summary, the cure reactions and network development of a high temperature glycidyl ether

epoxy resin with dimeric naphthalene backbone was investigated and compared with the
commercial glycidyl amine, both cured with the aromatic diamine, 4,4’-
diaminodiphenylsulfone. Thermal, spectroscopic, rheological, and dynamic mechanical
behaviour of the resins served to establish the cure of these highly crosslinked resins and the
evolution of network properties, mainly the glass transition temperatures. Based on an
autocatalytic model, it was clear that the NNE resin undergoes rapid reactivity leading to
vitrification and the onset of diffusion-controlled processes earlier than TGDDM. That results
in a lower final cure. The overall behaviour was attributed to the topological constraints arising
from the highly aromatic structure combined with high viscosity and the inability of the resin
to undergo internal cyclisation or side-reactions and homo-polymerisation. The TTT diagram
was constructed to establish a framework between the gelation, vitrification, full cure, and

degradation of the network.
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5 PROPERTIES OF THE BULK RESINS AND THERMAL
AGEING OF THE CARBON-FIBRE COMPOSITES

5.1 INTRODUCTION
The glass transition of a crosslinked network is associated with the activation of longer-range

and segmental motions at the molecular level. The transition from the glassy state to a rubber-
like state occurs when there is sufficient energy damping within the network to undergo thermal
relaxation. It is within that knowledge that the structure of the epoxy and amino-hardener are
exploited to achieve high temperature performance and stability. The conventional high
temperature epoxies of TGDDM and TGAP are more thermally stable because of their tri- and
tetra-functional order, highly aromatic backbones, and subsequent limited mobility when cured
with aromatic diamines. However, these both contain glycidyl amine motifs within the polymer
backbone which can catalyse side reactions such as internal cyclisation, creating mechanically
inactive structures that can prevent the cured network from achieving ultimate mechanical
properties and glass transition temperature [192], [199], [200], [225]. The desire for glycidyl
ether resins as alternatives is highlighted by recent developments in epoxies derived from
precursors that do not contain amine-functional groups and are therefore absent of glycidyl
amine motifs within the monomer structure. described the synthesis and characterisation of a
tetrafunctional, nitrogen-free epoxy resin and showed that a bi-component blend of the
monomer with diglycidly ether of bisphenol A (DGEBA) had a T4 similar to TGDDM [28].
Additionally, work by Zing et al. showed similar results using a nitrogen-free tetrafunctional
epoxy when blended with up to 60 wt% DGEBA [81]. Although the need to blend a DGEBA
resin with the latter demonstrates the need to balance increasingly higher molecular weight and
aromatic backbones with the needs for processability, particularly within the context of
matrices for high-performance composites.

The synthesis and investigation of novel naphthalene-based polymers demonstrates a potential
advantage over aromatic phenyl-based epoxy backbones for high temperature performance.
Wang et al. synthesised trifunctional epoxies containing naphthalene structures and noted
higher glass transition and thermal stability which they attributed to the three resonant
structures of naphthalene versus two for phenylene [18]. Similar reports for naphthalene-
containing bismaleimide and cyanate esters indicate some positive influence on thermal

stability [20], [226]. Duann et al. investigated phenyl and naphthalene-based epoxies and
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showed superior thermal stability of the naphthalene-containing epoxies but reported generally
poor mechanical properties [42], [82]. More recently, the difunctional monomers synthesised
from 2,7°dihydroxynaphthalene and epichlorohydrin of Fila et al. showed superior glass
transition and thermal degradation properties [38] for which the chemical structures were
analogous to DGEBA. There is some evidence then, for the beneficial effects of naphthalene-
based epoxies for high temperature performance outside of electronics and thermal insulating

applications.

While the very high Tq of NNE makes this resin attractive for high temperature applications,
there is a lack of fundamental knowledge regarding its structure/property relationships,
particularly when compared with the much more widely studied DGEBA, TGDDM, and
TGAP-based networks. Recent work by Vukovic et al. utilised large-scale molecular dynamics
simulations to study the origin of the Tq for TGDDM and NNE cured with aromatic diamine
and it was found that segmental motions across cross-linked domains, inhibited by the rigid
dimeric naphthalene backbone of NNE, contributed to the markedly higher glass transition

temperature [41].

5.1.1 Overview of the Investigation
In this section, the relation between epoxy monomer structure and subsequent thermal and

mechanical properties are determined for the bulk resin and translated to the carbon fibre
composite. The layout of this section is split into two key areas, the first focused on structure-
property relations of the NNE resin with respect to degree of conversion and between the NNE,
bi-component resin NTG, and the TGDDM resin formulation. The second section is focused
on translation of resin properties to the composite and a comparative investigation of the

thermal stability of the glycidyl ether resin versus glycidyl amine at an elevated temperature.

In the first section, degree of cure is investigated via differential scanning calorimetry and near-
infrared spectroscopy performed on the cured resin bars. Thermal properties are studied via
thermomechanical analysis (TMA), dynamic mechanical-thermal analysis (DMTA) in the sub-
ambient and high temperature regimes, and via dynamic and isothermal thermo-gravimetric
analysis (TGA). Moisture ingress is investigated by soaking the resins in a water bath for a
long period of time and the effect is studied by moisture ingress and DMTA. Mechanical

properties of the resins are studied for flexural performance and fracture toughness.
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In the second section, the characterisation of the composite is performed by manufacturing
carbon fibre laminates for use in flexural and dual-cantilever fracture toughness testing.
Further, the thermal stability is assessed via a long-term ageing study at a single elevated
temperature utilised for the three resin formulations. The retention of flexural properties is
studied periodically for the composite and FTIR is utilised alongside mass loss and DMTA
data to understand the performance and influence of degradation modes between the glycidyl

ether and glycidyl amine resin as composite matrix systems.

5.2 MATERIALS
The epoxy resins and amino hardeners used in this study are shown in Table 5-1. Materials

prepared in this study include a 1:0.95 stoichiometric formulation of NNE, a 70:30 molar ratio
blend of NNE and TGDDM, and a formulation of TGDDM, all of which are cured with DDS.
Analytical grade acetone and dichloromethane (DCM) were utilised as solvents in the

production of the carbon fibre prepregs.

Table 5-1 - Summary of materials used in the study

Material ID Chemical Name EEW/ Mfg. Supplier
AEHW
(9/eq.)
Epoxy NNE bis(2,7 glycidyl ether 170.72 DIC Corp.
Monomer naphthalenediol) methane +0.30 (JPN)
Epoxy TGDDM tetraglycidyldiaminodipheny!l 124.05 Huntsman
Monomer methane +0.21 Corp. (USA)
Amine 44DDS 4.4’-diaminodiphenylsulfone 62.08 TCI Chemical
Hardener Inc. (JPN)

The neat resins were cured via a series of different step-wise isotherms in a convection oven
following conventional cure temperatures for epoxy resins and subsequent post-curing was
performed to study the effect on conversion and properties. An outline of the cure and post-

cures used for the neat resins is shown in Table 5-2.

The carbon fibre laminates were constructed from a standard-modulus unidirectional carbon
fibre tape of 150 g/m? areal weight. The sheets of prepregs were placed on metallic trays and
40 mL of a dichloromethane:acetone mixture containing the epoxy-amine components was
evenly dispersed across the cloth. Upon saturation, the cloth was dried in a convection oven at

65°C for 15 minutes. This procedure was repeated until the desired initial resin content was

88



achieved. The composites were manufactured in a purely unidirectional [0°]is configuration
and nominal laminate dimensions were 100 x 150 mm rectangular panels. Based on the study
of properties for the neat resins, the composite curing schedule and post-curing regime was
standardised as 150°C for four hours, 180°C for four hours, and a two-hour free-standing post
cure of 200°C for TGDDM and 220°C for both NNE and NTG. A standard 3°C/min ramp rate
was used between each increase in cure temperature. A hydraulic heated press was used to cure

the laminates under 5 bar of pressure and using applied vacuum.
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Table 5-2 — Cure schedule of the neat resins studied in this chapter

Composition Sample ID Cure profile Post
Cure
NNE/DDS NNE-150 8 hrs at 150°C -
NNE-180 4 hrs at 150 °C - 4 hrs at 180°C -
NNE-200 4 hrs at 150°C - 4 hrs at 180°C 200°C
NNE-210 4 hrs at 150°C - 4 hrs at 180°C 210°C
NNE-220 4 hrs at 150°C - 4 hrs at 180°C 220°C
NNE-240 4 hrs at 150°C - 4 hrs at 180°C 240°C
(70 mol% NNE-30 TGDDM 4 hrs at 150°C - 4 hrs at 180°C 200°C
mol%)/DDS
TGDDM/DDS NTG 4 hrs at 150°C - 4 hrs at 180°C 220°C

5.3 RESULTS AND DiscussiIONT NEAT RESIN PROPERTIES

5.3.1 Differential Scanning Calorimetry
The cured NNE resins were characterised by differential scanning calorimetry by directly

removing a small amount (~10mg) from the as-moulded samples. These were dynamically

heated in the DSC and a comparison of the residual exothermic peaks was then used to

determine a fractional degree of conversion. The average of the five dynamic runs (see Table

4-2 in Chapter 4) was utilised as the average enthalpy of cure. Traces of the rescans are shown

in Figure 5-1(a-b) and a plot of the degree of conversion for varying post-cure and between the

three resin formulations is provided in Figure 5-2.
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Figure 5-1 - Differential scanning calorimetry traces of the cured resins at (a) increasing cure
condition of NNE and (b) between the three different epoxy formulations
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The degree of cure at the lowest cure condition for NNE (150°C for 8 hours) was 88% and then
plateaus for the temperatures of 200-220°C. Similarly, the TGDDM and NTG resins cured at
200 and 220°C reach a conversion 98% and 96%, respectively. Above 220°C the NNE resin
shows no discernible peak exotherm however at that temperature the competition between cure
and degradation cannot be ignored. The change in conversion at the lower 150°C and 180°C
reflects the natural stagnation of cure that results from vitrification of the resin system as the
segmental mobility of the network becomes severely limited and slower diffusion-controlled
reactions consume the excess unreacted functional groups [209], [227], [228]. The extent of
cure under isothermal (no post-curing) condition discussed previously (see Table 4-3 in
Chapter 4) is similar to the values of 150°C and 180°C.
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Figure 5-2 - Fractional conversion of the three resins as determined by DSC

5.3.2 Near-Infrared Spectroscopy
Near-infrared Fourier Transform Spectroscopy was utilised to determine the conversion of

epoxy-functional groups after cure through varying cure temperatures for NNE and between
the three resins. Cured resin bars were utilised to determine the change to the epoxy, secondary
amine, and hydroxyl peaks and are shown for the NNE, NTG, and TGDDM resin in Figure
5-3a-b. The uncured resin shows a strong epoxide peak at 4520cm™ and the peak is present at
all cure temperatures even up to 240°C. The primary amine peak is completely consumed in
the initial stages prior to vitrification and is not present in any of the spectra. As cure

temperature increases, the growth of the hydroxyl peak increases, yet even from 220-240°C
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the peak increases. That is concurrent with the behaviour previously reported in Chapter 4 (see

Table 4-4) where no significant side-reactions or etherification occur within the cure of NNE.
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Figure 5-3 - Near-infrared spectroscopy of the NNE resin after cure and post-cure (a) and of
the NNE, NTG, and TGDDM resins from cure at 180°C to post-cure

The degree of epoxide conversion was determined for the three resins at varying cure
temperature and post-cure. For the NTG and TGDDM resin, the samples were measured after
cure at 180°C and then again after post-cure at 220°C and 200°C, respectively. The epoxide
conversion is shown for all cure temperatures and resins in Figure 5-4. Comparing the three
resins at 180°C, it is apparent that the rate-limiting diffusion-controlled kinetics affect epoxide
consumption for the naphthalene-based resins. The TGDDM resin shows epoxide conversion
of 95% prior to post-cure, increasing to 98% during post-cure. NNE and NTG reflect epoxide
conversion of just 87% and 88%, respectively and after post-cure at 220°C the NNE shows
92% and NTG just below 91% epoxide conversion. The effect of rapid gelation and vitrification
clearly affects the ability of the NNE resin to undergo further epoxide conversion without either
a) extreme elevated temperatures or possibly b) extensive curing times. The absence of
etherification and internal cyclisation could affect the relatively higher degree of conversion
achieved by TGDDM [200], [229]. However, other research on di- and tetrafunctional amine-
cured glycidyl ethers have shown much higher epoxide conversion [28], [230] suggesting that,
in this case, the topological constraints which arise from the rigid dimeric naphthalene structure
and limited mobility in the glassy state compared to TGDDM. The effect of the lower
conversion compared to TGDDM can have a significant impact on thermal and mechanical
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properties as unreacted epoxide groups can act as a plasticiser to the network, lowering

modulus and strength.
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Figure 5-4 - Fractional conversion of epoxy as determined by near-infrared spectroscopy

5.3.3 Dynamic Thermal Mechanical Analysis of the Cured Resins
Dynamic thermal mechanical analysis of the three resin systems was performed in the sub-

ambient and above ambient regimes to determine the glass-rubber transition onset and the peak
of tan(6). The traces of storage modulus and loss tangent for the NNE relative to the extent of
cure and post-cure are shown in Figure 5-5(a-b) and values tabulated in Table 5-3. As
previously found, the lower degree of conversion results in a bi-modal behaviour in the
spectrum of tan(d) which is related to the mobility of the partially cured network that then
becomes restricted at high degree of cure as a result of the constrained network topology. The
bimodal nature of the tan(d) peak could be attributed to heterogeneity from large domains of
unreacted epoxy or variations in the crosslink density which would be active at different
temperature regimes. In effect, as conversion increases, the loss tangent decreases due to
reduced molecular mobility [217]. That is apparent with the post-cures where it is seen that by
220°C the peak of tan(d) is nearly diffused into the Ty peak and by 240°C completely
disappears. It is notable, then, that the effective loss tangent maximum occurs at a significantly
lower conversion than for similar resin reported in the literature, albeit at a high cure
temperature. Jackson et al observed for TGDDM-based epoxies that the substitution of 33DDS
and 44DDS resulted in nearly 100% and 94% conversion after elevated temperature cure [231].

Similarly, for TGAP cured with 44DDS Varley et al. found conversion reached nearly 100%
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[232]. The glass transition temperatures of the three resins were evaluated using a commercial

molecular dynamics (MD) software package and the results are provided in Appendix B.
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Figure 5-5 - DMTA traces for storage modulus and tan(d) of the different cure conditions

Between the three resin formulations, the DMTA traces provide initial context for the
mechanical capabilities and how they relate to the network structure. The traces of storage
modulus and tan(d) are shown for NNE, TGDDM, and NTG in Figure 5-6(a-b). In a similar
fashion to the previous result where damping to the loss tangent was associated with reduced
molecular mobility near the glass-rubber transition, the behaviour between monomer structure
is also systematically different. The TGDDM resin cured with 44DDS exhibits a broad tan(t )
peak and also a peak height nearly three times that of NNE which is also much narrower and
NTG sits between the two. A broadening of the loss tangent and height is associated with
increased mobility [233]. Notably, the storage modulus is highest for TGDDM and
progressively decreases for NNE with respect to post-cure. That could be related, in part, to

degradation of the resin as a result of elevated temperature post-cure.
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Figure 5-6 - DMTA traces for storage modulus and tan(d) of the different resin formulations

Table 5-3 - DMTA values for the glass transition onset from E' and peak of tan(d)

Cure Condition Tonset (°C) T¢gby taTg by t g

NNE

150°C Cure 201.94 213.48 355.3

180°C Cure - 230.45 348.3

200°C PC - 245.78 347.9

210°C PC - 250.44 343.6

220°C PC 327.89 297.4 349.9

240°C PC 346.47 - 352.68
NTG

220°C PC 318.03 - 320.31

TGDDM
200°C PC 278.74 - 297.38

Sub-ambient DMTA allows for the investigation of the short-range molecular motions of
polymer networks. For epoxies the peak of the loss tangent, the p-transition is ascribed to
rotations of the reacted epoxide left of the peak and amino-bound groups right of the peak as
well as contributions from the phenyl rings either of the epoxy or amine molecules within the
network [192], [234]. Additional cooperative long-range motions are sometimes visible in the
range of ~50-100°C but less well-defined as the phenyl-epoxide ring segmental motion [192]
or hydrogen-bound epoxide species formed from etherification reactions [235], [236]. The
plots of the loss tangent for NNE with respect to extent of cure and between the three resin
formulations are shown in Figure 5-7(a-b) with peak temperatures and areas provided in Table
5-4.

Much like with the elevated temperature analysis, as extent of cure is increased, the peak height
and temperature of the sub-ambient B-transition progressively shifts to a lower magnitude and
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higher temperature. Again, that is associated with reduced mobility in the glassy state although
as the cure reaction progresses and more epoxide is reacted, it would also result in a widening
of the right-hand side of the tan(t ) peak. Notably, as the temperature of post-cure increases to
240°C there is an emergence of a secondary peak between 50-100°C which is otherwise less
apparent in the other post-cure temperatures. Assuming it were related to hydrogen-bound
epoxide groups then a similar decrease to epoxide and increase to hydroxyl would show in the
NIR traces (Figure 5-3) however, such a trend is not apparent. Therefore it is possible that the
high cure temperature contributes to some evolution within the network more associated with
degradation than etherification. Indeed, the work by Simon & Gillham highlights the need to
assume no degradation occurs prior to etherification at elevated temperatures [237].

Between the three resins it is notable that the peak of NNE is both higher and narrower than
either NTG or TGDDM with the latter showing a broad and diffuse right-sided half of the -
transition. As observed by Vukovic et al., the ability for TGDDM to undergo ring flips about
the central axis of the backbone differentiated the molecular origin of the glass transition
temperature for both NNE and TGDDM [41]. Herein, it emerges that the lack of mobility
within the NNE network also constrains the segmental motion of the amino backbone. Again,
a secondary peak emerges above 50°C which is narrow for NTG and broad and diffuse for
TGDDM. Notably, it is previously established that a significant degree of etherification and

side reactions is possible for the TGDDM-based resins.
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Figure 5-7 - Traces of the tan(d) spectra under sub ambient DMTA for (a) NNE at increasing
cure and (b) the three resins
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Table 5-4 - Sub-ambient DMTA values for peak temperature and partial areas of the tan(d)
traces

Cure T (°) at Total Area Area
Condition Peak t Area Left of Right of
Peak Peak
NNE
150°C -38.5 5.25 2.65 2.60
Cure
180°C -31.9 55 2.87 2.63
Cure
200°C PC -29.0 5.83 3.07 2.76
210°C PC -26.5 5.82 3.07 2.75
220°C PC -24.8 6.28 3.36 2.92
240°C PC -23.8 5.85 3.02 2.83
NTG
220°C PC -38.4 6.59 2.70 3.89
TGDDM
200°C PC -35.9 6.64 2.64 4.00

5.3.4 Thermal Expansion Coefficient of the Neat Resins
The thermal expansion coefficient was determined by thermal-mechanical analysis and

computed over a constant range of temperatures below non-linear behaviour that would occur
near the Tg. Examples of the three resins and with respect to the extent of cure are shown in
Figure 5-8(a-b). Again, it is seen that the thermal expansion behaviour follows a trend where
NNE > NTG > TGDDM. The CTE of a material can be traced to the origin of the free volume
and crosslink density within the cured polymer network. As crosslink density increases the free
volume is expected to decrease, along with an increase to the physical density [238]. The
behaviour is less apparent at the lower cure temperatures due to non-linear effects near the Ty.
However, as conversion increases the CTE remains virtually unchanged for NNE. Between the
three resins, the NNE resin being higher suggests poor equilibrium packing of the cured
network due to the higher intermolecular spacing and limited mobility of the bulky NNE

monomer.

97



@
@

a) b)

@
(=]
T

7

o
(5
T

Expansion, dL/L, (%}
o
2]
&

Coeff. of Thermal Exp. (10¥/K)
()
o

S
o
T

04
[ NNE (220°C)
02 r NTG
TGDDM
1

00 et L L L L | 150 180 | 200 | 210 | 220 220 200
25 50 75 100 125 150 175 200 NNE | NTG | DDDDD |

w
()

Temperature (°C)

Figure 5-8 — (a) TMA traces of NNE (220°C), NTG (220°C), and TGDDM (200°C) post-cure
conditions and (b) thermal coefficient of expansion relative to cure temperature and resin
system

5.3.5 Thermogravimetric Analysis
Dynamic and isothermal thermogravimetric analysis was performed on the three resin systems

at the 220°C cure condition for NNE and NTG and 200°C cure condition for TGDDM, based
on the similar degree of cure as determined by DSC. All TGA was carried out in a nitrogen
atmosphere. The plot of dynamic TGA curves for a 2.5°C/min heating rate is shown in Figure
5-9 with tabulated values of the degradation onset and char yields given in Table 5-5. The
activation energies were determined from a band of 50-80% weight loss, corresponding to the

regime of degradation values past Tq for all three resins and are given in Figure 5-10.

The dynamic TGA trace shows distinct increase in the Tq onset for the naphthalene resins
compared to TGDDM. Almost no change in mass loss is apparent until 380°C upon which the
mass loss increases sharply. TGDDM meanwhile, shows an earlier onset but gradual mass loss
up to about 70 wt% of retained weight, whereby the curves intersect. That contrasting
behaviour is represented in the sharp, narrow peak of the derivative of mass loss which is
largely similar for both naphthalene-based formulations. The initial 5 wt% mass loss was also
higher for NNE and lowest for TGDDM, irrespective of the heating rate. Final char yield is
also consistently higher for NNE with NNE (~35%) > NTG (~31%) > TGDDM (~26%).
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The onset of degradation increases with respect to heating rate and allows for simple kinetic
analysis by means of the Flynn-Wall-Ozawa model. From Figure 5-10(a) the constructed plot
of temperature versus the logarithm of heating rate shows similar behaviour of the NNE and
NTG resins and a shift for the TGDDM resin towards the lower temperature regime, reflecting
the earlier onset of degradation. However, the slopes are largely the same suggesting only
minor differences in the kinetics of degradation. A plot of activation energies shown in Figure
5-10(b) shows that in the earlier stages of degradation (65-80 wt% retained mass) the TGDDM
resin barrier to degradation is higher, albeit at a lower temperature. As degradation progresses
the activation energy of TGDDM increases while NNE and NTG remain the same. That is, as
a significant char forms, the energy barrier of degradation increases. That is evident in the TGA
trace where, although there is a higher char yield for NNE and NTG, the transition into the
final char occurs at a lower temperature than TGDDM.
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Table 5-5 - Values of degradation temperature, char yield, and activation energies from
dynamic TGA

Heating Rates

2.5°C/min | 5°C/min | 10°C/min | 15°C/min | 20°C/min Ea

(kJ/mol)
NNE
Td 352.2 362.5 383.8 386.7 393.1 204.45
+7.62
Tos% 342.9 356.1 3725 3735 375.2 (r=.948)
Char 35.9 34.8 34.9 34.6 33.7
Yield
NTG
Td 348.0 365.2 375.9 375.5 376.6 203.85
+9.23
Tos% 3275 3425 354.9 354.9 364.8 (r=.946)
Char 305 314 30.9 315 30.5
Yield
TGDDM
Td 342.7 350.7 359.2 361.9 365.2 218.43
+12.11
Tosw  301.5 314.9 324.9 333.8 329.9 (r=.952)
Char 29.9 25.1 25.4 26.8 23.9
Yield
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Only a limited understanding of the degradation kinetics for naphthalene-containing epoxies is
reported, however, the higher char yields observed in naphthalene-based epoxies largely
support the observations from TGA between NNE and TGDDM. Duann et al. comparatively
evaluated phenyl and naphthalene-containing epoxies, all difunctional, and noted similarly
high char yield for the latter although the onset was higher for the phenyl-based epoxies and
activation energies varied irrespective of the type of epoxy backbone [82]. Duann et al. utilised
DGEBA and naphthalene epoxy blends and showed increased char yield from 18 wt% (100
DGEBA) up to 32 wt% (50% DGEBA/ 50% naphthalene-based epoxy) with the addition of
the di-functional naphthalene epoxy [42]. Wang & Hwang formulated bismaleimides with
naphthalene backbones and showed similar thermal performance enhancements which was
attributed, in part, to the three resonant structures afforded to a naphthalene versus phenol [20].
Fila et al evaluated six epoxy resins synthesised from the epoxidation of 2,7-
dihydroxynaphthalene and noted high thermal resistance but a similarly narrow band between
the degradation onset and defined a maximum temperature of degradation in the range of 380-
424°C [38]. It is shown here then that the thermal degradation is influenced greatly by the
difference in the backbone structure for these tetrafunctional resins.

In practical terms, degradation Kinetics and the onset via dynamic TGA reflect differences in
thermal resistance to degradation only in a short timeframe and do not reflect the performance
in service. Therefore, isothermal TGA was performed to understand the influence of the
naphthalene backbone on stability. A series of TGA isothermal runs were performed on
approximately 10 mg of cured resin and heated at temperatures below the glass transition
temperature of the three resins. Traces of the of isothermal TGA curve at 250°C and a plot of
mass loss for 225-300°C isotherms are shown in Figure 5-11. It is clear that NNE shows some
short-term stability at elevated temperatures compared to TGDDM with nearly twice the
retained mass after 10 hr at 250°C. Also notable is the difference in the tail-end of the
isothermal TGA traces where NNE appears to reach a baseline while the slopes of NTG and
TGDDM traces are negative, reflecting a continuation of thermal degradation. Above 250C,
all resins show a negative slope after 10 hr but the fraction of retained mass for NNE remains
consistently higher than the blend and TGDDM. It is clear that the naphthalene backbone
contributes to a higher retained mass because the NTG blend is noticeably higher than TGDDM

at each isothermal temperature as well.
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5.3.6  Moisture Ingress and Physical Density
The physical density and moisture ingress relative to cure temperature and crosslink density

was determined for the three systems by periodic gravimetry of the cured resins after soaking
in deionised water at 80°C. The ingress of moisture was determined in triplicate for epoxy
specimens over a period of 14 days. The results of moisture ingress are shown in Figure 5-12(a-
b) for the increasing cure condition and between the three formulations. The physical density,

diffusion coefficients, and equilibrium moisture content are provided in Table 5-6.

Fundamentally, the increase in moisture is related to the network properties and the chemistry
of the network constituents. The network free volume fraction (FVF) and free volume hole size
influence moisture ingress behaviour [239] while hydrophilic functionalities can form
hydrogen bonds with water molecules [240]. It was observed that moisture ingress increased
with respect to extent of cure while the naphthalene-based network showed a higher
equilibrium moisture uptake and diffusion coefficient than TGDDM, although a clear
equilibrium is not yet apparent for the latter. Previous work by Frank et al. noted that an excess
of epoxy contributed to reduced moisture uptake due to more efficient packing density and a
lower crosslink density [241]. Further, they demonstrated that an inverse relation exists for
epoxies where, as crosslink density increases, the free volume hole size decreases and FVF
increases [242]. That correlates to the behaviour with NNE where further cure would lead to
an increased crosslink density but likely higher FVF. The trend in diffusion coefficient to
decrease with increased cure and crosslink density also follows for decreased free volume hole
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size as a result of a higher crosslink density. As seen with the DMA ramps, a rubber plateau is
not readily apparent for NNE which meant crosslink density could not be quantified by rubber
elasticity theory. However, the NNE, NTG and TGDDM resins at the highest degree of epoxide
consumption were characterised by the Flory-Rehner equilibrium swelling theory [243], [244]

and is provided in Figure A6 of Appendix B.
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Figure 5-12 - Moisture ingress of (a) the NNE resin relative to conversion and (b) between
the three resin formulations

Table 5-6 - Density, moisture ingress at equilibrium, and diffusion coefficients of the resins
NNE NTG TGDDM
Cure Temp (°C) | 150 & 180 | 200 @ 210 @ 220 | 240 @ 220 200
p (g/cm?) 1315 1.32 1.313 1.316 1.315 1.327 1.299 | 1.279
Eq. Wt. % 356 476 497 541 585 594 489 5.02
D (10712 m?%/s) 1387 | 1.279  1.269 1.247 | 1.221 1.162 1.164 1.101

After moisture ageing the resins were scanned via DMTA to determine the effect on the glass
transition. Figure 5-13(a-b) show the results of DMTA analysis with respect to extent of cure
for NNE while Figure 5-14 shows the effect between the three resin formulations. The
magnitude of storage modulus decreased for all cure conditions relative to the dry
measurements (see Figure 5-5). The effect on the glass transition is highlighted in the shift of
the Tg peak in tan(d) for the 150-220°C specimens and the growth of a shoulder for 240°C.
Again, between the three resins there is a decrease to the storage modulus in the glassy state
compared to the dry specimens (see Figure 5-6) and a clear difference between the decrease to
Ty between NNE and TGDDM. The naphthalene-containing resins showed decreased onset

and Tq nominally of 20-30°C and nearly 40°C for TGDDM. The traces of tan(d) display a large
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secondary peak below 200°C for TGDDM. Previous analysis of TGDDM-DDS networks in

the wet state by Musto et al. showed a similar decrease in the T4 to 180°C after saturation and

for which they attributed the sub-Ty peak to plasticisation effects [35]. Moisture has the effect

of plasticising epoxy networks and in the case of TGDDM appears to have induced some

heterogeneity on the network that is otherwise not present for NNE or NTG at the higher cure

temperatures. Indeed, only a small shift in the tan(d) towards lower temperatures is observed

suggesting the naphthalene-based resins are less affected by moisture than TGDDM.
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As mentioned previously, there are both physical and chemical effects to water moisture

ingress. Hydrogen-bonded moisture can appear as a distinct broad peak between 5140-5240cm’

Lin the near-infrared regime [245]. It is clearly seen in Figure 5-15(a-b) that systematic changes
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occur relative to the extent of cure and with increasing crosslink density. The NIR spectra for
the different cures shows a normalised increase for the spectral intensity as a function of the
cure and post-cure temperature. Likewise, the intensity is highest for NNE and lowest for
TGDDM, corresponding to the differences in equilibrium saturation levels.
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Figure 5-15 - NIR of OH peak for (a) NNE relative to extent of cure and (b) between the
three resin formulations

A contrast between the higher equilibrium saturation and lower effect by plasticisation for NNE
seems contradictory but can be explained by differences to the cured network properties
between NNE and TGDDM. The work by Musto et al. investigated interpenetrating networks
of TGDDM and a bismaleimide co-polymer (BMI), noting that with increased BMI, the
moisture ingress increased and the effect on tan(8) decreased [35]. That behaviour was ascribed
to the more rigid network formed with BMI. Here, NNE shows more rapid and a higher degree
of moisture ingress but an overall lower effects to the storage modulus and Tg. The retention
of thermal and mechanical properties in the glassy state could be the result of a more rigid
network than TGDDM cured with DDS.

5.3.7 Mechanical Properties and Fracture Toughness of the Neat Resins
The mechanical properties of the resins were studied in flexural 3-point bending and fracture

toughness was studied using single-end notch-flexural bending. Results of the mechanical
properties tests are shown in Figure 5-16. With respect to degree of cure, the NNE resin shows
amodest increase to flexural strength and strain to failure as well as maximal fracture toughness
from 210-220°C post-cures. An effect of extended curing is to form a more dense crosslinked
network hence increasing storage modulus. However, for the NNE resin, increasing cure

increases the free volume fraction and reduces the ability for the network to arrange efficiently
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at equilibrium. That corresponds to the decrease in elastic modulus with increased cure because
of the relative high degree of cure and diminished extent of crosslinking that occurs from 150°C
to 180°C and the post-cures. In contrast, post-curing of the NTG and TGDDM resins does have
a significant increase to degree of cure and modulus is maximised to more efficient packing
density at equilibrium. That is supported by the lower moisture ingress (related to free volume
hole size and fractional free volume) for both the lower degree of cure and between the three
resins. Also, the lower coefficient of thermal expansion of NTG and TGDDM suggests a lower
free volume fraction and more efficiently packed network. Notably, the fracture toughness is
almost unchanged between the three resins. From 220°C to 240°C, the flexural strength
decreases. That can result from some factors related to thermal degradation and further
chemical conversion or side reactions that change the properties of the cured network. It is
noted that the flexural modulus increases and strain to failure between 220°C and 240°C which
could relate to further curing and an increase to the crosslink density, thus causing
embrittlement to the cured network. The elastic modulus as determined by MD simulations in
compressive loading were computed for the resins, following a similar trend to the
experimental flexural properties (combined tensile & compressive stress state) where TGDDM

> NTG > NNE and are available in Appendix B.
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Figure 5-16 - Mechanical properties showing the flexural (a) strain at failure, b) ultimate
strength, ¢) modulus and d) fracture toughness from SENB testing

5.4 RESULTS AND DIscuUssIONS T THERMAL AGEING OF THE COMPOSITE

5.4.1.1 Mass Loss and Physical Changes to the Resins and Composites
The mass loss of the resin and composite were periodically measured in triplicate from the

unaged and dried state up to 504 hr of exposure to an temperature 250°C. Unaged composite
specimens were cut into 1 x 1 cm coupons and a resin burn-off test was performed in a muffle
furnace to determine the resin content of the composite and that value was used to calculate
matrix weight loss from the measured weight of the composite. Presented in Figure 5-17 is the
mass loss of the matrix and the resin. Initially the three composites had similar matrix weight
content (40-42 wt%) but it was apparent that initially the matrix mass loss was more rapid for
TGDDM than NNE and NTG. However, by 120 hr the rate of loss for TGDDM became more
gradual. By the end of the ageing trial, the matrix weight loss was highest for TGDDM and
lowest for NNE by near 4%. In stark contrast was the weight loss of the neat resin coupons.
Rapid weight loss was again observed for TGDDM and NTG relative to NNE but for the initial
stages of measurements the NNE resin showed higher retention of resin mass loss and by 504
hr was within 1 wt% of TGDDM. The NTG resin showed very significant weight loss by 216
hr which also corresponded with a change in physical appearance. Large wrinkles on the
surface of the sample were apparent by 120 hr for NTG while only appeared near the end of

the ageing trials for the other two resins.
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Figure 5-17 - Mass loss of the composite (left) and of the neat resins (right) under thermal
ageing

The difference in behaviour of the composite and resin is likely due to the thermal-oxidative
effects that can arise in the composite. That is, while the neat resin still undergoes micro-
cracking and hence creates a pathway for thermal degradation, the differences in thermo-
oxidative ageing via micro-cracking and pathways for the composite rely on compatibility
between the matrix and reinforcement [246]. Thermally-induced stresses could create an
uneven distribution of pathways for the naphthalene-based resins resulting from the higher
coefficient of thermal expansion than for that of TGDDM which was determined earlier (NNE
> NTG > TGDDM).

5.4.1.2 Fourier-Transform Infrared Spectroscopy of the Degraded Systems
The resins were studied by FTIR in the mid-IR and near-IR range as a way to evaluate the

changes within the network as a result of long-term exposure to elevated temperatures. The

primary assignments for analysis of the spectral data are provided in Table 5-7.

Table 5-7 - Peak and band assignments for mid- and near-IR analysis

Peak / Band Assignment Notes & Designations
Position (cm™)
821 Aromatic
1040 C-0O-C
1215 C-O-C
1391 o(CH) Fundamental Freq.
1520 Aromatic
1583 O0(NH2) Fundamental Freq.
1593 Aromatic
1625 C=0
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1725 v (C=0) Fundamental Freq.

2870 CH3
2925 CH2
3400 -OH Fundamental Freq.
4520 v (CHs, CH, + CHa, Chs, and C=0 bonds
v(C=0)
4778 v(NH2, sym.) + Amine-Oxirane
d(CH)
4600-4900 v+ 6(NH) Amino
5140-5240 Water Vapour Water Vapour
5890-5990 C-H Stretching First Overtone
6300-6800 2 v (NH, NH>) Primary/Secondary Amine
6800-7200 -OH Hydroxyl

Thermo-oxidation involves numerous and sometimes complex changes in the polymer
network. In the mid-IR regime, the formation of alcohols, the scission of bonds, and formation
of oxidised char can become apparent and help describe the process by which the cured network
changes as it ages. However, a limitation with mid-IR is that the depth of penetration is only
on the scale of a few hundred micrometres whereas near-infrared analysis enables
characterisation at a bulk level on the scale of millimetres. The difficulty with NIR is that the
entire spectra only represents overtones of the fundamental frequencies within the mid-IR
range and thus limits the description of chemical changes during degradation [247]. The mid-
IR spectra of the NNE resin is shown in Figure 5-18(a-b). The NTG and TGDDM resins in
Figure 5-19(a-b) and Figure 5-20(a-b), respectively. At the upper range of wavelength can be
seen the hydroxyl band and signatures relating to CH> and CHs bonds within the cured network.
From 1900-600 cm™ specific peaks show changes to C=0, C-O-C, and aromatic peaks
associated with structures of the cured network. At the early stages of ageing, minor changes
to the hydroxyl peak and C=0 at 1725cm™ and 1215cm™ are less apparent but as ageing
progresses beyond 120 hr significant changes can be seen. A significant growth to the 1725cm”
! peak is seen and near the end of ageing at 432hr the hydroxyl and aromatic peaks begin to
destabilise suggesting large-scale chemical changes within the cured network.
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Figure 5-18 - The (a) full mid-infrared spectra and (b) narrow range spectra for the NNE resin
progressively aged
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In addition to mid-IR analysis, resins were tracked by near infrared spectroscopy. Spectral
traces of the three resins are shown in Figure 5-21(a-c) from the unaged to aged conditions.
While the NIR spectra are comprised of overtones for the various fundamental frequency peaks
in mid-IR, some noticeable changes emerge which can correlate to structural changed in the
network. Of note is the peak between 5140-5240cm™. This peak is only present for the unaged
specimens and shows some residual moisture even after drying of the specimens. The NIR
results showed a rapidly diminished epoxide peak at 4520cm™ within the first 16 hr of ageing,
regardless of resin. This is associated with a slight increase to the secondary amine (6300-
6800cm™) and hydroxyl (6800-7200cmt) bands resulting from further addition reaction of the
unreacted epoxy present. In contrast to TGDDM, the hydroxyl peaks become impossible to
distinguish for the latter stages of ageing for both glycidyl ether based resins (NNE and NTG).
It was observed that the surfaces of all three resins show noticeable signs of physical
degradation which could be more prevalent in NNE and NTG, resulting in a reduction in the
transmission of light through the samples at 432hr and 504hr. It is unclear why TGDDM shows
less noise in that regime and whether it relates to the differences between network chemistry
or other effects from physical degradation. Notably, the peak at 4520cm™ shows some
additional growth at 408hr for NNE, 216hr for NTG, and 216hr for TGDDM, respectively.
Normally, this peak is associated primarily with the epoxide functional group prior to reaction
with the active hydrogen of the amino hardener. However, it also can show as an overtone for

the C=0O double bond. Therefore, it’s appearance can be attributed to network degradation.
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While all three resins exhibit some growth to this peak, it is noted that the emergence is delayed
for NNE to 306hr ageing time. The assignment at 4778cm is related to the bond between the
oxirane ring and primary amine. This bond progressively disappears for the three resins which
is suggestive of bond cleavage. That is in corollary with the reduction to the peak at 4880cm™,
associated with amino-functional species.
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Figure 5-21 - Near infrared spectra of (a) NNE, (b) NTG, and (c) the TGDDM resins
progressively aged
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5.4.1.3 Thermal Analysis of the Degraded Resins
A combination of dynamic thermal mechanical analysis and thermomechanical analysis was

utilised to understand the change in chemistry as it affected the glass transition as well as the

degradation at the interface of fibre and matrix. Shown in Figure 5-22 is the effect of ageing

on the NNE composite at zero, 24, 216, and 504hr of thermal ageing. An increase to the storage

modulus occurred between zero to 24 hours which largely held to 216hr before finally

decreasing by 504hr. The peak of tan(d) decreased with increased ageing as well as the initial

onset of degradation. Figure 5-23 displays the change in T4 based on the storage modulus onset

and the peak of tan(d) between the three resins. It is notable that the NNE and NTG resins

showed a significantly higher storage modulus onset (~250°C and ~225°C, respectively) at

504hr. In contrast, the TGDDM composites showed rapid decrease in the onset to just 225°C
by 24hr and dropped below 200°C by 504hr.
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Figure 5-22 - DMTA traces of storage modulus (left) and tan(d) spectra (right) for the aged

NNE composite
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5.4.1.4 Mechanical Properties of the Aged Specimens
The flexural and interlaminar shear (ILSS) properties of the composites were studied with

respect to thermal ageing time. Shown in Figure 5-24 are the effects of ageing on mechanical
properties. For the initial stages of ageing (t>100hr), the NNE resin shows superior retention
of strength and modulus compared to TGDDM and NTG. Virtually no change to ILSS
performance is seen for NNE which is in line with the 10hr TGA ageing and minimal initial
mass loss. As t<200hr the three resins show significant mass loss and that is reflected in
deterioration of mechanical performance by nearly 50% of the unaged specimens. However,

NNE shows superior flexural strength up till 504hr when the resins show significant decrease

to all mechanical properties.
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5.5 SuUMMARY OF WORK
This work presents a comprehensive study of the structure-property relationships of the DDS

cured bis(2,7-glycidyl ether naphthalenediol) methane (NNE) epoxy resin. The effects of the
rigid dimeric naphthalene structure and the differences between networks of glycidyl ether and
glycidyl amine epoxy networks are studied. While the NNE resin shows high thermal stability
and glass transition temperatures, it is inhibited by lower degree of cure, higher thermal
expansion coefficient, moisture uptake at equilibrium is higher, and lower strength and
modulus in flexure. These properties are related to the higher free volume fraction and
plasticising effects at lower degree of epoxide conversion which is evidenced by the greater
short range molecular mobility and poor equilibrium packing. The increased T4 and Tq

corresponds to a higher crosslink density at increased cure temperature and subsequently
reduced thermal expansion and increased fracture toughness. The lower modulus arises from
higher free volume with extended cure which accounts for the higher moisture ingress. The

naphthalene units contribute to a higher char yield and the rigid network also offsets the
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degradation to higher temperatures. Thermal ageing of the composite showed benefits in the
earlier stages of degradation with minimal loss of mechanical properties and retention of the
Tg. This resin shows promise for structural composite applications where short, high-
temperature exposure may occur and is one of an emerging class of glycidyl ether epoxy

monomers with good thermal and mechanical properties.
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6 MOLECULAR ADDITIVES AS MODIFIERS OF THE
TETRAFUNCTIONAL EPOXY-AMINE RESIN SYSTEM

6.1 INTRODUCTION
There is a growing body of research taking alternative approaches to the more traditional routes

of modifying epoxy resins (e.g. micro- and nanoscale addition of rubbers, thermoplastics and
inorganic particulate) to enhance specific mechanical properties of highly crosslinked
networks. The first, is to alter the inherent chemical structure using mono-functional reactive
diluents, the second is to control the topology of the network using bulky constituents pendant
to the network, while the third is to use structurally similar additives that are not covalently
attached to the network but reside within the free volume. In this chapter, these strategies are
used to modify the highly crosslinked tetrafunctional NNE epoxy-amine system and explore
the effects upon the chemical, thermal, mechanical, and physical properties of the modified
resin. Finally, translation of the mechanical and thermal properties from the modified resin to

the composite are presented.

6.1.1 Reactive Diluents
Low molecular weight reactive diluents incorporated into an epoxy network to induce a lower

viscosity resin, improve processability but can also enhance toughness. These functional
additives often include aliphatic mono- and di-functional epoxy resins to increase molecular
mobility, flexibility and toughness. [248]. This approach applies both to epoxy and amine
functional groups with flexible chain segments and has been shown to significantly enhance
toughness of the resulting network [249]-[251]. Halary studied a series of controlled networks
comprising aliphatic and aromatic epoxies and amines, and showed that cross-link density,
impacted strength, stiffness, and moisture uptake more systematically than altering the
flexibility of segmental chains [252]. However, that contrasts with more recent conclusions by
Espuche et al. which found that incorporating flexible aliphatic compounds had a greater role
in determining strength and stiffness [253]. Ijima et al. added elastomeric acrylic monomers
containing a mono-epoxide pendant to the network and demonstrated that the combination of
a flexible backbone and compatibility through the pendant epoxide with the DGEBA matrix
could enhance toughness whilst imparting only a modest deterioration of other mechanical
properties [254]. In contrast, Marks et al created a series of mono-epoxide terminated resins by
adding stoichiometrically-balanced amounts of phenylglycidylether (PGE) to a catalysed

DGEBA network [9]. They showed that increasing PGE content actually led to a decrease in
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storage modulus, glass transition temperature, and fracture toughness after an initial plateau.
The lack of contribution of these pendant groups on the elasticity of the network was attributed

to the observed decrease in mechanical and thermal properties.

Aside from toughness, mono-functional reactive diluents are associated with an increase in
modulus and strength but also a corresponding decrease in failure strain and fracture toughness
due to anti-plasticisation effects [255]. Reyes et al. demonstrated that monofunctional epoxide
addition significantly increased modulus while decreasing strain to failure due to an anti-
plasticisation effect caused by large siloxane cages hanging pendant to the network. They drew
correlations to the reduced molecular mobility increasing modulus, despite no relation to yield
strength [256]. Due to the large-scale intermolecular nature of yielding, it is also likely that any
relation between mono-functional addition and strength is more related to inter-molecular
motions beyond the length-scale that contributes to the increase in glassy modulus. Work by
Li et al. investigated the addition of a mono-functional epoxy-functionalised anthracene
monomer as a pendant group in an aliphatic epoxy resin and found the combination of the
highly-aromatic polycyclic molecule increased Tg which they also attributed to a lower chain
mobility [257]. Interestingly, they were also able to demonstrate shape-memory capability by

reversing the anthracene dimer by heating and vitrifying under UV light.

6.1.2 Partially-reacted substructures
Recently, molecular modelling and experimental research into the yield of epoxy-amine resins

have pointed to the influence of nano-scale void formation on increasing both strength and
strain to failure. Sharifi et al. cured an epoxy amine resin in the presence of dichloromethane
to create nano-scale voids within the material by the expansion of the solvent via thermal
annealing [258]. While chemically the same, their work showed that the growth of ordered,
nano-scale proto-voids could create a topology that exhibited strain hardening under tension
with no change to the Tq and minimal effect on crosslink density. In contrast, molecular
dynamics simulations by Mukherji & Abrams surmised that ductility in the crosslinked
polymer arose from a combination of void formation under strain and lower crosslink density
of the polymer network [259], [260]. That suggests a competition between the chemistry of the
modified systems and the so-called proto-void formation as it concerns the mechanism of
plastic yielding and toughening. The concept here is that the introduction of localised
concentrations of non-covalently bound molecular surfaces will induce favourable void growth

under strain.
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Naturally, the presence of solvents within the unreacted polymer is not ideal and a solvent-free
approach to achieve a similar proto-void development in the network is desirable. That is
largely due to the volatility of solvents under heat and pressure which can lead to physical
defects such as voids and porosity. Sharif & Palmese utilised a partially reacted substructures
(PRS) approach, whereby a monoamine and TGDDM were pre-reacted at 60%, and 80%
conversion prior to addition to the uncured primarily epoxy resin network [261]. A higher
elongation to break, attributed to the formation of micro-voids caused by these partially reacted
substructures was observed, despite a significant reduction in Tg4. Gao et al. demonstrated that
the degree of polymerisation directly affected the ability of this strain-hardening behaviour, by
comparing unreacted and 75% converted PRS structures to a difunctional and tetrafunctional
epoxy-amine system [262]. They also studied the effect of loading on the network and showed
that improvement to ductility was apparent from 5 wt% up to 20 wt%. More recently, Eaton et
al. utilised a cycloaliphatic diamine and a low molecular weight monoamine, to exhibit nano-

scale domains that greatly enhanced the toughness of epoxies [263].

6.1.3 Molecular Additives as Antiplasticisers
Alternative techniques to modify the resin network architecture also includes the inclusion of

non-reactive or non-covalently bound species to the network. Daly et al. studied an
antiplasticiser formed from the reaction of PGE end-capped with 2-(acetylamino)phenol and
showed that the inclusion within the network architecture enhanced modulus and strength by
suppression of the B-transition. Further work by Heux et al. studied the origin of the supressed
B-transition and associated enhancement of modulus, noting that lower crosslink density
corresponded to weaker effects and that the segmental motions across multiple units appeared
to be hindered. This was in contrast to the ring-flip of the monomer backbones [123]. Sauvant
& Halary studied three antiplasticisers that varied by molecular weight and flexibility all of
which successfully enhanced modulus whilst also supressing the B-transition and showed a
beneficial decrease to equilibrium moisture uptake [126]. They also noted nano-phase
separation for two of the additives which showed higher antiplasticisation although a large

reduction in the glass transition temperature was observed.

6.1.4 Overview of the Study
In this study, the effect of molecular level modification is studied on the tetrafunctional dimeric

naphthalene epoxy-amine resin at different levels. The first is to directly incorporate the mono-

functional epoxy resin, o-cresyl glycidyl ether (CGE), into the epoxy resin to create pendant
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groups reducing the crosslink density of the overall network. Following this, CGE is reacted
with 3,3’-diaminodiphenylsulfone (33DDS) and 4,4’-diaminodiphenylsulfone (44DDS) to
create low-molecular weight yet highly aromatic mono-amines denoted individually as 33CGE
and 44CGE, respectively. These oligomers are similar to the partially reacted substructures
(PRS) mentioned above, and were then introduced into the epoxy network, again as pendant
groups after cure. In this scenario, these partially reacted substructures are larger and bulkier
than the more simple addition of monofunctional epoxide CGE. Non-covalent molecular level
modification uses naphthalene and a naphthalene based oligomer endcapped with CGE via pre-
reaction (denoted as MFN, “molecular fortifier using 2,7’-dihydroxynaphthalene and CGE), to
determine the influence of non-reactive molecular surfaces on the network properties. The
concept here is that these modifiers reside within the free volume of the network suppressing
molecular mobility and enhancing molecular level reinforcement. The naphthalene would be
unreactive, while the endcapped naphthalene (MNF) is expected to be much less reactive and
primarily attached to the network via non-covalent hydrogen bonding. Finally, for selected
resins, the corresponding composites have been prepared to explore the translation of resin
properties to the composite. A diagram representation of the toughening approaches is shown

in Figure 6-1 below.
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Figure 6-1 — Diagram representation depicting the reactive (CGE), reactive and hydrogen-
bonded (33CGE and 44CGE), hydrogen-bonded (MFN), and non-reactive (NAPH)

modification approaches within the cured epoxy network

6.2 MATERIALS AND EXPERIMENTAL DETAILS

6.2.1 Materials
The materials used in this chapter are outlined in Table 6-1.The reaction of the 27DHN and

CGE was aided by 1 wt% addition of triethylamine (MW=101.19g/mol, TEA, SigmaAldrich
Corp., USA). Solvents of dichloromethane (DCM), ethanol, and methyl ethyl ketone (MEK)

were of analytical grade purity and used without further purification.
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Table 6-1 - Summary of materials used in this chapter

Material | Acronym Chemical Name EEW Mfg. Supplier
(g/mol)
Epoxy NNE 1,1- bis(2,7 glycidyl ether 170 DIC Corp. (JPN)
Monomer naphthalenediol) methane
Epoxy CGE o-cresyl glycidyl ether 164.2 Hexion Corp.
Monomer (USA)
Amine 33DDS 3,3’-diaminodiphenylsulfone | 248.30 Glentham Life
Hardener Sciences (UK)
Amine 44DDS 4,4’-diaminodiphenylsulfone | 238.30 = TCI Chemical Inc.
Hardener (JPN)
Alcohol 27DHN 2,7-dihydroxynaphthalene 160.17 Acros Organics
(USA)
Additive NAPH Naphthalene 128.17 SigmaAldrich
(USA)

6.2.2 Preparation of Partially Reacted Substructures (PRS); (33CGE, 44 CGE)
The partially reacted substructures were created by adding a 0.5:1 epoxide to amino

stoichiometric amount of CGE to either 33DDS or 44DDS into a round bottom flask. Then, the
flask was transferred to a roto-evaporator and heated to 120°C. The mixture was stirred until
the DDS isomer was dissolved into CGE and a transparent liquid emerged, occurring in
approximately 30 minutes. Then, the flask was transferred to a convection oven where the
mixture was allowed to cure for 36 hr at an isothermal temperature of 150°C. The resulting
adducts were termed either 33CGE or 44CGE and were cast onto a Teflon sheet and frozen.
Both adducts were semi-solid at room temperature and free-flowing liquids at elevated

temperatures.

Critically, the stoichiometry of these PRS into epoxy resin was maintained so that a direct
comparison could be made from the PRS and the NNE/CGE/44DDS epoxy blend cured without
any pre-reaction. The adducts were added based on a 1:1 stoichiometry utilised for the neat
resin. The reaction sequence to prepare 44CGE is shown in Figure 6-2. From this point onwards
the discussion of the PRS shall denote either the 33CGE or 44CGE variants independently.
Near-infrared spectroscopy traces of the adducts are provided in Appendix C and display the

conversion of epoxide after pre-reaction.
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Figure 6-2 - Structures of (a) 4,4'-diaminodiphenylsulfone reacted with (b) 0.5 molar ratio of
o-cresyl glycidyl ether to form (c) the partially reacted substructure where a free primary
amine group remains to further react with the bulk epoxy network
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6.2.3 Preparation of End-capped Naphthalene Additive (MFN)
The end-capped naphthalene additive was formed by adding 2:1 molar epoxy to hydroxyl

amounts of the CGE and 27DHN. The mixture was placed in a two-neck round bottom flask to
which 100mL of ethanol and 1 wt% of TEA was added and heated under mechanical mixing
at 80°C for 24hr. Then, the concentrate was transferred to a round bottom flask and mixed at
120°C for 1 hour until the ethanol was removed. The resulting adduct is a transparent dark
green liquid under normal processing temperatures for NNE (<90°C) and solid at room
temperature. This was further heated at 150°C for 36hr in a convection oven. The structure of
the resulting molecular fortifier, MFN, is shown in Figure 6-3. From this point onwards this
system is referred to as MFN. FT-IR traces of the MFN are provided in Appendix C and display
the decrease in epoxide after reaction in the presence of the tertiary amine highlighting the end-

capping reaction.

C’L HJQ

Figure 6-3 - Constituents of (@) 2,7'-dihydroxynaphthalene and (b) o-cresyl glycidyl ether
reacted in the presence of a tertiary amine to (c) induce ring-opening polymerisation of the
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oxirane ring and hydrogen bonding with the hydroxyl of 27DHN and form the molecular
fortifier

6.2.4 Preparation of Resins and Composites
The modified resins were prepared following the general procedure of the unmodified

NNE/44DDS resin established in the general experimental section. Where the preparation
differed however, was in how the modifiers were added during preparation. The CGE, 33CGE,
44CGE, MFN and NAPH modifiers were added, blended or dissolved into the NNE prior
addition of the DDS. At all times, the formulations were prepared such that the overall
stoichiometry of epoxide to amino was 1:0.95. The CGE, 33CGE and 44CGE modifiers resins
contained 5, 10, 15, and 20 mol% of the modifier, while the NAPH and MFN fortifiers were
added at 5, 10, 15, and 20 wt% to the NNE/DDS resin. The neat resins and carbon fibre
composites were prepared in accordance with the methods outlined in the experimental section.
The cure schedule for all resins and composites consisted of 150°C for four hours, 180°C for
four hours, and a 220°C post-cure for two hours. The CGE, 33CGE, and 44CGE composite
matrix systems were modified at 10 mol% of additive while the NAPH and MFN additives

were kept at 10 wt% in the matrix.

6.3 RESULTS AND DISCUSSIONS

6.3.1 Differential Scanning Calorimetry
Dynamic differential scanning calorimetry at 2.5, 5, 10 15, and 20°C/min heating rates were

performed on the uncured resins. Results comparing the 10 mol% CGE, 33CGE, and 44CGE
and 10wt% NAPH and MFN modifiers under dynamic conditions at 10 °C/min heating rates
are shown in Figure 6-4 with peak exothermic temperatures, enthalpy, and activation energies
provided in Table 6-2. From the traces of heating, the enthalpy of cure for the CGE, NAPH,
and MFN resins increases as does the breadth of the exothermic peak. For the partially reacted
substructures, 33CGE and 44CGE, a sharp decrease to the exothermic peak is notable. Due to
the relatively high conversion of the adducts (~45-55 %), the decrease in exothermic behaviour
can be attributed to the reduced concentration unreacted epoxide available to undergo reaction

with primary and secondary amine.
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Figure 6-4 - Dynamic DSC thermograms of the resins at 10 % modifier addition

For the unmodified NNE resin the average enthalpy from 2.5-20°C/min heating rates is
311.5J/g and increases to between 321.7 - 371.5 (3.2 - 19.3 %) with increasing addition of the
mono-functional CGE epoxy. The 33CGE addition decreased between 216.5 — 249.5 J/g (19.9
- 30.5 % decrease) and 44CGE a similar decrease in the range of 2147-262.1 (15.8-31.0 %
decrease). The NAPH and MFN systems deviated slightly from the unmodified NNE resin.
Activation energies changed less than 7% regardless of modifier suggesting limited effect to
the reaction mechanisms during cure. Peak exothermic temperatures showed a slight increase
with increased addition of CGE, NAPH, and less so for MFN. That indicates some decrease to
the rate of cure for the resins and the difference increased from 10-20 % loading. In contrast,
the 33CGE and 44CGE modified resins showed a slight decrease to the peak exothermic

temperature irrespective of loading, which suggests more rapid cure.
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Table 6-2 - Values of peak exothermic temperature, average enthalpy, and activation energies
for dynamic DSC

Mol % / wt % 2;,%(/%%%'@ AV S 286 Ea(armol
NNE
0 2044 311.45 65.84
CGE
5 2252 3214 65.82
10 227.9 347.2 67.54
15 2303 3715 67.73
20 2315 370.0 67.51
33CGE
5 2216 2071 66.81
10 221.8 2165 65.90
15 2218 232.6 65.30
20 2227 2495 65.30
44CGE
5 2241 220.2 65.59
10 224.6 214.7 70.96
15 2245 225.4 65.07
20 223.4 262.1 66.93
NAPH
5 2274 315.3 68.44
10 229.9 317.0 66.68
15 232.2 258.7 66.06
20 235.7 296.7 66.90
MFN
5 2233 3203 66.55
10 2255 296.9 66.54
15 225 4 261.3 67.42
20 226.5 318.9 65.36

*E, calculated from heating rates at 2.5, 5, 10, 15, and 20°C/min

6.3.2 Near Infra-red Spectroscopy
Near-infrared spectroscopy of the cured resin bars was performed to evaluate the effect of

additive addition on the conversion of functional groups. Spectra of the unmodified resin and
the modified resins at 10% loading are shown in Figure 6-5. The first difference between the
unmodified NNE resin and the modified ones is the intensity of the epoxide peak. While direct
comparison is made difficult due to the inclusion of additives, there is a large reduction to the
epoxide peak at 4521cm™ for CGE, 33CGE and MFN and slightly less so for 44CGE and
NAPH. That may suggest the inclusion of these additives may contribute to higher epoxide
conversion during cure and after post-cure. Less apparent are differences to the secondary

amine and hydroxy! peaks (~6600-6800cm ™ and ~6800-7200cm™?, respectively). Another clear
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difference emerges in the peak at 5220-5240cm™. This peak relates to the stretching and
bending overtone of hydroxyl [264]. Both CGE and MFN show a growth to the peak and NAPH
shows a complete absence. There is no discernible change between NNE, 33CGE, and 44CGE
at this peak. This peak is normally associated with hydrogen-bonded molecules of H.O [265]-
[267] although previously published spectra of as-cured resins show discrepancies in the
vicinity of this peak for the same epoxy cured with different amino hardeners but are not
commented on [268]. This provides some evidence for the proposition that the MFN, in
particular, is associated with a greater degree of hydrogen bonding.
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CGE
33CGE

— 44CGE

—— NAPH
MFN

Absorbance (A.U.)

" " 1 1 L
7000 6500 6000 5500 5000 4500

_ ; Wavenumber (cm™ o _ )
Figure 6-5 - Near infrared spectra of the unmodified and modified resins at 10% loading

6.3.3 Rheological performance of modified resins
The modified resins were studied by dynamic oscillating rheology from 25-200°C at a heating

rate of 2°C/min. Effects of the CGE, NAPH, and MFN additives are shown in Figure 6-6 for a
10% concentration and further data of the modified resins in Table 6-3. Adding 10% showed a
diluting quality for CGE and NAPH where minimum viscosity is lowered and gelation
temperature increased to a higher temperature. However, the higher molecular weight of the
MFN showed no diluting effect and in some cases greatly increased the complex viscosity but
with no apparent effect on the gelation temperature. In contrast the CGE and NAPH offset the
gelation temperature to higher values with increasing concentration. The partially reacted
adducts, 33CGE and 44CGE, were difficult to process due to higher melting temperatures than
NNE and only the smallest amount of 5 mol% could be characterised. No diluting effect was

noted and a major increase in the complex viscosity was apparent. The CGE and NAPH showed
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a slower reaction, signified by the higher Tge, yet also improve processability by lowering the

viscosity and expanding the range between Tmeirand Tger.
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Figure 6-6 - Dynamic rheological trace of the NNE resin and modified NCGE, NAPH, and
MEFEN resins at 10% concentration showing (a) the change to complex viscosity, and (b) the
gelation point crossover of G” and G”
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Table 6-3 - Dynamic rheological behaviour of the modified resins

% Additive Tgel (°C) Minimum Viscosity (Pa-s)
NNE 175.25 28.6
CGE (mol %)

5 176.19 12.87
10 182.1 1.39
15 183.4 0.73
20 184.65 0.51
33CGE (mol %)

5 177.47 30.95
10 167.82 N/A
15 174.20 N/A
44CGE (mol %)

5 177.67 67.60
10 176.54 75.16
15 179.23 N/A
NAPH (wt%)

5 182.52 3.28
10 185.79 1.09
15 188.6 1.04
20 191.03 0.375
MFN (Wt%)

5 173.74 25.46
10 171.20 52.18
15 175.74 13.71
20 171.21 24.40

6.3.4 Dynamic Thermomechanical Analysis
The thermal properties of the modified resins were studied by DMTA both in dynamic heating

and sub-ambient means. The results of dynamic heating DMTA for the 10 % modifier addition
are shown in Figure 6-7 and a comparison of the change in peak tan(d) for Tg and Tg= are
presented in Figure 6-8. As with the unmodified NNE resin, a secondary peak around 297°C is
apparent which was previously attributed to the evidence of unreacted functional groups.
Notably, for all the resins, this sub-Tg peak shifts towards a lower temperature and the
intensity increases. Also of interest is the apparent peak that consistently shows around 80-
100°C for the naphthalene-doped formulations. Similar behaviour is reported for

thermoplastic-modified resins. Hameed et al noted that the addition of 10 phr of a poly(styrene-
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co-acrylonitrile) thermoplastic to a DGEBA-DDS formulation causes a secondary relation in
the sub-Tga regime which they attributed to the higher mobility of the thermoplastic phase
present [269]. It is noted that the melting point of 80.2°C [270] for pure naphthalene aligns

perfectly with the relaxation seen in the tan(d) traces.

The effect of modifier loading on the change in thermal mechanical properties showed minimal
effect at 5-10 % addition. The CGE, NAPH, and MFN modified systems showed minimal
effect to T¢ and the 33CGE and 44CGE systems exhibited sharp decreases to below 250°C by
20 mol% modifier addition. In terms of the Tgo peak, there was a consistent decrease from
upwards of 340°C to 320°C regardless of system which is suggestive of a decreased crosslink

density of the bulk system as a result of modifier addition.
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Figure 6-7 - DMA ramp traces of storage modulus and tan(d) for the modified resins at 10%
modifier addition
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The sub-ambient traces of the 10 % modified specimens were determined by DMTA initially
cooling to -125°C followed by a slow 3°C/min heating rate up to 100°C. Traces of the storage
modulus and tan(d) for these systems is shown in Figure 6-9. Addition of the modifiers shifts
the peak of the B-transition to a lower temperature whilst also diminishing the intensity and
widening the half-width. The decrease can be associated with a decrease in the mobility of a
reacted oxirane ring, suggesting the modifiers have an effect on constraining mobility in the
glassy state. A notable transition occurs between 60-100°C for CGE, MFN, 33CGE, and the
NAPH system from 30-100°C. This transition was previously noted for the 240°C post-cured
NNE resin and was also present in the NTG and TGDDM resins cured with DDS.

The intensity and breadth of the peaks reflect influences on the mobility in the glassy state. As
the lower peak temperature suggests, the effect of modifier addition has a benefit of increased
molecular mobility in the glassy state as peak temperature shifts to the left. A comparison of
the To, a secondary transition that occurs between 50-100°C and is associated with
intermolecular motions of whole segments of the network. transitions shows conflicting
behaviour. On one hand, this peak has been associated with a greater degree of hydrogen
bonding [235], [236]. The MFN modifier is prepared in part by catalysing etherification
between the cresyl glycidyl ether with the available hydroxyl of the 2,7°-dihydroxynaphthalene
utilising a tertiary amine. The appearance of the T peak could arise from motions of large
domains of the modifier incorporated into or interstitial to the network. For CGE, it is less

apparent as no tertiary amine is utilised in the preparation nor does the monomer contain a
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tertiary amine. Between the 3,3’- and 4,4’-CGE based adducts, a small diffuse peak is shown
for the meta-substituted modifier which is similar to the sub-ambient behaviour of a para-
substituted TGAP-33DDS where a distinct transition was not apparent for the 44DDS-cured
resin as reported by Ramsdale-Capper & Foreman [192]. Previously, the dynamic traces
showed a distinct peak emerging in the naphthalene resin around 80°C and the high intensity
peak here appears to correlate to the melting point of naphthalene. The antiplasticising
phenomenon has been studied extensively by sub-ambient DMTA techniques and a frequent
observation is the suppression of the B-transition [121]-[123], [126]. Regardless of modifier,
there is a decrease in the peak to a lower temperature and the breadth of the peak narrows for

all but the 44CGE additive which appears the largest and most diffuse peak.
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Figure 6-9 — Sub-ambient DMA traces of storage modulus and tan(8) for the modified resins
at 10% modifier addition

6.3.5 Thermogravimetric Analysis
Dynamic thermogravimetry was used to assess the effect of modifiers on thermal degradation

and stability. A comparison of the modifiers at 10% loading is shown in Figure 6-10 and
temperatures at the tangential onset and at steps in mass loss of 95, 90, and 70 wt% as well as
final char yield for all concentrations of additives are shown in Table 6-4. From the TGA traces
at 10 % modifier addition it is apparent that a slight decrease to the Tgq is visible compared to
the neat NNE resin. That trend is consistent for all concentrations of additives, lowering the
onset by 7-11°C. The char yield also decreases with between 3-4% decrease in char yield
apparent. In general, a slight but minor decrease with increasing additive is shown for all
modifiers except CGE where a sharp decline is exhibited for 15-20 wt%, reaching a minimum
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char yield of 27.9-26.8%, respectively. For the MFN modified resin, a final char yield of 28.9
wt% represents the second highest decrease at 20 wt% of additive. The NAPH, 33CGE, and
44CGE resins all remain around 20 wt% irrespective of additive loading. It is apparent that the
combination of pre-reaction to create a large molecular weight and subsequent capability of the
primary amine to react with the NNE resin improves the thermal stability whereas the absence
of pre-reaction progressively diminishes with additional loading. The highly aromatic nature
of the pure naphthalene shows superior thermal stability when incorporated as a non-reactive
fortifier. The decrease to char yield largely represents the lower stability of the modifiers.
Naphthalene has vaporisation temperature in the pure state below 300°C and is not bound to
the network. The CGE, 33CGE, 44CGE, and MFN are bound to the network, covalently or
non-covalently, but are less thermally stable than the dimeric naphthalene backbone with a

more rigid network structure.
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Figure 6-10 - Dynamic TGA (10°C/min heating rate) comparison at 10% modifier addition
showing wt % (left axis) and derivative of mass loss (right axis)
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Table 6-4 - Results of dynamic TGA analysis for degradation onsets and char yield

% Ta (°C) Toswtos Toowtoe (°C) | T7owtes (°C) Char Yield (wt%o)
Modifier (°C)
NNE
0 383.6 363.3 373.8 390.8 34.9
CGE (mol%)

5 375.9 366.9 376.5 3915 29.9
10 373.6 365.7 375.5 391.6 29.5
15 369.1 358.6 372.6 390.7 27.9
20 370.9 359.5 371.5 390.7 26.8

33CGE (mol%)

5 373.4 362.6 375.6 390.5 317
10 374.3 359.6 374.6 390.6 30.7
15 375.4 359.3 373.3 389.5 31.6
20 370.9 363.6 375.7 390.6 30.9

44CGE (mol%)

5 376.4 364.5 377.6 393.4 31.6
10 374.4 362.3 375.5 391.4 311
15 373.4 362.5 376.4 392.3 29.0
20 373.7 367.6 376.4 391.7 30.1

NAPH (wt%)

5 376.3 362.8 375.6 393.3 315
10 369.0 361.6 3715 390.6 30.4
15 370.0 345.8 369.6 389.5 29.4
20 370.3 345.5 368.6 388.3 28.5

MFN (Wt%)

5 369.3 351.9 371.9 390.9 29.5
10 373.0 364.8 375.9 390.6 29.5
15 375.9 365.9 376.8 393.3 29.6
20 376.8 365.9 377.5 393.6 28.9

6.3.6  Effect of Moisture and Physical Properties
The effects of moisture on the cured networks were studied by long-term submersion in a

deionised water bath. Results of the moisture ingress for the unmodified NNE and the modified
CGE, NAPH, and MFN resins are shown in Figure 6-11 for 10% modifier concentration. A
summary of physical densities and equilibrium moisture ingress relative to % loading of
additive is provided in Table 6-5. An effect of filling the interstitial voids of the resin is that free
volume previously unoccupied is filled, hence a reduction to the moisture ingress at
equilibrium. For the NNE resin it has been established that a higher free volume fraction
contributes to the high (~6 wt%) equilibrium moisture uptake. The higher molecular weight
MFN shows a small reduction to the uptake whereas the lower molecular weight NAPH and

CGE modifiers significantly reduce the moisture uptake to below 5 wt%. The effect of modifier
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concentration systematically reduces equilibrium moisture uptake with increasing
concentration and a minimum is established for CGE at 3.67 wt% (20 mol% loading), NAPH
at 3.96 wt% (15 wt% loading), and MFN at 3.83 wt% (15 wt% loading). The resins show
decrease in physical density subject to incorporating the modifiers which may result from the
inclusion of lower molecular weight species and non-covalently bound nature of NAPH and
MFN, porosity, and swelling of the network.
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Figure 6-11 - Moisture ingress of the unmodified NNE and the 10% modified CGE, NAPH,
and MFN formulations

Table 6-5 - Physical density and equilibrium moisture uptake for the NNE, CGE, NAPH, and
MFN resins

% Modifier Cured Resin Density (g/cm?) Equilibrium Moisture Uptake

(Wt%)
NNE
0 1.315 5.66
CGE (mol %)

5 1.305 4.96
10 1.304 4.15
15 1.298 4.47
20 1.295 3.67

NAPH (wt%)

5 1.313 4.97
10 1.309 4.85
15 1.304 3.96
20 1.305 4.28

MFN (wt%)

5 1.315 5.37
10 1.312 5.28
15 1.310 3.83
20 1.307 3.96

136



6.3.7 Mechanical Properties of the Neat Resin
The effect of modifier addition on mechanical properties were studied via flexural testing on

neat resin bars. The flexural modulus of the resin modifiers is shown in Figure 6-12. The CGE,
MFEN, and NAPH modifiers show immediate increase to the stiffness of the network even at
low (5%) additions. For 33CGE, the partially reacted substructure shows little benefit below
10 mol% and a maximum effect at 20 mol%. Again, an exception to that behaviour arises with
the 44CGE where flexural modulus progressively decreases, regardless of percentage addition.
The reduction in modulus of the 44CGE parallels with the broad and diffuse peak seen in sub-
ambient DMTA analysis which suggests a weak ability to antiplasticise the network.

These results clearly indicate an anti-plasticising effect where the stiffness of the resin increases
and strength decreases. It is noted that Morel et al, when studying glycidyl ether and glycidyl
amine partially reacted with aniline, they noted an independence of network structure and Tq
on glassy state behaviour whereas a significant enhancement is apparent with increased
hydrogen bonding [271]. Here, the high temperature post-cure and relative mobility of CGE
and the higher concentration of hydroxyl possible from the 33CGE, 44CGE, and MFN could
influence the extent of hydrogen bonding thereby increasing modulus. Marks et al studied
mono-functional epoxides incorporated into a DGEBA-based network and noted that a critical
value of mono-epoxide behaved as a mild anti-plasticiser which were termed as non-elastically
active pendant chains which also increased the effective crosslink density [33]. Herein, the
unreacted parts of the CGE, 33CGE, and MFN can form such pendant structures within the
network. The NAPH system showed the largest increase in glassy modulus at low (5-10 wt%)
concentrations. Unlike the previous works reported on fortifier addition, the use of naphthalene
is relatively unique because of the lower molecular weight and because it is assumed to have
very little potential to bond with the bulk polymer network via covalent or non-covalent
mechanisms. It can be inferred that the mechanism by which modulus is increased could relate
to the extended processing window during cure (lower viscosity, increased gelation) and the
hypothesis that some domains of the bulk network are filled by the free naphthalene, thereby
occupying free volume and reinforcing the network. It is notable that the modulus shown for
CGE, NAPH, and MFN now approaches the value of the TGDDM formulation examined
earlier (see Fig. 5-16 in Ch. 5)
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Figure 6-12 - Flexural modulus with respect to % modifier addition

In Figure 6-13 the flexural strength relative to modifier addition is shown for the different resin

systems. While the results only correlate loosely to the increased modifier addition, some

differences are readily apparent between the reactive, partially-reacted, and non-reactive

modifiers. Generally, lower amounts of addition below 10% have a negative effect on flexural

strength whereas above 10%, most of the resins show a recovery of flexural strength. The

exception to that is the 44CGE modifier which shows progressively decreased strength.
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Figure 6-13 - Flexural strength relative to % modifier addition
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Fracture toughness of the neat resins was studied via single-edge notch flexural testing and the
results are shown in Figure 6-14. The CGE, 33CGE, and 44CGE showed no improvement to
fracture toughness and virtually no correlation between diminished toughness and percentage
of the modifier. Additionally, the 44CGE mirrored the behaviour of flexural strength and
modulus showing a decrease in all respects. In contrast, the MFN and NAPH resins showed
improved fracture toughness up to 10 wt% that, while modest shows benefits over previous
works in this field of study. It has previously been reported that anti-plasticisation decreases
the fracture toughness as the network is less able to absorb and dissipate energy partly due to
the increased modulus [252].
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Figure 6-14 - Effect of % modifier addition on fracture toughness of the resins

From the mechanical properties, it is shown that low molecular weight additives have an anti-
plasticising effect on the highly rigid NNE resin and subsequently reduced strength and
toughness. The 33CGE and 44CGE partially reacted substructures incorporated into the
network did not improve mechanical strength or toughness. Notably, these structures are
largely aromatic whereas the partially-reacted work by Sharif & Palmese [261] and Gao et al.
[272] amongst others utilised aliphatic amines to increase flexibility but subsequently
decreased Tq below 200°C for the tetrafunctional epoxy formulation. Those PRS’ incorporate
inherent flexibility into an otherwise rigid network. The lack of an improvement to fracture
toughness from CGE, 33CGE, and 44CGE more closely mirrors the results of Grishchuc et al.

where increased modulus by a reactive diluent decreased fracture toughness [125].
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It is interesting, then, that the non-reactive NAPH and MFN modifiers show some retention to
the fracture toughness and increased modulus. That could partially be explained by contrasting
the bulk network with the particular modifiers. Ngai et al. studied chlorinated biphenyl on
DGEBA and PMMA polymers, noting a plasticising effect for the former but the opposite
effect on the latter [273]. While their explanation relies on corollary observations in other areas
polymer physics theory, they attribute increase to damping (and subsequent increase to
modulus) of the DGEBA-based polymer network to enhancement of the dynamic constraints
arising from the presence of the plasticiser in the vicinity of the network but as molecular

weight or concentration increases, the constraints are diminished.

6.3.8 Mechanical Properties of the Composite
Composite panels were manufactured from unidirectional fibre tape that was pre-impregnated

with the resin matrix systems to a target 45 vol% resin content. A minimum of 8 samples were
then prepared for flexural and interlaminar shear strength testing. The results of flexural 3-
point bend testing are shown in Figure 6-15 for the unmodified and modified matrix systems.
In general, the translation of the composite properties from neat resin is diminished due in part
to the heterogeneity of the composite (i.e. high modulus reinforcing fibre, low strain to failure)

and also the interaction of fibre with matrix.

The addition of CGE resulted in a reduction to flexural strength and strain, consistent with the
resin properties while a modest increase to flexural modulus of the composite also appeared.
The addition of 33CGE and 44CGE showed modest decrease in strain at failure whilst an
increase, maximised for 33CGE, was apparent in the flexural strength. That also corresponded
with a significant increase to the modulus from 74GPa to 92GPa. Notably, between CGE,
33CGE, and 44CGE the possible network formation differs significantly. While the CGE forms
a small molecular weight pendant, the pre-reaction of o-cresyl glycidyl ether consumed only
one of the available primary amines of the DDS isomers and allows for a further reaction of
primary amine and secondary amine with the bulk network. It is likely that the network formed
has higher crosslink density directly contributing to mechanical stiffness than CGE resulting
in the increased flexural modulus. The NAPH matrix showed similar performance with a
modest increase to strength and flexural modulus increasing to nearly 89GPa. The MFN matrix
showed the highest strain at failure whilst exhibiting the largest decline in flexural strength and

modulus, showing poor translation of resin performance to the composite.
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composites

Interlaminar shear strength tests were conducted to understand the relation between fibre-
matrix interaction and the effect of the different additives on performance. A number of factors
influence ILSS performance some of which include resin mechanical properties, presence of
voids and porosity, fibre content, and the level of impregnation. Hernandez et al. studied the
ILSS performance as it related to cure temperature and viscosity noting that improved ILSS
correlated to a cure profile where minimum viscosity was achieved the longest [274]. Work by
Wau et al. explored matrix modifiers and showed additives that reduced viscosity and expanded
the working life of the matrix correlated to improved ILSS performance over an unmodified
epoxy matrix [275]. ILSS values are shown in Figure 6-16. The maximum ILSS values were
achieved for CGE. Improvements to ILSS for CGE can be related to the longer processing
window at lower viscosity making for improved wet-out and consolidation of the laminate

preform during cure. A modest increase for 33CGE, 44CGE, and MFN is shown suggesting
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the changes to matrix properties drove improved ILSS. The NAPH matrix showed reduced
ILSS, 39MPa compared to 42MPa for the unmodified NNE matrix. Naphthalene undergoes
sublimation at 80°C, well below the initial cure temperature of the composite so it is possible
that defects can occur within the heating and cooling cycles, thus resulting in reduced ILSS

performance.
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Figure 6-16 — Interlaminar shear strength of the 10% modifier addition composites

6.4 SUMMARY
In this chapter a survey of four molecular-level additives and different functionality with the

bulk epoxy-amine resin were synthesised and studied for the effect on thermal and mechanical
properties of the resin and translation to the carbon fibre composite. Monofunctional o-cresyl
glycidyl ether epoxy addition forms a pendant to the bulk network generally reduced
mechanical performance but antiplasticised the resin resulting in higher modulus. Composite
flexural modulus was improved as was the wet-out and consolidation of the preform during
cure which was attributed to the diluting effects of CGE. Partially reacted structures of 33CGE
and 44CGE did not exhibit a diluting effect but resulted in improved strength and stiffness for
33CGE in part due to the linkage between the available primary amine of the partially-reacted
33DDS. Improvement of the modulus translated to the composite for both 33CGE and 44CGE
due to the higher molecular weight of the pendant group and ability to form a denser crosslinked
system than by CGE alone. The molecular fortifier MFN showed a high degree of
antiplasticising capabilities with minimal impact to fracture toughness but ultimately poor
translation to the composite. The addition of naphthalene showed good antiplasticisation
performance and even improved resin fracture toughness but ultimately poor interlaminar shear
strength. Nevertheless, the CGE and NAPH additives, when incorporated into the resin,
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imparted beneficial reductions to viscosity and slowed the reaction to increase the processing
window. Enhancements to the modulus led to similar values obtained for a TGDDM-44DDS
resin formulation previously studied. While not an exhaustive survey of molecular-level
additives, these routes show the potential as multi-functional modifiers for epoxy matrix
formulation through simultaneously improved mechanical and rheological characteristics

which can be exploited to create readily processable high-performance composites.
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7 TOUGHENING OF A HIGHLY CROSSLINKED EPOXY
MATRIX VIA CORE SHELL RUBBERS

7.1 INTRODUCTION
As has been previously highlighted, high temperature epoxy resins combine highly aromatic

structures, chemical multi-functionality, and when cured have a high crosslink density.
However, the consequence of such chemical networks is lower mechanical strength and
fracture toughness due to restricted mobility of the higher crosslink density [19], [39]. An
increased thermal stability generally results in deleterious effect on fracture toughness due to
the brittle nature of highly crosslinked epoxies [17].

A significant area of interest for such epoxies is the enhancement of toughness. That has led to
a large body of research on thermoplastic modification, reactive and phase-separated rubbers,
and inorganic particles [28], [35], [92], [93], [96], [108], [276]-[279]. Resins of lower
functionality such as DGEBA comprise most of the literature although some reports on
TGDDM and other multifunctional epoxies do exist. The evidence of toughness enhancement
or “toughenability” of TGDDM and highly cross-linked networks point to a generally lower
degree of improvement due in part to the higher crosslink density of the bulk resins which can
restrict the formation of shear bands and yielding [280]-[282]. Even when a toughening
response is achieved, the effect of such tougheners tends to decrease strength, stiffness, the

glass transition temperature, and processability.

Pre-formed core shell rubber particles (CSR) are a non-reactive additive comprised of a hard
outer shell containing a soft elastomeric core material. For DGEBA-based and resins of lower
crosslink density, these particles have shown ready toughenability with almost no effect to the
Ty and minimal effect on other mechanical properties [30], [104], [105], [109], [112], [113].
These particles are usually 50-100nm in diameter with shell thickness in the range of 10-20nm.
Often dispersed into an epoxy masterbatch, these can be incorporated into formulations to tailor
toughness, processability, and mechanical properties. As a crack tip propagates through the
resin, the toughening effect is induced when an isostatic tensile load causes the CSR particle
to cavitate. Upon dilation of the core material and subsequent cavitation, shear bands can form
which can absorb some of the energy from the crack tip thereby enhancing the yield response
and toughness of the bulk resin [104], [107], [163], [283]-[285].
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Few studies explore toughening of a highly-crosslinked material such as TGDDM. Bradly et
al studied some higher-Tq (189-225°C) materials and noted an absence of toughening with
increased Tg4 [164]. Other work notes an inverse correlation between effective toughening and
the bulk resin thickness [161]-[163] lending support to enhanced toughness for thin matrix
layers in a composite as opposed to the bulk resin. As of writing, only one previous work
outside of the study presented here investigates highly crosslinked epoxies with CSR addition.
Riew et al. showed that a TGDDM/DGEBA blend cured with 44DDS increased energy (Gic)
of the composite 45 %, from 500 J/m? to 890 J/m? [117].

7.1.1  Overview of the Study
In this study the effect of core shell rubber addition is studied for how it relates to processing

the resin, the effect on resin properties and toughenability, and finally the translation to the
composite fracture toughness. The resin utilised is commercial TGDDM cured with 3,3’-
diaminodiphenylsulfone, the meta-substituted isomer of para-substituted 4,4’-
diaminodiphenylsulfone. A masterbatch of commercial CSR particles in TGDDM is diluted
into the resin from 2.5-20 wt% and cured. Combinations of dynamic differential scanning
calorimetry, near-infrared spectroscopy, and rheology is performed to determine the effects of
CSR on processing. Mechanical and thermal properties are studied via dynamic mechancial
analysis, thermogravimetric analysis, moisture ingress, flexural loading and fracture toughness
testing on the neat resins. A comparison of the fracture toughness of an unmodified TGDDM-
33DDS carbon fibre composite laminate and one containing 20 wt% CSR is performed for

mode | fracture and studied by in situ acoustic emission sensing.

7.2 EXPERIMENTAL

7.2.1 Materials and Manufacturing of Laminates
Neat epoxy resins were prepared from tetraglycidyldiaminodiphenyl methane ((124 g-eq?)

Araldite MY720, Huntsman Corp., USA) and cured with a 1:0.95 stoichiometric amount of
3,3’-diaminodiphenysulfone (DDS) ((62 g-eq™) Tokyo Chemical Industries, JPN). The core
shell rubbers were provided by Kaneka Corporation of Japan and are pre-dispersed by the
proprietary MX™ process into an epoxy master batch marketed under the Kane-Ace brand.
Kane-Ace MX416 consists of CSR particles with a 50-70 nm diameter. These particles consist
of a polybutadiene rubber and a PMMA core which is dispersed in a TGDDM (148 g-eq?,
Araldite MY721) resin at a concentration of 25 wt% (x1 %). The unmodified TGDDM was
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then used to dilute the master batch and achieve a particle concentration of 2.5, 5, 10, 15, and
20 wt% CSR in epoxy.

Composite laminates were fabricated from pre-impregnated carbon fibre tape. The epoxy-
amine resin (75 g) was dissolved in dichloromethane (200 mL) and acetone (100 mL) by
rigorous stirring until the mixture was a transparent yellow in the case of the unmodified
resins, or a slightly opaque light pink for the core-shell modified variant. The carbon fibre
was a standard modulus, 300 g.sqm™ unidirectional tape. The dissolved resin was wound
through a manual infusion device onto a spool which was then placed in a ventilated drying
oven at 45 °C for one hour followed by 75 °C for 30 minutes to remove the solvent. A total
of 16 plies were used for each panel. A thin PTFE release film was inserted into the panels
between the mid-plies at both ends of the laminates to act as a pre-crack. The lay-ups were
vacuum-bagged, debulked, and cured on a hydraulic press pre-heated to 120 °C and applied
pressure of 6.5 bar. The cure schedule for the neat resins and composites were the same with
the exception that the composite laminates were debagged and post-cured in a convection
oven. The laminates were 3.8 mm nominal thickness after cure and eight specimens were cut

to nominal dimensions of 21x150 mm from each of the laminates.

7.2.2 Mode I Fracture Toughness Testing and Acoustic Emission Sensing
The mode 1 strain energy release rate (Gic) of the composites was measured by the double

cantilever beam method according to ASTM Standard D5528 [286]. The loading rate was 10
mm/min. A high definition digital camera was used to track the crack tip front. The
compliance calibration method was utilized to determine the value of fracture energy based
on the load and displacement recorded at the servo-electromechanical load frame relative to
the crack propagation in the sample.

The acoustic emission apparatus consisted of a Micro-Il data acquisition unit, two voltage
pre-amplifiers, two 20 mm diameter ceramic wide-band acoustic emission sensors and
associated waveform extraction software (Mistras Group Inc., USA). The amplification to
each sensor was maintained at 20 dB with a 35 dB threshold. The AE sensors have an
operational range between 70 kHz to 1 MHz and were placed along the centerline of the top
face of the DCB specimens. Sensors were coupled to the surface by use of a polypropylene
double-sided tape of 220 um nominal thickness (tesa 51970 SE, Germany). The arrangement
of DCB samples with AE sensors is shown in Figure 7-1.
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Figure 7-1 - Diagram of AE sensors onto DCB specimens for fracture toughness
characterization
The attenuation of the sample material affects the propagation of soundwaves as the density
of the material changes. That includes changes to material thickness and distance between the
source and the sensor. The leading sensor (#1) was kept centered over the pre-crack tip and
the lagging sensor (#2) placed 55mm from the crack tip. Each was aligned down the

lengthwise centre of the beam.

Prior to each test, an automatic sensor test (AST) was carried out to assess the contact between
sensor and sample and compare the sensitivity of sensor 1 to sensor 2 before and after testing.
The AST sends a prescribed pulse from one sensor that is received by the other sensor. The
output of this test displays the amplitude and hits of the sending and receiving sensors and the
contact is considered good if at least 50% of the sent signal is received. Between sensors 1
and 2, the average received signal from a 96 dB nominal pulse amplitude was 58.33 dB
(x6.62) and 59 dB (+5.87), respectively. Post-test, the average was 52 dB (£3.21) and 52 dB
(24.00), respectively. The cumulative drop in received signal from both sensors corresponded
to a 10.1% decrease at the end-of-test state which is attributed to the reduction in laminate

thickness after crack propagation.

7.3 RESULTS AND DISCUSSIONS

7.3.1 Differential Scanning Calorimetry
The thermograms for the modified and 20wt% modified resin systems shown in Figure 7-2

display a typical exothermic response during epoxy amine cure where peak exothermic
temperature increases with increasing heating rates while the magntidue of the heat flux
remains independent. A summary of the kinetic analysis are shown in Table 7-1 which
highlight that CSR addition reduces the peak exothermic temperature, Ty, yet increases the
enthalpy of reaction. The activation energy barriers to reaction were determined to be 61.2
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kJ/mol (Kissinger) and 69.4 kJ/mol (FWOQO) for the unmodified resins and 66.8 kJ/mol
(Kissinger) and 75.0 kJ/mol (FWO) for the 20 wt% CSR modified, indicating an increase of
about 5.5 kJ/mol regardless of model [287], [288]. The modest acceleration of the reaction as
evidenced by the lower T, and consistently higher enthalpies (after normalization) suggests
some promotion of the cure reaction by the CSR particles. Despite this acceleration, higher
activation energy for the 20wt% CSR modified system likely reflects a comparatively
restricted mobility or steric hindrance caused by the sub-micron scale particles in the glassy

state. An accelerated effect has previously been reported for CSR modified epoxy resins
[116], [289].

——2.5°C/mir
------- 5°C/min

— - =10°C/min
= = 15°C/min

20°C/min

100

200 2;!0
Temperature (°C) Temperature (°C)
(@) (b)
Figure 7-2 - DSC thermograms of uncured resins for (a) the unmodified 0 wt% CSR and (b)
the 20 wt% CSR formulations
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Table 7-1 - Summary of peak temperature, enthalpies, and activation energies for neat resins
studied by differential scanning calorimetry

Heating Rate (°C/min) Kissinger FWO
2.5 5 10 15 20 Ea (kJ/mol) | Ea (kJ/mol)
Unmodified
Tp(°C) | 194.79 | 213.99 234.23 | 246.81 | 256.83 61.2 69.4
eH (J 47412 | 57190 @ 477.00 @ 540.4 4818 ' '
20 wt% CSR Modified
Tp(°C) | 191.82 | 209.66 227.63 | 239.26  247.94 66.8 (5.6%) 75.0
H ( J 587.63 | 634.63 654.25 | 585.38 | 591.25 T (5.5%)
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7.3.2 Rheological Characteristics of the Resins
Dynamic rheology was performed on the resins to evaluate the effect of CSR loading on the

gelation and minimum viscosity. Results of the analysis are shown in Figure 7-3 and Table 7-2.

The comparison of minimum and maximum loading shows that CSR have almost no effect to

gelation temperature and the minimum viscosity largely remains unchanged from 2.5-20 wt%

CSR. There is a slight and systematic increase to the E’ value after gelation which can be

attributed to synergistic effects of high particle loading and agglomeration.

Figure 7-3 - Dynamic rheological traces of the unmodified and 20 wt% CSR resins

Table 7-2 - Dynamic rheology of the compositions from 0-20 wt%

10

Storage & Loss Modulus, log(Pa)
00
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Sz
e /

@
Complex Viscosity, log(Pa-s)
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Temperature (°C)

200

CSR Addition Tgel (°C) Minimum Crossover G§ G
(Wt%0) Viscosity(Pa-s) (MPa)

0 182.3 1.174 .027
2.5 183.6 0.952 .034

5 184.9 1.071 .038

10 183.6 0.934 .035

15 182.3 1.177 034

20 183.2 1.185 .038

7.3.3 Near-infrared Spectroscopy of Cured Resins
Near infrared spectroscopy (NIR) was used to gain insight into the cure mechanism of the

epoxy amine reaction, particularly during later stages of cure and to explore the impact of

CSR on cure conversion. The NIR spectra of all the modified resins are shown in Figure 7-4(a)

which show similar behavior, suggesting that the mechanism is relatively unaffected by the

addition of the CSRs. The regions of interest, namely the epoxide (just under 4500 cm™),

secondary amine (about 6600-6800 cm™) and hydroxyl peaks (7200-6800 cm™) are more
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closely examined in Figure 7-4(b) and 4(c) for the unmodified and 20 wt% CSR modified
systems only. Figure 7-4(b) shows qualitatively that CSR addition produces a very small
reduction in the extent of cure which can be attributed to the increased steric hindrance effects
of the CSRs. The secondary amine and hydroxyl region, again, whilst mostly very similar for
different CSR concentration, does possibly show some effect with increasing CSR addition.
Figure 7-4(c) whilst comparing the unmodified and 20 wt% CSR system, shows that there is
a modest increase in the secondary amine peak and decrease in the hydroxyl peak. Again,
whilst being very minor, this suggests to a greater degree of etherification at higher CSR
concentrations.

— 0% CSR - 2.5% —0%CSR ---20%
----5% --10% 3
=+ =15% — -20% g
g
c
m
£
]
’/\\/\\JN E
<

4800 4700 4600 4500 4400

=2 -1
3 ',‘l‘. | Wavenumber (cm1)
e N Fred 1
Bl TN (b)
B 1] —0%CSR  ----20%
e Y [‘ ) r=s 0
8 _____ L P \\_____" \, S
2 ',“ g e
< . e Y
) LA e I ’.\ S 7 ‘\I‘ g
£
[~ s.:,\q ! 2
..u-d’ﬁ"-‘-- - ~ ~ - _/I \.n" -2
7400 6400 5400 4400 L i
Wavenumber (cm™1) 7500 7000 6500 6000
( a) Wavenumber (cm)

(c)
Figure 7-4 - NIR of (a) fully cured TGDDM-DDS from 0-20 wt% CSR loading and (b-c) the
unmodified and 20 wt% for epoxide, hydroxyl, and primary/secondary amine peaks

7.3.4 Thermal Analysis of the Cured Resins
The Tg, as determined by DMA shown in Figure 7-5 and Table 7-3, exhibited a modest but

consistent increase with increasing concentration of CSR as measured by the extrapolated
onset of E’ and the peak in the tan d spectra, likely due to increased chemical interactions

between the CSR and polymer matrix, as previously suggested. In addition to this modest
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increase in Ty, the magnitude of the tan 6 peak also decreased somewhat with increasing CSR
concentration, albeit erratically, reflecting restricted mobility around the CSR dispersed
particles. Another observation from the traces is that, the storage modulus, again despite being
somewhat erratic shows an overall decrease with increasing CSR concentration due to their
inherently lower modulus. Concurrent with a decreased storage modulus is a decrease in the
physical density. Previously, investigations into DGEBA-based resin systems have reported
similar reductions in storage modulus and minor increases to the T4 with CSR addition [114],
[290] which has been associated with good dispersion of the particles in the cured resin [109],
[112], [291]. Whilst the tan d spectra was incomplete, from as much as could be determined,
it appeared mostly symmetrical or unimodal suggesting a homogeneous network, at least on

the microstructural level.
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Figure 7-5 - Scans from dynamic mechanical analysis showing (a) storage modulus and (b)

tan(0) relative to ramp temperature
The thermal stability of the cured networks was also investigated using TGA, as measured by
the onset of degradation (Tq) and the char yield (%) as shown in Table 7-3. Despite somewhat
scattered and modest trends, it is still clear that the Tq increased while the char yield decreased
with increasing CSR concentration. The increase can be attributed to an increase in cohesive

strength arising from the epoxy CSR interactions, while the reduced char yield reflects the
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reduced thermal stability of the CSRs themselves.

Table 7-3 - Summary of glass transition, degradation temperatures, and char yield for the neat
resins

CSR WT%
0 2.5 5 10 15 20
Tsby EO ex 238 | 244 | 246 244 249 246
[and peak [254] @ [256] [258] @ [256] = [260] @ [258]
(°C)
Ta (ext. onset) (°C) 334 | 351 346 336 355 360
Char yield (wt%) 255 | 204 @ 23.6 26.3 20.4 18.9

Cured resin density 1283 | 1251  1.229 1.219 1.212 1.198
(g/cm?3)

7.3.5 Flexural Properties and Fracture Toughness of the Neat Resins
The mechanical and fracture properties of the neat resins shown in Figure 7-6 indicate a

consistent decrease in flexural strength and modulus but an increase in fracture toughness
with increasing CSR concentration. Despite the hard outer shell of the CSR, the core material
is a polybutadiene rubber, so a reduction in stiffness is consistent with inclusions of more
compliant additives [292]. No discernible trend is observed for the strain to failure, likely due
to the brittle nature of the epoxies and so less related to the presence of CSR regardless of
concentration. In contrast, the fracture toughness while not showing any improvement in
toughness at low levels of addition, did show a modest increase in Kic from 15 wt% to 20
wt% CSR addition. The improvement to average fracture toughness was 11.4% for 15 wt%
of CSR and 45.0% for the 20wt% CSR samples. It is important to note that the high level of
CSR required to achieve significant improvements in fracture toughness is not typical. As
discussed earlier, CSRs have been shown to impart very large improvements to toughness in
epoxy networks either at much lower concentrations [109], [113], [290] or toughened to
orders of magnitude higher than the pure epoxy [112], [291], [293]. Importantly however
these results were not for very high crosslink density networks as discussed here, where the
crosslink density restricts complementary toughening mechanisms such as matrix shear
yielding [30], [104] from occurring in conjunction with the CSR particle cavitation and crack

bridging.
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Figure 7-6 - Summary of flexural strength, modulus, and SENB fracture toughness for 0-20
wt% CSR modified neat resins

7.3.6 Comparative Assessment of the Carbon Fibre Composites in Mode | Fracture
Given the very good improvement in fracture toughness (Kc) for the 20 wt% CSR modified

epoxy network, the corresponding composite was fabricated and compared to the unmodified
TGDDM/DDS composite to further understand the failure mechanism and explore the AE

response.

AE sensors measure the voltage response from failure events that excite the sensor at a given
frequency and above a threshold amplitude. In addition, the dataset for an event includes both
a hit and a count. One event produces one hit and within that hit are one or many counts that
represent the cumulative number of pulses above a certain amplitude. These hits and counts
provide a partial description about the amount of AE activity that occurs and the relative shape
of the acoustic waveform. Examples of how the experimental load during crack propagation
relates to the hit and count data measured from AE spectroscopy for an unmodified and CSR

toughened composites therefore, are shown below in Figure 7-7.
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Figure 7-7 — Summary load profile (black), counts (red), and hits versus relative test time for
(a-b), TGDDM-DDS Sample 1 and (c-d) TGDDM-DDS 20 wt% CSR Sample 5
The load versus time curves of the unmodified and 20 wt% CSR modified systems show quite
different behaviour clearly reflected by their respective counts and hits. The unmodified resin
shows a decaying load with increasing crack length which corresponds to a high number of
hits at the start of the test but also decreases with crack length, indicating reduced acoustic
activity during propagation. In contrast, the loading curve of the 20 wt% CSR system shows a
series of events where the load exhibits stick-slip behaviour and a gradual increase during the
later stages of crack propagation. This behaviour is consistent with a stick-slip phenomena
where the crack front is continually arrested along the length of the DCB test regime. Similarly,
the hits tend to peak near the peak load and diminish after the intermittent drop in load and the
counts tend to remain constant suggesting an accumulation of damage prior to unloading.
These instances were often observed to occur in conjunction with a visually apparent bridging

at the crack tip or a jump in crack tip location along the edge of the sample specimens.

The mean and peak frequencies of AE signals were determined for all AE-DCB tests relative
to the lead and lag sensors and are shown in Figure 7-8. Here, the peak events tended to occur
at slightly higher magnitudes for sensor 1 versus sensor 2 and are attributed to the initial

distance of 55 mm between the lag sensor 2 and the crack tip. As the crack propagates a slight
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reduction in the difference between the signals is observed as the crack tip approaches sensor
2. For both the unmodified and CSR toughened laminates, the lower frequency (mean and
peak) events (70-250 kHz) are the most common events throughout the test compared to the
higher frequencies (250-550 kHz). Observation of the peak frequencies, highlight more clearly
the differences in the AE response of the unmodified and toughened laminates. As can be seen
in Figure 7-8(b) and (d), in the 250-550 kHz range, a two-fold increase in the peak frequency
events occurring for the toughened laminates illustrates the greater number of energy
dissipation events as would be expected for a toughened network. Typically, the test time of
an unmodified laminate was 750 s while the toughened laminates were carried out to

completion around 1000 s, further highlighting the enhanced resistance to crack propagation.
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Figure 7-8 - Summary of mean and peak frequencies relative to test time for (a-b), TGDDM-

DDS Sample 1 and (c-d) TGDDM-DDS 20 wt% CSR Sample 5
Previous work into the AE response of resins and composites emphasises the dependence of
failure mechanisms on excitation frequency. While its not possible to specify the cut off
frequences exactly, lower frequency events are associated primarily with matrix failure while
higher frequencies are associated with fibre-matrix interactions and interply failures. Figure
7-9(a) and (b) plots the number of events measured by the mean and peak frequencies
respectively, measured by AE for bands of 70-150 kHz, and in 100 kHz increments up to a
maximum 550 kHz. The peaks occurred above a threshold voltage of 10mV. For both mean
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and peak frequencies, the most number of events occur in the 150-250 kHz range, still
associated primarily with matrix failure. For the lower lower-frequency band (70-150 kHz),
also likely to be matrix failure, the number of events between the unmodified and modified
laminates are similar to each other. As the frequency bands increase from 150 to 550 kHz a
higher number of peak events for the CSR toughened composites is observed. Clearly,
increased matrix toughness is evident from the higher number of events at higher frequencies
and reflects the importance of additional dissipation mechanisms related to fibre matrix and
interply failure. Indeed peak frequencies above 250 kHz are associated with interply and fibre-

dominated failure and correlate with the stick-slip behaviour observed during loading.
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Figure 7-9 — Count of (a) mean frequencies and (b) peak frequency events per band for
unmodified and 20 wt% CSR samples averaged across all AE tests
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The R-curves of the unmodified and 20 wt% CSR modified epoxy composites are shown in
Figure 7-10 and illustrate the large improvement in fracture toughness. The results are
presented in Table 7-4 for the mode I strain energy release rate and the cumulative AE energy.
Fracture toughness of the unmodified composite was 211.8 J/m? but increased to 454.1 J/m?
an increase of 114.7%, significantly higher than the 45% improvement at the same
concentration for the neat resin. This compares well with other studies which have ranged
from improvements of 53-197% (Kic and Gic) using core shell rubber to toughen epoxy
networks [30], [104], [105], [109], [112], [113]. For example, Riew et al. observed a 78%
improvement to Gic in a formulation containing diglycidyl ether of bisphenol A (DGEBA)
and TGDDM cured with DDS [117].
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Figure 7-10 - Fracture toughness R-curves of (a) unmodified and (b) 20 wt% CSR laminates

Table 7-4 — Fracture toughness and cumulative AE energy
Gic Fracture

Cumulative AE

Toughness (J/m?) Energy (J)

Unmodified 211.8 (+ 36.5) 159 (+.71)

20 wt% CSR 454.1 (+ 64.6) 2.06 (+ .86)
% Diff. 114.7 29.56

7.4 SEM INVESTIGATION OF FAILURE MECHANISMS
Scanning electron microscopy (SEM) was carried out on segments of the composite in the

region of 5, 25, and 50 mm lengths from the initial pre-crack. Images of the fracture surface

of a resin-rich region from a segment cut from the 25 mm region are shown in Figure 7-11(a)

and (b) for the unmodified and modified composites respectively. The fracture surfaces of the

neat resin (Figure 7-11(a)) display brittle behaviour consisting of smooth surfaces and sharp

ordered striations. Further evidence of brittle failure of the resin is shown on the surface of

the matrix and fibre. The CSR modified laminate in Figure 7-11(b) shows markedly different

behaviour, consistent with more ductile failure. Extensive cavitation of sub-micron sized

particles is evident and the striations observed in Figure 7-11(a) are more abundant and

ragged, similar in appearance to a rubber toughened composite and consistent with crazing

and cavitation behavior [294].
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(@)
Figure 7-11 - SEM fractograms of the (a) unmodified and (b) 20 wt% CSR toughened
composites taken from a segment of the laminate at the 25mm region of the crack length

(©)
Figure 7-12 - SEM fractograms of the (a) unmodified and (b-d) 20 wt% CSR modified neat
resins at different magnifications

With respect to the polymer network toughening, the effect of CSR addition is modest
compared with other reported studies. The fracture surfaces of the unmodified network and
selected images of the 20 wt% CSR modified network are shown Figure 7-12. The fracture
surface of unmodified network shown in Figure 7-12(a) exhibits very brittle behavior and
shows multiple parallel striations. Several images of the fracture surfaces of the 20 wt % CSR
at various magnifications are shown in Figure 7-12(b)-(d) to illustrate the significant
transformation from brittle to increasingly ductile behaviour. Extensive cavitation of sub-
micron particles, stress whitening and shear band formation is evident. Importantly, and

particularly evident in Figure 7-12(d) is the excellent dispersion of the CSR with no evidence
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of large-scale agglomeration being apparent.

The large difference between the improvements in fracture of the neat resin and the composite

may be attributed to a size effect described by Bagheri & Pearson [162], where they observed

that thinner samples (1 mm) had higher toughness than thicker samples (max of 6 mm). The

increase to toughness was also shown to follow a power law. Matrix-rich regions of the

laminate have a much smaller aspect ratio. Also, CSR particles reduce the strength and

stiffness of epoxy network. A combination of these two factors may contribute to the excellent

improvement to the composite fracture toughness by CSR addition.

7.5 CONCLUSIONS
In summary, this study presents a CSR toughening study of a high T TGDDM/DDS network

in neat polymer and composite form. Some key findings from this investigation are as follows:

1.

CSR particles of a polybutadiene core and poly methyl methacrylate shell produce a
modest increase in Ty and Tq of the cured network while decreasing the char yield and

physical density.

CSR addition increases the cure reaction modestly while not affecting the chemistry
to any significant degree, although the activation energy barrier increases with CSR

addition.

Flexural modulus and strength all decrease with increasing CSR concentration while
the strain to failure is unaffected.

Toughening (Kic) of the neat resin was not observed for lower concentrations of CSR
but achieved 11.4% and 45% improvement in fracture toughness at 15 wt% and 20
wt% CSR, respectively. The strain energy release rate (Gic) displayed a 115%
improvement for the 20 wt% CSR modified carbon fibre composite. Toughening
mechanisms of the polymer and composite included cavitation and shear band

formation.

Acoustic emission spectroscopy showed that the toughened matrix displayed
significantly more AE events across a wide range of frequencies. This was particularly
evident at higher frequencies and was attributed to the presence of additional fibre

dominated toughening mechanisms operating.
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8 CONCLUSIONS AND FUTURE WORK

The work presented in this thesis investigates the network development, thermal and
mechanical performance, modification to the network, and toughening strategies for some high
temperature epoxy resins. A summary of the findings and concluding remarks are provided as

follows:

The network development of tetrafunctional glycidyl ether epoxy resins containing a dimeric
naphthalene backbone (NNE) was investigated. Conversion of functional groups, kinetic rate
constants, and the gelation and vitrification behaviour of the glycidyl ether resin is compared
to a tetrafunctional glycidyl amine (TGDDM) to understand the effects of etherification and
side reactions on the glass transition temperature. Network development of the glycidyl ether
is characterised by rapid gelation and vitrification at a lower degree of epoxide conversion than
TGDDM. The NNE network establishes a similar T4 under conventional isothermal curing
and exceeds the Tg of TGDDM after post-curing above 200°C but exhibits a T4 of 350°C,
albeit experimentally unattainable. The autocatalytic model agreed with the thermal
mechanical analysis, showing rapid cure but ultimately lower conversion of functional groups.
This behaviour was attributed to a combination of the high viscosity, rigid aromatic structure
of the backbone, and inability of the glycidyl ether groups to undergo significant etherification
and side reactions, in part due to the topologically-constrained network structure. The time-
temperature-transformation behaviour of the resins were constructed to provide a framework

for understanding the relation between gelation, vitrification, full cure, and degradation.

Properties of the cured networks of NNE, TGDDM, and a bi-component blend of the two resins
were separately cured with an aromatic diamine and the bulk properties of the resins were
studied. The rigid nature of the dimeric naphthalene backbone imparts high thermal stability as
characterised by dynamic and isothermal gravimetric analysis at elevated temperatures.
Consequently, the limited mobility and lower degree of conversion for the NNE network also
exhibits higher moisture ingress, coefficient of thermal expansion, and a decrease to flexural
properties. These are attributed to a higher free volume fraction in the cured network which
was determined by the greater short range mobility shown in sub-ambient dynamic mechanical
analysis. The rapid vitrification and low conversion result in a poor equilibrium packing density
and even at elevated temperature post cure (240°C) little evidence of homopolymerisation or
side reactions are evident, in contrast to the glycidyl amine, TGDDM. Nevertheless, the thermal

stability of NNE was demonstrated for the neat resin at 250°C to be far superior to TGDDM
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and the blend. Further long-term ageing of the carbon fibre composites demonstrated initially
superior retention of mechanical properties and glass transition temperature even as weight loss
of NNE exceeded TGDDM. Spectral analysis in the near infrared showed rapid growth of the
overtone associated with C=0 double bond for TGDDM and NTG but a delayed response for
NNE, suggesting better resistance to network degradation. Eventually, however, all three
matrix systems catastrophically degrade. It is shown then, that NNE cured with an aromatic
diamine can serve as a structural matrix for applications where extended periods of elevated

temperatures are frequent.

A series of approaches are taken to alter characteristics and properties of the NNE resin at the
network level. Both reactive and non-reactive diluents (CGE, NAPH), partially-reacted
substructures (33CGE, 44CGE), and a molecular fortifier were added to the uncured network.
It was shown that the CGE, NAPH, MFN, and 33CGE exhibited the phenomenon of
antiplasticisation as characterised by an increase to the glassy modulus. The 44CGE showed
signs of plasticisation, a reduction to modulus and strength. Sub-ambient dynamic mechanical
analysis confirmed a reduction to the B-transition and suppression of molecular mobility, a
signature attributed to antiplasticised resins. While fracture toughness was significantly
reduced for CGE, 33CGE, and 44CGE, there was a retention and slight benefits for the NAPH
and MFN resins. Further study of the rheological performance showed a significant reduction
to the complex viscosity and an expansion between melt and gelation for CGE and NAPH,
which demonstrates their efficacy as diluents for ease of processing. Further, the CGE, NAPH,
and MFN resins reduced equilibrium moisture uptake. The combination of increased stiffness
and reduced moisture uptake is taken as a sign that the free volume fraction of the unmodified
NNE resins is partly occupied. Translation of the neat resin properties after the addition of the
fortifiers showed enhanced stiffness across the range of modifiers although the NAPH diluent
exhibited poor interlaminar qualities. These modifiers can successfully enhance processability
and stiffness of the topologically constrained NNE network with some tertiary benefits to

material performance.

Core shell rubber particles at the sub-micron scale are used to investigate the toughenability of
a high-temperature, highly aromatic epoxy-amine resin. The commercial TGDDM resin is
cured with 3,3’-diaminodiphenylsulfone. A combination of thermal, spectral, and rheological
analysis showed minimal effect of the CSR particles on the cure and processability of the resins,
even at 20 wt% CSR loading. Further, the glass transition temperature remained virtually
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unaffected. Mechanical testing of the neat resins demonstrated signs of improved notched
fracture toughness at concentrations of 15-20 wt% while flexural strength and stiffness tended
to decrease with increased CSR loading. The maximum improvement to the resin fracture
toughness was shown for 20 wt% CSR and increased over the unmodified fracture toughness
by 45%. The mode | strain energy release rate (Gic) of carbon fibre composites manufactured
with 20 wt% CSR were compared using a multispectral testing approach using advanced
acoustic emission (AE) sensing in situ with mechanical tests. It was shown that the Gic
increased 115% over the unmodified laminate. Spectral analysis by AE was correlated to higher
rates of interply and fibre-dominant failure modes of the CSR toughened laminate where
mostly lower-energy matrix failure events were detected in the unmodified laminate. The study
indicates that CSR particles can successfully toughen highly cross-linked network and are
translatable to the composite.

8.1 SUMMARY AND FUTURE WORKS

Aspects of this work demonstrate the effectiveness of a unique tetrafunctional glycidyl ether
epoxy resin as a thermally-stable and high temperature matrix for composites. The NNE resin
can exhibit properties, when cured with an aromatic diamine, that have similar mechanical
performance and superior thermal stability to conventional TGDDM-based resins which offers
promise either as a resin for or a component of matrix systems for structural applications that
demand high heat performance and stability. Future works in continuation with the study
presented here could include:

9 Exploration of stoichiometry on cure conversion and network development of NNE to
achieve higher epoxide conversion

1 Use of other hydrocarbon molecules such as anthracene as network fortifiers for high
temperature polymers

9 Partially-reacted structures as network modifiers using monofunctional amines pendant
to the network

1 Exploration of toughenability for the NNE resin via core shell particles and effect of

high thermal loads on efficacy of CSR tougheners
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APPENDIX AT NETWORK DEVELOPMENT OF THE
TETRAFUNCTIONAL EPOXY RESINS
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Figure A 1 — HPLC gradient elution absorbance plot of NNE and TGDDM monomers at
230nm intensity
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Figure A 2 - Isothermal tan(d) traces for the NTG (left) and TGDDM (right) resin at 130-
180°C cures (offset)
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Figure A 3 - TTT diagram of the NTG resin blend
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APPENDIX BT PROPERTIES OF THE BULK RESINS AND THERMAL
AGEING OF THE CARBON-FIBRE COMPOSITES

Commercial molecular dynamics simulations were performed using the Schrodinger Materials
Science suite to characterise some of the experimentally determined properties and determine
a relation between simulated network properties and the effect of the monomer backbone.
Simulations were conducted for unit cells consisting of nominally 20,000 atoms or 500

molecules at 1:1 stoichiometry of the epoxy to amino.

Upon assignment of the cross-linking protocol between the epoxide and nucleophile from the
amino, the crosslink iterations are performed iteratively until 20 final iterations fail to find
suitable reactive sites that satisfy a maximum atomic spacing of 7A, at which point the
crosslink simulation is terminated. The system is equilibrated using a MD compressive
relaxation protocol and values of the first largest molecular weight and crosslink saturation are
determined for the crosslinked network. Figure A3 presents the plot of the change in molecular
weight and free volume percentage relative to crosslink saturation of the simulation for NNE
and Table A 1 shows the results for the three resins. The molecular weight between crosslinks
is highest for NNE and lowest for TGDDM which follows from the structure of the epoxy

monomers, respectively. Crosslink saturation is identical showing similar degrees of

200



crosslinking between simulations while the free volume percentage is highest for NTG. That

could result from a reduced orientation arising from the blend of monomers in the simulation.
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Figure A 4 — First largest MW decrease and free volume of NNE crosslinking simulation

Table A 1 — Summary of Simulation Parameters for Crosslinking Calculations

MW between Final Free Volume Crosslink
Crosslinks (g/mol) % Saturation %
NNE 217.82 1.13 92.38
NTG 207.22 1.16 92.69
TGDDM 182.11 1.26 92.08
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Figure A 5 — Thermal simulation results for (a) NNE, (b) NTG, and (c) TGDDM resins

Table A 2 — Summary of glass transition temperatures (given in °C) from simulations and
difference between simulation and experimental T4 (via DMTA)

Simulation #

1

2

3
Average

@ ( S-Exm)

Glass Transition Temperature (°C)

NNE

331
316
326
324
(27)

NTG
298
285
291
290
(27)

TGDDM
264
253
264
260
(14)
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Figure A 6 — Tri-axial tensile effective stress versus effective strain results for (a) NNE, (b)
NTG, and (c) TGDDM resin simulations

Table A 3 — Summary of the elastic modulus determined from mechanical simulations

Simulation # Elastic Modulus (MPa)
NNE NTG TGDDM
1 3090 3648 3735
2 3128 3555 3897
3 3078 3545 3760
Average 3098 3583 3797

The moisture ingress experimental data were utilised to determine a relative quantification of the
crosslink density for the NNE, NTG, and TGDDM resins for the highest cure degree. The relation
between free volume and crosslink density is shown in Figure A 6.
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Figure A 7 — Results of crosslink density for NNE, NTG, and TGDDM as determined from
solvent (deionised water) swelling experiments
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APPENDIX CT MOLECULAR ADDITIVES AS MODIFIERS OF THE
TETRAFUNCTIONAL EPOXY-AMINE RESIN SYSTEM
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Figure A 8 — FT-IR spectra of the individual constituents and synthesised MFN fortifier
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Figure A 9 — NIR spectra of the 33CGE adduct from the uncured state through to end of cure
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Figure A 10 - NIR spectra of the 44CGE adduct from the uncured state through to end of cure
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Figure A 11 — Conversion of the epoxide and primary amine peak areas from NIR analysis
for the 33CGE and 44CGE adducts
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