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ABSTRACT

The network formation of the structural isomers of triglycidyl aminophenol cured with the
structural isomers of diaminodiphenyl sulphone was monitored using three different cure
monitoring techniques. Four different epoxy-rich formulations were made: TGpAP/44'DDS,
TGpAP/33'DDS, TGmAP/44'DDS and TGmAP/33’DDS.

Near-infrared spectroscopy (NIR) was used to monitor the functional group concentration
change throughout network formation. From this, the type of reactions occurring were
identified. Differential scanning calorimetry (DSC) was used to measure the thermal response
of the curing reactions, allowing for the calculation of kinetic parameters. Dielectric analysis
(DEA) monitored the ion viscosity or the change in the mobility of the reactive species during
the cure.

Each cure monitoring technique identified that the 33’'DDS hardener was initially more
reactive. During the second dwell of the cure cycle, the 44’'DDS hardener formulations were
found to be more reactive.

NIR identified that TGpAP formulations underwent more etherification reactions at lower
temperatures as the glycidyl amine in TGpAP behaves as a more effective tertiary amine catalyst
than TGmAP. TGmAP formulations consumed secondary amines earlier than the TGpAP
formulations, suggesting that more internal cyclisation reactions took place in the TGmAP
formulations. From this, it was found that TGpAP/44’DDS had the most homogenous network,
resulting in the highest glass transition temperature and the least dense network.

DSC suggested etherification took place during network formation due to the under
performance of the autocatalytic model compared to experimental data at higher degrees of
cure. The multi-dwell cure was modelled using a combined isothermal and dynamic
measurement technique, showing good agreement with standalone isothermal and dynamic
DSC measurements.

DEA showed evidence of annealing occurring during the final parts of the cure in
TGmAP/33'DDS due to its T, falling within the cure temperature. The cure state was calculated
for each technique, and good agreement was shown despite them measuring different

phenomena.
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Chapter 1. Introduction Matt Whittaker

1. INTRODUCTION

The demand for lightweight, high-performance structure materials is great given the current
environmental and economic circumstances. Composite materials fit these requirements due to
the combination of two distinctly different materials: a fibre phase and a matrix phase. The
matrix phase is commonly epoxy resin, a thermosetting polymer that forms a highly crosslinked
3D network upon curing. Understanding how a resin cures is of great importance, as network
development influences resultant cured material properties. What these material properties
are determines the resin’s suitability for particular applications.

Bifunctional resin systems have been widely studied, as will be made apparent in Chapter 2.
Literature Review, but with this comes lower crosslink density and a more flexible backbone.
Utilising higher functionality resins such as the triglycidyl aminophenol (TGAP), which will be
the subject of this thesis, increases the crosslink density, resulting in a higher performance
resin. TGAP has two different structural isomers, and curing them with the two structural
isomers of diaminodiphenyl sulphone (3,3’DDS and 4,4’DDS) gives four different formulations.
With these four different materials, different material properties are made possible. How these
material properties arise through differences in network development is important to
understand.

It is possible to monitor the cure of epoxy resins using different techniques that measure
different properties. The different properties give different insights into the network
development of the different resins. Understanding the cause of the differences will enable the

tailoring of the resin properties to fit the desired application.

1.1. AIMS AND OBJECTIVES

The main aim of this thesis is to identify the influences on network formation in the four

structural isomers of triglycidyl aminophenol and diaminodiphenyl sulphone.

1. The main objective was to monitor the cure of the four structural isomers of TGAP/DDS
using three different techniques:
a. near-infrared spectroscopy
b. differential scanning calorimetry

c. dielectric cure monitoring.
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2. ldentify the differences in network development and use previous studies and knowledge

of the chemical behaviour to identify the reasoning behind the cure behaviour.

3. Understand how different temperatures in the cure cycle impact the different isomers’

curing behaviour.

4. Compare the cure state indication given by the three different curing techniques.

5. Correlating these differences to the resultant cured material properties to confirm the

findings of the cure monitoring techniques.
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2. LITERATURE REVIEW

2.1. INTRODUCTION

Polymers are a class of long-chain molecules comprising of multiple repeating units connected
by covalent bonds. The classification of a polymer is broad. For example, DNA and RNA, the
building blocks of life, are made up of natural polymers. In the 1800s, modifying natural
polymers, such as the vulcanization of natural rubber, was a common technique, increasing
their suitability for structural materials such as tyres by introducing sulphur crosslinks [1]. This
type of modification gave semi-synthetic polymers. Fully synthetic polymers, such as the
phenolic resin Bakelite, were first synthesised in the early 1900s, and from then on, the
synthesis and production of new polymers for different applications have been endless [2]. As
aresult, synthetic polymers have a broad range of applications such as plastics, synthetic fibres,
rubbers, coatings, sealants, and adhesives [3].

Polymers are hydrocarbon-containing molecules, often obtained from crude oil derivatives.
For example, polyethylene (PE), shown in Figure 2.1, is a product of the polymerisation of n
units of ethylene, where ethylene is obtained from steam cracking of petroleum or natural gas
[4]. Despite ethylene’s apparent molecular simplicity, the resultant polymer in Figure 2.1 is not
often that linear, branching can occur depending on the reaction conditions. PE has multiple
classifications, including ultra-high molecular weight, high density, low density, and linear low
density. High-density PE is used for chemical containers, low-density PE for plastic bags, and

ultra-high molecular weight can be used as fibres (Dyneema) in impact resistance applications

[5].
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Figure 2.1 - Polymerisation of ethylene to polyethylene.
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PE consists of either linear or branched chains. In the macromolecular structure, polymer
chains are not bonded together. They are held together by intermolecular forces such as van der

Waals, hydrogen bonding or permanent dipole-dipole forces depending on the chemical groups
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[6]. At low temperatures, the intermolecular forces hold the polymer chains together. However,
the forces are overcome upon heating, allowing the chains to move, resulting in a phase
transition from solid to liquid, melting. The temperature at which these polymers melt depends
on many factors. In the case of PE, when there is less linearity, there are lower amounts of
crystallinity, reducing the effectiveness of the secondary forces holding the chains together,
resulting in a lower melting temperature. Approximately 20 °C lower melting temperature for
LDPE compared to UHMWPE [2].

Polymers without chemical crosslinks are known as thermoplastics. Polymers where there
are chemical crosslinks between chains are known as thermosets. An irreversible state change
occurs upon forming the crosslinks, usually from liquid to solid. The resultant material cannot
be further melted and reformed like thermoplastics. It’s like baking a cake. You can’t ‘unbake’ it
afterwards (in most cases). The classification of thermosets is not specific. There are different
types. One such is Bakelite, a phenolic resin first commercialised by Leo Baekeland in the first
decade of the 1900s and is a product of a polymerisation reaction between phenol and
formaldehyde widely used in adhesives and binders [7]. Another is crosslinked polyurethane,
formed from polymerising polyols and diisocyanates [8]. One final example is epoxy; these are

(in my opinion) the best thermoset and what the topic of the thesis will be.

2.2. EPOXY RESIN

When discussing epoxy resin, the cured final product is often referred to rather than the actual
epoxy molecule. If the epoxy resin is cured correctly, no epoxy should remain, only hydroxyls
and perhaps ethers. It is, in fact, a misnomer [9].

Epoxy resin refers to the epoxide or oxirane ring functional group in the molecule shown in
Figure 2.2. The optimised bond angle in a sp3 hybridised molecule is 109.5°, whereas in epoxide
rings, the bond angle is around 60°. The small bond angle results in significant ring strain,
making it more reactive than other linear or cyclic ethers. The strained cyclic structure favours

opening to reduce the strain and is therefore susceptible to ring-opening reactions.
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Figure 2.2 - Chemical structure of an epoxide ring.

The structure in Figure 2.2 shows one reactive group, a monofunctional epoxy. If a ring-opening
reaction took place with an amine, this would result in a very short molecule, which is neither
a polymer nor crosslinked. Thus, the epoxy resins used to make thermosetting resins are often
multifunctional, with more than one epoxy functional group. The opening of an epoxide ring
occurs during a reaction with molecules known as hardeners, which are also multifunctional.
In the case of diamine hardeners, there are at least four reactive sites [9]. This multifunctionality
allows for long chains and crosslinking, resulting in materials that don’t melt and have excellent
mechanical properties and high-temperature resistance.

There are numerous different epoxy resins available on the market from different suppliers.
Figure 2.3 shows three different resins with different functionalities: (a) diglycidyl ether of
bisphenol-A (DGEBA), (b) triglycidyl-para-aminophenol (TGpAP) and (c) N,N’-tetraglycidyl-
4,4’-diaminodiphenylmethane (TGDMM).
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Figure 2.3 - Chemical structures of three widely available epoxy resins: (a) diglycidyl ether of bisphenol-A, (b)
triglycidyl-para-aminophenol and (c) N, N*-tetraglycidyl-4,4’-diaminodiphenylmethane.

DGEBA is bifunctional and is the most common epoxy resin used, with 80 - 85 % of the global
epoxy consumption being DGEBA [10]. TGpAP and TGDDM are multifunctional resins with a
functionality of three and four, respectively. Higher functionality corresponds to more
crosslinking sites, leading to potentially better performance.

The synthesis route for these three resins is very similar. It consists of reacting
epichlorohydrin with the corresponding hydroxyl compound using a catalyst in alkali
conditions [9,11]. Figure 2.4 shows the synthesis of DGEBA using bisphenol-A and
epichlorohydrin. Specific reaction conditions are needed to obtain the pure DGEBA monomer.
There must be at least two molecules of epichlorohydrin for every molecule of bisphenol-A, and

an excess is often used [9].
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Figure 2.4 - Reaction pathway for the synthesis of diglycidyl ether of bisphenol-A from bisphenol-A and

epichlorohydrin in alkali conditions.

Even if the ratio of epichlorohydrin to bisphenol-A is 2:1, other side reactions often prevent the
formation of pure DGEBA. A different DGEBA product is formed if the ratio of epichlorohydrin
to bisphenol-A is lower than 2:1. It has a repeat unit between the two epoxy groups, increasing
the molecular weight and chain length, as shown in Figure 2.5. The n value refers to the number
of repeat units; the higher the number; the greater the molecular weight. Increasing the distance
between crosslinks results in different cured properties, a reduction in glass transition

temperature (T, ) is often seen [12,13].

HsC  CHs HsC  CHs
Oo OO/W
0 OH
n

Figure 2.5 - General formula for diglycidyl ether of bisphenol-A.
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Manufacturers provide the resin in different forms and purity levels. For example, in the
Foreman group lab, there are four different grades of DGEBA: monomer DGEBA, Epikote 828,
Epikote 834 and Epon 1001F. Each grade has a different molecular weight per epoxide group,
known as the epoxy equivalent weight (EEW). The EEW of DGEBA is 170 g mol-1, Epikote 828
187 g mol-1, Epikote 834 249 g mol-! and Epon 1001F 537.5 g mol-L. The higher the EEW, the
higher the number of repeat units between the epoxy groups. The same is true for TGAP and
TGDDM. A study by St John et al. analysed different grades of TGDDM, MY721, MY720 and
purified TGDDM [14]. Higher levels of dimers, trimers, and oligomers were present in MY720,
and higher levels of impurities from synthesis were also present in the resin in the form of

hydroxyl groups.

2.2.1. NETWORK FORMATION

Epoxy resin is often known as two-part epoxy, suggesting that there is a second component. The
epoxide ring wants to open; they can open on their own through homopolymerisation, but for
effective crosslinking, they need a reactant to open them. Therefore, curing agents or hardeners
are widely used to cure epoxy resins. There are different types such as anhydrides, polyamides,
thiols and amines. This study focuses on the use of amines as curing agents.

An amine hardener is a molecule with a functional group that consists of nitrogen and two
hydrogens. Each hydrogen can react with an epoxide ring, suggesting a functionality of two. The
amine hardeners commonly used are diamines, Figure 2.6 shows three examples: (a) 4,4’-
diaminodiphenyl sulphone (44’'DDS) and (b) para-phenylenediamine and (c) ethylenediamine.
(a) and (b) are examples of aromatic diamine hardeners, whereas (c) is an example of an
aliphatic diamine. Curing using aliphatic diamines results in significantly lower T, values when
compared to aromatic diamines [15]. Lv et al. saw a 40 °C difference between aromatic and
aliphatic hardeners when using resorcinol glycidyl ether, diethylenetriamine, and benzidine

[16]. An aromatic ring is stiff and inflexible, whereas aliphatic chains are flexible.
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Figure 2.6 - Chemical structures of three different diamine hardeners: (a) 4,4’-diaminodiphenyl sulphone, (b)

para-phenylenediamine and (c) ethylenediamine.

The Ty is often talked about being higher or lower for different epoxies cured with different
amine resins, but what is T; and what does it tell us about the crosslinked network? T is the
temperature at which there is an onset of significant chain mobility, and the network transitions
from a glassy to a rubbery state [17]. Many parameters affect the temperature at which the
transition occurs, such as the crosslink density, chemical structure of chains and branches
(aromatic vs. aliphatic) and intermolecular interactions. In the case of epoxy amine resins, Ty is
thought to be primarily affected by two things: one, the stiffness of the linear backbone and
secondly, the crosslinking density. Lesser and Crawford found that the case was slightly more
complex than just two components [18]. If the simple view is taken, chemical structure
influences the stiffness of a linear chain, aromatic rings will make a stiffer chain thus higher 7,
whereas flexible aliphatic chains will reduce the Tj. The effect of crosslinking on the T, will be
determined by how many crosslinks there are and the molecular weight between crosslinks,
the crosslink density. A higher crosslink density will result in a network with a greater Ty, how
these crosslinks form is dependent on the reactions taking place during the cure. There are also
other factors that influence T, such as intermolecular forces between chains like hydrogen
bonding between polar groups which in turn increase T; and then also the size of side groups,
bulky side groups can restrict the flexibility of the network increasing T.

Figure 2 .7 shows the reactions that occur in an epoxy amine curing process: (a) shows the

epoxide ring opening reaction with a primary amine, which forms the linear backbone, (b)
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shows the epoxide ring-opening reaction with a secondary amine, this forms crosslinks
between the linear chains and (c) shows the epoxide ring-opening reaction with a hydroxyl
group known as etherification. The extent to which these reactions occur depends on the
starting reagents' chemistry [19-22]. In an epoxy amine system, the main reactions are primary
and secondary amine reactions, but in high-temperature environments where there is sufficient
tertiary amine concentration, etherification will occur [19], and in some cases, it will also occur

at lower temperatures and earlier in the reaction [22].
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Figure 2.7 - Chemical reactions that occur in the epoxy amine curing process: (a) epoxy/primary amine, (b)

epoxy/secondary amine and (c) etherification.

The extent to which the reactions occur partially dictates the T;. As suggested earlier, the greater
the crosslink density, the higher the Ty but there has to be a sufficient linear backbone in the
network; without this, the network will be inhomogeneous [23]. When designing the cure
protocol, epoxide ring primary amine reactions must occur initially to form adequate linear
portions that go onto crosslink [24]. Otherwise, regions of high and low crosslink density form
when linear and crosslinking reactions compete, resulting in a broad T, range of which is lower
than a more homogeneously crosslinked network. Sahagun and Morgan depicted the difference

between a homogeneously and non-homogeneously crosslinked network using the a similar

10
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diagram to the one shown in Figure 2.8. (a) shows a homogeneous crosslinked network,
whereas (b) shows areas of high crosslinking density connected by linear and branched regions

[23].

TN §§
Pre-gelation Gel point Vitrification
(b) jﬁ :

Figure 2.8 — Network growth where different curing reactions dominate at different points: (a) where the

linear and crosslinking reactions occur consecutively and (b) where linear and crosslinking reactions compete.

Adapted from Sahagun and Morgan under copyright licence 6156571362522 [23].

The curing reactions of epoxy amines must be monitored and optimised. Using cure monitoring
techniques to understand the difference in the network formation is vital. Knowing the effects
on network formation allows control of the thermal, mechanical and chemical properties,
making the production of optimal materials possible. This results in waste and cost reduction
and ensures the efficient use of raw materials to reduce the environmental impact of

thermosetting resins - something of great importance given the current global predicament.

11
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2.2.2. STRUCTURAL ISOMERISM

As mentioned above, many different epoxy resins and hardeners are available. The hardeners
shown in Figure 2.6 are all different molecules; they have different molecular structures and
weights but the same number of reactive sites. Consequently, they have different reactivities,
which results in cured resins with different properties. Instead of using completely different
molecules, different structural isomers with the same molecular weight as starting reagents can
be used to change the curing process and optimise resin properties. A structural isomer is a set
of molecules with the same chemical formula but different arrangements of atoms. For example,
Figure 2.9 shows the three isomers of pentane. Despite having the same chemical formula
(CsH12), these three molecules have different properties: n-pentane has a boiling point of 36 °C
[25], 2-methyl butane 28 °C [26] and 2,2-dimethyl propane 9.5 °C [27]. Decreasing the length-
to-width ratio makes the attraction (van der Waals forces) between the molecules weaker due

to increased branching, resulting in different boiling temperatures.
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(a) n-pentane (b) 2-methyl butane (c) 2,2-dimethyl propane

Figure 2.9 - Chemical structures of the three structural isomers of pentane: (a) n-pentane, (b) 2-methyl

butane and (c) 2,2-dimethyl propane.

Many studies have compared the difference between using structural isomers of epoxies and
hardeners [28-34]. A good example is a study by Riad et al. where they used three different
structural isomers of the diamine hardener, phenylene diamine, cured with resorcinol diglycidyl
ether, which are shown in Figure 2.10 [29]. The hardener is based on a single phenylene ring, a
disubstituted benzene ring. There are three different isomers possible: (a) is the ortho isomer
with the two amines at positions 1 and 2, (b) is the meta isomer with amines at positions 1 and

3 and (c) the para isomer with amines at position 1 and 4. In this study, Riad et al found the

12
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T, of cured ortho, meta and para were 129 °C, 131 °C and 148 °C respectively and their maximum

rate of reaction of 0.0010 mol g1 min, 0.0022 mol g! min?! and 0.0070 mol g1 min-!

respectively [29].

NH, NH, NH,

NH,

NH,

NH,
(a) (b) (c)

Figure 2.10 - Chemical structures of the three structural isomers of phenylene diamine: (a) ortho-phenylene

diamine, (b) meta-phenylene diamine and (c) para-phenylene diamine.

Riad et al. found the greater the angle of separation, the faster the rate of reaction and the higher
the final T, value. The ortho position decreases the packing efficiency due to the less linear
shape compared to para isomers, resulting in a lower a T; and a less mobile hardener, reducing
the rate of reaction [29]. Suggesting that network formation in PDA systems is dictated by steric
hindrance.

Varley et al. used isomers of another diamine hardener, bis(aminophenoxy)benzene, cured
with diglycidyl of bisphenol-F (DGEBF) [28]. Due to the extended length and incorporation of
three phenylene rings, four different isomers are possible by varying the ortho, meta, and para
positions, shown in Figure 2.11. These different isomers incorporate many different effects, one
being the difference in T, values. The T, values obtained when cured isothermally at 140 °C for
(a) 1,3-bis(3-aminophenoxy)benzene (133 APB), (b) 1,2-bis(4-aminophenoxy)benzene (124
APB), (c) 1,3-bis(4-aminophenoxy)benzene (134 APB) and (d) 1,4-bis(4-
aminophenoxy)benzene (144 APB) were 119.5 °C, 121.5 °C, 129.5 °C and 136.2 °C respectively.
Varley et al. found that when there was greater para substitution in the diamine hardener, the
linearity and rigidity of the chain was increased and T, increased. It is important to stress that

T, is not the only property that is of interest in when characterising materials, but it is a good

13
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indication of the network structure. T; can be obtained by using a dynamic mechanical analysis
(DMA) tan 6 plot, a large peak at high temperature indicates Tj,.

DMA can also give information regarding the sub-ambient transitions. One main transition
will be referred to as the [ transition as done so by Ramsdale-Capper and Foreman [32],
different studies use different terminology. For example, Varley et al. use y nomenclature for

this transition [28].
H,N 0 0 NH,
(a) ~ :: - \@/ \@/

(b)

0 0
o (UL
H,N NH,
0 NH,
o« (TOT
H,N 0

Figure 2.11 - Chemical structures of the four structural isomers of the diamine hardener
bis(aminophenoxy)benzene: (a) 1,3-bis(3-aminophenoxy)benzene, (b) 1,2-bis(4-aminophenoxy)benzene, (c)

1,3-bis(4-aminophenoxy)benzene and (d) 1,4-bis(4-aminophenoxy)benzene.

The { transition refers to the short-range molecular motions [28,32,35], particularly what the
phenylene rings do at sub-ambient temperatures. Depending on the chemical structures, the
phenylene rings can rotate if their bonding is symmetrical, 1,3 position on the aromatic ring. In
the case of Varley et al., 144 APB had a broader 3 transition due to the ability of all three

phenylene rings to rotate, whereas 133 APB had the sharpest 3 peak as the phenylene rings in

14
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the hardener could not rotate [28]. These findings were also similar in Ramsdale-Capper and
Foreman, where they used the para and meta isomers of diaminodiphenyl sulphone (33'DDS
and 44’DDS) and triglycidyl aminophenol (TGpAP and TGmAP), the broadest 3 transition was
observed for the most para containing formulations and the sharpest for the most meta
containing formulations [32]. Tu et al. also found similar results when comparing 44’'DDS and
33’DDS [35]. If the phenylene rings can rotate, a decrease in modulus is often seen, or vice versa,
which is speculated to be related to the amount of molecular space that ring rotation takes up
[28,32].

Staying with Varley et al., another effect on the crosslinked network was related to the
reactivity of the functional groups depending on their position on the ring. Consideration of two
principles is needed when comparing the chemistry of the starting materials, the resonance and
the inductive effects. The inductive effect refers to the ability of a functional group to either
withdraw or donate electron density. At ortho or para positions, the ether in APB will activate
the amine group. Resonance refers to the delocalisation of lone pairs of electrons from the
reactive functional group through the aromatic ring to another functional group. Depending on
whether it is an electron-withdrawing or donating group will depend on how this affects the
reactivity. In the case of APB, there is an electron-donating ether group; thus, the amine group
is activated at para and ortho positions. This is a rather complicated case, but the more para
positions in APB, the more activated the amine groups are [28]. Leading to differences in
network formation due to the different activation energy required between the different
structural isomers.

The resonance effect for comparing 44’'DDS and 33’'DDS has been commented on in past
literature and has a more straightforward explanation. Varma and Bhama stated that due to an
electron-withdrawing sulphone group in DDS, the delocalisation of the nitrogen’s lone pair of
electrons is possible when in the para position. This is not possible in 33’'DDS as the amine is in
the meta position [36]. This results in 33’'DDS being more reactive than 44’DDS. As mentioned
above, a more reactive hardener will affect the network growth, the reactions that occur at
points in the cure, and the crosslink density; thus, the thermal and mechanical properties will

be affected. Kim and Nutt found that the T, values for TGAP:TGDDM blends cured with 44’DDS
and 33’DDS were 236.8 °C and 216.4 °C respectively.

15
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2.2.3. FUNCTIONAL GROUP SUBSTITUTION

It is also possible to change the resultant properties of epoxy resin by substituting functional
groups in the starting reagent, resulting in multiple effects. One example is DGEBA vs DGEBF
(diglycidyl ether of bisphenol F). Figure 2.12 shows the comparisons of the chemical structures.
The chemical structure difference between these two resins is the substitution of two
hydrogens in DGEBF for two methyl groups in DGEBA. There should be little effect on the
reactivity of the epoxide group by replacing a methyl with hydrogen. Still, Frank and Wiggins
found by near-infrared spectroscopy that when curing with 44’DDS, DGEBF had a lower final
epoxide concentration than DGEBA, 0.39 mol kg -1 and 1.03 mol kg respectively [37]. The
reasoning for this finding could be related to the flexibility of the epoxy chain; the methyl groups

restrict movement, reducing the mobility compared to the hydrogens.

HsC  CH,
(a)

v v
0 0
H H

(b)

Figure 2.12 - Chemical structures of (a) diglycidyl ether of bisphenol A (DGEBA) and (b) diglycidyl ether of
bisphenol F (DGEBF).

Another study by Knox et al. studied the chemical performance of DGEBA and DGEBF and found
that DGEBF showed better chemical resistance which they related to density, despite a mix of
para-para, para-ortho and ortho-ortho isomers [12]. These results align with Frank and
Wiggins's findings: DGEBF/44’DDS had smaller pore sizes than DGEBA/44'DDS, 64 A3 and 76
A3 respectively [37]. The smaller pore sizes as determined by positron annihilation lifetime

spectroscopy resulted in less methyl ethyl ketone and water uptake for the DGEBF resins, as

16
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confirmed by Jackson et al. [30]. Small changes in chemical composition can significantly impact
resin properties despite no apparent change in the reactivity of the epoxide group.

Another example of functional group substitution is in aromatic diamine hardeners. As
mentioned, 44'DDS is a widely used hardener, but other hardeners are available based on the
diaminodiphenyl structure. A study by Patel et al. used three different 4,4’-diaminodiphenyl
hardeners to investigate how chemical structure influences the properties of the cured material
[38]. Figure 2.13 shows three different diaminodiphenyl hardener structures used where the
group at the phenylene bridge differs: (a) 4,4’-diaminodiphenyl sulphone (DDS), (b) 4,4’-
diaminodiphenyl methane (DDM) and (c) 4,4’-diaminodiphenyl ether. Unlike DGEBA vs DGEBEF,
it would be expected to see a change in the reactivity of the amines due to the different chemical

groups being next to an aromatic ring.

0
(@) H,N ! NH,
(I)I
(b)
H,N NH,
0
(c)
H,N NH,

Figure 2.13 - Chemical structures of the three 4,4’-diaminodiphenyl hardeners: (a) 4,4’-diaminodiphenyl
sulphone (DDS), (b) 4,4’diaminodiphenyl methane (DDM) and (c) 4,4’-diaminodiphenyl ether (DDE).

Patel et al. found that when cured with TGpAP, the reactivities of diaminodiphenyl hardeners
differed, with DDM being the most reactive, followed by DDE and then DDS [38]. The maximum
rate of reaction temperature using dynamic DSC measurements with a heating rate of 5 °C min-
1 for DDM, DDE and DDS were 138 °C, 149 °C and 186 °C, respectively. The cause of this was the

para position of the amines on the phenylene rings, which allowed for the delocalisation of

17
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electrons through the phenylene ring. The sulphone group is considered an electron-
withdrawing group, which allows for delocalisation of the lone pair of electrons from the
nitrogen, thus reducing its nucleophilicity. The ether and methane groups are not; they are
electron-donating groups. Instead, they increase the reactivity of the amine group. The para
position relates to the ethers in APB from Varley et al.; the more para components, the greater
the amine reactivity [28]. Costa et al. also found that DDM was more reactive than DDS when
cured with DGEBA, as the maximum rate of reaction temperature was 157 °C and 226 °C,
respectively [39]. Mustafa et al. corroborated this by comparing the cures of DDM and DDS with
TGDDM. They found that the amine of DDM was more basic than DDS using nuclear magnetic
resonance, proving it is a more effective nucleophile [40]. Siddaramaiah and Jagadeesh
investigated the cure properties and thermal stability of TGDDM cured with DDS, DDM and DDE
[41]. The T, for TGDDM DDS, DDM and DDE were 233 °C, 227 °C and 226 °C, respectively.

2.2.3.1. GLYCIDYL ETHER VS. GLYCIDYL AMINE

Epoxide groups are bonded to the epoxy backbone in two different ways. One by an ether link
shown in Figure 2.14 (a) and the other by tertiary amine as shown in Figure 2.14 (b). A clear
difference between these two is the number of epoxide groups present; glycidyl ethers have one
epoxide, and glycidyl amines have two epoxide groups present. Consider DGEBF and TGDDM in
Figure 2.12 (b) and Figure 2.3 (c); the chemical structure between the glycidyl links is the same,
two aromatic rings with a methyl bridge, but DGEBF contains two glycidyl ethers, whereas
TGDDM contains two glycidyl amines. The functionality of DGEBF is two, and TGDDM is four,
the EEW is lower for TGDDM. For pure monomers of DGEBF and TGDDM, the EEW are 156 g
mol-! and 105.5 g mol-! respectively. Using the same hardener, it would be expected that the

thermomechanical properties of the cured resin to be higher in TGDDM. The T; as determined

by DMA for DGEBF/44'DDS was 175 °C [42] and TGDDM/44’'DDS was 263 °C [43].
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Figure 2.14 - Chemical structures of (a) glycidyl ether and (b) glycidyl amine.

It is well documented that unwanted side reactions occur in glycidyl amines [14,44-48]. These
side reactions are not reactions with different types of atoms but with atoms on the same
glycidyl amine, causing a cyclic structure. These structures are not directly detectable using
techniques such as infrared spectroscopy or differential scanning calorimetry [49]; instead,
Matéjka et al. used high-performance liquid chromatography (HPLC) [45], and Attias et al. used
HPLC and 13C nuclear magnetic resonance (NMR) [46]. Cyclisation occurs due to the proximity
of reactive groups in the glycidyl amine. This does not occur in glycidyl ether-based resins as
there is only one epoxide group. Internal cyclisation can occur through two reactions, a
secondary amine epoxy addition and etherification, as shown in Figure 2.15 (a) and (b),
respectively. Internal cyclisation has been found to proceed through the etherification reaction

more prevalently than the secondary amine epoxy reaction [50,51].
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Figure 2.15 - Internal cyclisation of glycidyl amine through two different reactions: (a) secondary amine

epoxy addition and (b) etherification.

Forming cyclic structures reduces the crosslink density as instead of linking chains, the chain is
extended. This is seen in the degree of cure at which gelation occurs [14,48,52]. The Flory

equation shown in equation (2-1) indicates the conversion at which the network will gel [53]:

1
o2

9T F—1)(g - 1)

(2-1)

Where f is the functionality of the epoxy monomer, and g is the functionality of the amine
monomer. For a stoichiometric ratio of TGDDM and 44’DDS, the predicted gel point would be
33 % conversion, whereas St John found the gel point to be 59 %, which is significantly higher
than the theoretical [14]. One reason is that they did not use a stoichiometric ratio, and the Flory
equation does not support excess epoxy calculations, but even then, the theoretical gel point
would be approximately 48 %. This discrepancy was attributed to high levels of etherification,
which caused cyclic structures to form.

Liu et al. and Swan et al. studied the effect of using tetra-glycidyl ether epoxies compared to

tetra-glycidyl amine epoxies [43,52]. Liu et al. used a resin based on 1,4-Bis(4-
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formylphenoxy)butane given the nomenclature TFTE, using a blend of TFTE and DGEBA cured
with 44’DDS, similar T, values were obtained when 40 wt % was used in the blend (260 °C vs.
263 °C), the viscosity of the neat resin was lower enabling better processing and there was 30
% less water absorption. These improved properties were associated with the lack of internal
cyclisation reactions [43]. Swan et al. saw a similar trend using bis(2,7-glycidyl ether
naphthalenediol) methane (NNE) cured with 44'DDS, where a higher T; was obtained in
comparison to TGDDM/44’DDS and better fracture toughness, whereas higher fluid uptake was
observed as attributed to the poorer packing of the rigid naphthalene backbone [52]; the lack
of internal cyclisation allowed for higher crosslink density.

Another point Swan et al raised was TGDDM glycidyl amine’s ability to promote
homopolymerisation as nitrogen can behave as a tertiary amine catalyst [52]. St John and
George stated that the tertiary amine can form a ‘quaternary amine-alcoholate’ with an epoxide
group and then react with another epoxy group [54]. No nitrogen is present in glycidyl ether;
therefore, homopolymerisation and etherification reactions are less likely at low degrees of

cure than glycidyl amine-containing resins.

2.2.4. TOUGHENING

As suggested from the discussion above, increased crosslink density results in an increase in Tj,.
Nielsen gave an equation which relates the shift in T, to M., the average molecular weight

between crosslink junctions as shown in equation (2-2) [55]:

Ty =Ty = 3.9+104 (2-2)

c
Where Ty, is the glass transition temperature of uncured resin. As M, decreases, the shift in T,
increases. Using multifunctional epoxies such as TGAP, TGDDM, TFTE and NNE results in lower
mass between crosslinks and, thus, a higher T,. While high service temperatures are desirable
for high-performance applications in sectors such as aerospace [56], there comes an inherent
brittleness [43,48,57]. Toughening is critical to increasing the suitability of these high-

temperature epoxies for wider applications where impact and fracture events are likely to occur.
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There have been many different approaches to toughening, such as the addition of
thermoplastics, most notably polyetherimide [47], polyethersulphone [58,59] and phenolic
terminated polysulphone [60,61]. Shang et al commented on this approach's increased
viscosity and the elevated processing temperature needed; instead, they focused on modifying
the epoxy backbone to increase toughness [62]. The study compared the effect of adding a
flexible oxyphenylene ring to TGpAP to give triglycidyl of 4-(4-aminophenoxy) phenol) (TGAPP)
as shown in Figure 2.16. Processability was similar to TGpAP, and tensile strength and impact

strength improved but with an 8 °C decrease in T;. A decrease in Ty is often seen when

toughening as crosslink density decreases but the improvement in toughness outweighs this

O N/_QO
(a) OD_/ 4@ \_@O

b) O O N/_QO
-0

Figure 2.16 - Chemical structures of (a) triglycidyl-para-aminophenol (TGpAP) and (b) triglycidyl of 4-(4-
aminophenoxy) phenol) (TGAPP).

decrease.

Ramsdale-Capper and Foreman investigated the resultant properties of cured structural
isomers of TGAP/DDS. They found that the meta formulations of TGAP/DDS resulted in internal
antiplasticisation, an increase in glassy modulus, yield stress, density, strain to failure and
fracture toughness [32]. Unlike toughening using thermoplastic fillers, they observed increased
strain to failure as the crosslink density decreased, allowing for greater plastic flow. This study

will follow this work and study the network formation of the structural isomers of TGAP/DDS,
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investigating the causes of this toughening effect through changes in chemical structure rather

than the addition of different phases.

2.3. CURE MONITORING

The factors that affect network formation can be found by analysis of the resultant properties
outlined in 2.2 and by the knowledge of the chemistry of the reactants. The point at which these
reactions occur is important, and by using cure monitoring techniques, the real-time changes
in the curing process can be tracked [63]. Various techniques can be used to track the numerous
properties that change in the cure. Such properties are thermal, mechanical, electrical and
optical. The following section will discuss the uses of techniques that have monitored these

properties.

2.3.1. OPTICAL

Optical cure monitoring techniques utilise the nature of a chemical bond's ability to vibrate
when exposed to light. In this case, the wavelength of light is in the infrared region (10 cm-1 to
12500 cm-1). Within this range, there are three regions: far-infrared (10 cm-! to 400 cm1), mid-
infrared (400 cm1 to 4000 cm1) and near-infrared (4000 cm-1 to 12500 cm-1) [64]. Far infrared
is not a well-used technique when monitoring the cure of epoxy resins due to the high energy
light source required and its overlap with the microwave region. It is more suited to analysing
metals and the rotational energies of gases [65], whereas mid- and near-infrared are much more
useful for cure monitoring, as made apparent by the number of studies utilising either of the
two techniques. Both have pros and cons and are generally dependent on the epoxies in

question due to the type of bonds broken and formed in the curing process.

2.3.1.1. MID-IINFRARED SPECTROSCOPY

Mid-infrared spectroscopy (MIR) is often called Fourier transform infrared spectroscopy
(FTIR). However, most FTIR equipment can take measurements in the mid- and near- region
[66]. In the MIR region, fundamental vibrational transitions are observed upon energy
absorption. Fundamental transitions are transitions from one vibrational energy state to the

next, resulting in high-intensity spectral peaks. The strength (or in fact, the stiffness) of the bond
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determines the frequency at which the vibration occurs, and the vibration either comes from
the stretching or bending of the bond [67].

The functional groups of interest for epoxy amine-cured resins are the epoxide rings, primary
amines, secondary amines, and hydroxyl groups. These functional groups show numerous
peaks in the MIR spectra, and it is possible to track the intensity of these peaks as the cure
progresses [68]. This technique has been used as early as 1956 when Dannenberg and Harp
utilised the epoxide ring peak at 916 cm-! to monitor the formation of crosslinks and determine
the softening point in DGEBA systems [69]. Yamasaki and Morita used two regions in the MIR
to monitor the cure, 2400 cm to 3700 cm! and 700 cm-! to 1700 cm-1. Within these regions,

the functional groups shown in Table 2.1 could be observed [22].

Table 2.1 - Band assignments for the functional groups of diglycidyl ether of bisphenol A and 4,4’-

diaminodicyclohexane methane resins using mid-infrared spectroscopy. Adapted from Yamasaki and Morita [22]

Functional Group Wavenumber / cm-!
Epoxide Ring 912
Ether C-O stretching 1012
Ether C-O stretching 1054
Alcohol C-O0 stretching 1097
N-H stretching 3300 - 3365
O-H stretching 3456

While there are peaks available to monitor the cure, how these peaks present themselves is
often a problem. Amine and hydroxyl peaks occur at very similar positions, 3300 cm-! to 3365
cml and 3456 cm'l respectively, producing broad overlapping peaks, which presents a
problem, as seen in Figure 2.17. The overlapping in both regions for the amine and hydroxyl
groups and ether and alcohols means quantitatively analysing the spectra is difficult [70].

Overlapping of peaks is common in MIR due to the measurement of fundamental transitions as
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they occur in a similar position. A common feature of MIR spectra is the fingerprint region.
There is significant overlap in this area, which tells us more about the bulk material than the
complex functional group makeup [67]. Despite this, studies have managed to quantitatively
analyse MIR spectra using a technique known as perturbation-correlation moving-window
two-dimensional correlation spectroscopy (PCMW2D) alongside modulated DSC (MDSC)
[22,70,71].
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Figure 2.17 - FTIR spectra of diglycidyl ether of bisphenol A and 4,4’-diaminodicyclohexane methane resin in two
regions: (a) 3700 cm to 2400 cm™ and (b) 1700 cm ! to 700 cm1. Taken from Yamasaki and Morita under
copyright licence 5890210960032 [22].

Poisson et al. found that monitoring the epoxide ring peak at roughly 915 cm-1 resulted in higher
conversion values when compared to near-infrared spectroscopy (NIR), which they attributed
to unknown non-reactive group overlap [72]. Mijovi¢ and Andjeli¢ found a similar result when
comparing MIR and NIR, with their epoxide conversion being 80 % and 90 %, respectively [73].
They also concluded that the epoxy ring peak at 915 cm-! was not a unique measurement as
previously thought. They gave two possible causes: an unreactive group suggested by Poisson
et al. or a new form of hydrogen bonding occurring in the system [72,73]. Poisson et al. stated
that MIR is unsuitable for quantifying the cure of their epoxy resin system unless this
consideration was applied to the analysis. Cholake et al. encountered a similar overlap problem
for quantifying the epoxide peak at 3050 cm-! but instead with a known species, aromatic C-H.
Despite the concentration not changing throughout the cure [74], care was taken to deconvolute
the overlapped peak to determine the area, and they still encountered errors and instead relied

on the epoxide ring peak at 915 cm-! despite the known issues.
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One unique motivation behind using MIR as a cure monitoring technique is the ability to
observe the ether links formed during the process. Ethers are formed as a result of the
etherification process [75]. Another study by Yamasaki and Morita used MIR to monitor the
ether peak at 1107 cm1, whereas the other functional groups were monitored using NIR [71].
This study confirmed the difference in reactivity between amine and etherification reactions,
highlighting the effect of temperature on the crosslinking formation in epoxy resins. MIR can
also be used to identify tertiary amine species, which is not possible in NIR. Strehmel and
Scherzer were able to analyse the content of primary, secondary and tertiary amines when
epoxy:amine ratio and tertiary amine catalyst (imidazole) content were varied to investigate
the importance of etherification during DGEBA/DDM cure [75]. While MIR is a useful
technique, especially for identification of the ether group, NIR has particular advantages related

to sample preparation and functional group band identification.

2.3.1.2. NEAR-INFRARED SPECTROSCOPY

Near-infrared spectroscopy (NIR) utilises the same theory behind MIR, but instead of
fundamental vibrational transitions, non-fundamental transitions are observed. These are
known as overtone and combination modes. Instead of a vibrational transition of one energy
level, overtones occur when the transition is greater than one upon energy absorption and the
quantum number is greater than one. Combination modes occur when two or more
fundamental vibrational transitions occur. These are both forbidden transitions, which occur
due to the anharmonic oscillator model and are not ‘forbidden’ in the sense that they don’t
occur. They appear as low-intensity bands at higher wavenumber values [64].

These transitions do not occur in all the functional groups that display peaks in the mid-
infrared region due to the anharmonic constant, y,. A group with a small anharmonic constant
will require more energy for a non-fundamental vibrational transition, as shown in equation (2-

3).

AE(ooy = Tev[1 = x (v + 1)] (2-3)

Where AE'(O_,U) is the observed energy required for the vibrational transition to occur, v is the

vibrational quantum number, and ¥, is the absorption wavenumber. Hydrogen-containing
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molecules generally have the largest anharmonic constants; for example, the anharmonic
constant of Hzis 0.02685, whereas NO is 0.007337 [64]. Therefore, peaks are only observed
from hydrogen-containing functional groups in the NIR spectra. This is also a benefit, as the
functional groups that react in the epoxy amine cure are hydrogen-containing functional
groups, CH and CH2 on the epoxide ring, the N-H for both primary and secondary amines and
the O-H hydroxyl group [77]. As a result, NIR produces spectra with clearly separated peaks
that can be quantitatively analysed. NIR sample preparation is simple due to the low intensity
compared to MIR, and the absorption is less affected by sample length, meaning thicker samples
can be used [78,79].

Quantitative analysis of both NIR and MIR is possible due to the behaviour of light when
absorbed through a material. Its behaviour has been well studied, and relationships have been
found between the initial and emitted light intensity as early as 1854 [80]. As a result, a law for
optical spectroscopy was determined through much collaboration and was first published in
the modern-day form by Luther and Nikolopulos in 1913 [81]. It is known as the Bouguer-Beer-
Lambert law and is shown in equation (2-4). There is a particularly extensive review by
Mayerhofer et al. on the development of the Bouguer-Beer-Lambert law, which is very useful

[82].

I
log70=A=scl (2-4)

Where I, is the initial intensity of light, I is the intensity of light after travelling through the
material, A is absorbance, ¢ is the molar absorption coefficient, ¢ is concentration and [ is the
path length. The first part of the expression is the Bouguer-Lambert derived section, and
although necessary, NIR utilises the last section, known as the Beer law, where there is a
proportional dependence between absorbance and concentration. Previous studies have found
the area of the relevant peak and used the path length of the material under test and the
predetermined molar absorption coefficient to determine the concentration of the functional
group in question during the cure [48,49].

A wide range of epoxy resin systems have been studied using NIR, but depending on the
hardener choice determines how extensively the functional groups can be analysed. Duemichen

et al. analysed two different classes of hardener cured with DGEBA resin: an anhydride,
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methyltetrahydropthalic anhydride and an aliphatic amine mixture of isophorodiamine and
alkyletheramine [83]. Due to the lack of hydrogen-containing reactive groups in anhydrides,
different information is obtained, as shown in Figure 2.18. Three more peaks are shown in the
epoxy amine-cured system allowing for further analysis and information about the curing

process.
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Figure 2.18 - Near-infrared spectra of two different epoxy hardener cured systems: epoxy/anhydride cured
system (top) and epoxy/amine cured system (bottom). Taken from Duemichen et al. under copyright licence

5890860193095 [83].

With this, it is no surprise that NIR has been used to monitor the cure in many resin systems.
Min et al. quantitively analysed DGEBA/44'DDS systems with a polysulphone modifier [61],
Varley et al. used NIR for a study investigating TGpAP/44'DDS systems [48], Billaud et al.
studied DGEBF/TGpAP blends cured with 4,4’-methylene-bis-(2,6,-diethylaniline) [84], St John
and George with TGDDM/44’DDS resins [49] and Mijovi¢ and Andjeli¢ used NIR to model a
model epoxy system of phenyl glycidyl ether and aniline [85]. These are a few excellent studies;

there are many more [30,37,70,72,75,86-93].
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Figure 2.18 shows peaks that are well separated and of suitable intensity to analyse. That
said, the analysis is still not simple as suggested by Varley et al. [48]. Identification is not as
simple as reading from a characterisation table. Analysis of starting reagents is required to
assign as many peaks as possible. A study by Mijovi¢ and Andjeli¢ used the epoxide ring peak at
4530 cm'! to monitor epoxide concentration [85], whereas in Varley et al, a peak at 4530 cm-1
occurred in the NIR spectra of both TGpAP and 44’DDS suggesting 4530 cm! is a combination
of epoxide rings and primary amines [48]. The same was found in Min et al. [61]. This could be
a feature of the DDS hardener that the NH2 peak overlaps with the epoxide ring in the 4530 cm-
1 region, whereas in other hardeners such meta-xylylenediamine as used by Knox et al. [87] or
aniline as used by Mijovi¢ and Andjeli¢ [85] the bands are treated as not overlapping. The
benefit of NIR is that if there is overlap in the same region, the next overtone or combination
band of the functional group can be used as Varley et al. and St John and George did when
studying TGpAP and TGDDM, respectively. They used the epoxide peak at 5880 cm-! and 6060
cm-1, where there was less overlap, and the peak could be more accurately measured [48,49].

As mentioned in 2.2.2, isomerism effects have also been studied using NIR. Jackson et al.
studied the difference in the glassy epoxy network in DGEBA, DGEBF and TGDDM cured with
the structural isomers DDS [30]. NIR was able to identify the difference in reactivity between
44’ and 33’'DDS. In DGEBA/33’DDS, primary amines were 99 % consumed in 2 hours; in
DGEBA/44’DDS, only 50 % of primary amines were consumed in 2 hours. This reactivity
difference was shown in their average pore size free volume, 33’'DDS formulations resulted in
smaller average hole-size than 44'DDS [30].

Using different isomers or reactants, it would be expected to see a difference in morphology
and mechanical properties [24]. NIR allows us to attribute the reactions responsible for the
change in properties. Etherification has been accounted for using NIR by either measuring the
hydroxyl concentration change or calculating the concentration of ethers using the
concentration of epoxide groups that have reacted without amines [20]. Thus, determining the

effect structural isomerism has on network formation.

2.3.2. THERMAL

When reactions take place, energy changes occur. These can be either endothermic and

exothermic reactions. An endothermic reaction absorbs energy from the surroundings, whereas
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exothermic reactions release energy into the surroundings. The total change in enthalpy is
positive for endothermic reactions as the reactants have a lower energy level than the reactants
and negative for exothermic reactions as the reactants have a higher energy level than the
products, as shown in the potential energy diagrams in Figure 2.19. In endothermic reactions,

the products are less stable than the reactants and vice versa for an exothermic reaction.

(a) (b)

Reactants

Products

Potential Energy
Potential Energy

Reactants Products

Reaction Progress Reaction Progress

Figure 2.19 - Potential energy diagram that shows the potential energy of a reacting system: (a) shows an
endothermic diagram where the potential energy of the products is greater than the reactants, energy is
absorbed from the surroundings, the enthalpy of reaction is positive and (b) shows an exothermic reaction where
the potential energy of the reactants is greater than the products, energy is released to its surroundings, the

enthalpy of reaction is negative.

Epoxide ring opening reactions are exothermic as the reactants are less stable than the products
[94]. An epoxide ring is constrained and does not require much energy to open from an attack
by a chemical species such as a nucleophile. The hump’ shown in Figure 2.19 is the activation
energy, the energy required for the reaction to occur. The size of this depends on the reactivity
of the hardeners and if any catalysts are present. Reactions at room temperatures will have a
smaller activation energy than those that can only occur at high temperatures. With this
behaviour of epoxide ring reactions, the cure can be observed by monitoring either the

temperature of the resin or the enthalpy changes during the cure.
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2.3.2.1. RESIN TEMPERATURE MEASUREMENTS

From the exothermic nature of the curing reactions, it is possible to track the network formation
using resin temperature with respect to the applied oven temperature. It is a straightforward
technique and, surprisingly, something that has not been widely commented on in previous
studies. According to Lodeiro and Mulligan, four different temperature measurement methods
are available: thermal imaging using infrared radiation, resistance temperature detectors,
thermochromic devices and thermocouples [63].

The simplest of these techniques are thermocouples. They consist of two dissimilar wires
connected at a junction where a voltage is generated that corresponds to a particular
temperature [95]. This occurs because of the Seebeck effect, where an electromagnetic field is
generated as the free electrons in one wire have a higher temperature than that of the other
wire with fewer electrons, which then diffuse, causing a negative charge resulting in charge
separation and thus a measurable net voltage between the two wires [96]. Due to the Seebeck
effect, no power is needed to measure temperature. There are many different types of
thermocouples available depending on the temperature range. For measuring epoxy curing
oven temperatures, K types, which consist of nickel-chromium and nickel-aluminium wires, are
usually used [97]. These are connected to a data logger, and the temperature readings are taken
as a function of the cure. The flexibility of the wires mean that thermocouples can be placed in
various places, they are perfect for embedding in uncured resin of different moulds and
composite moulds and can monitor the cure on-line without impacting the manufacturing
process other than sacrificing a small section of resin for thermocouple insertion.

Surprisingly, little literature has commented on the behaviour of epoxy resin using
thermocouples, possibly due to the lack of sensitivity that comes with the measurement.
Despite the cure of epoxy resin being an exothermic reaction, if small amounts of resin are used,
a significant temperature overshoot may not occur. Similar studies from both Duemichen et al.
and Erdmann et al. used thermocouples to track the resin temperature during the cure of epoxy
amine systems while taking near infrared measurements [83,88]. Figure 2.20 is taken from
Erdmann et al. and shows a modest temperature overshoot at the start of the 120 °C dwell in
both systems, which coincides with the point at which the rate of change of degree of cure is the
greatest. This slight overshoot is obtained from a sample of 3 - 4 grams. If the sample was bigger,

the overshoot may be more significant, and it could be possible that temperature overshoots
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would be seen at other places during the cure. No comment was made by Erdmann et al. on this
finding, perhaps because the cure could be explained more accurately by their results from DSC

and NIR [88].
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Figure 2.20 - Resin temperature measurements taken using thermocouples in two different epoxy amine
systems. Temperature overshoots are identified by a red dotted circle. Modified from Erdmann et al. [88] under

copyright licence 5902020318683.

Shigue et al. and Wu et al. also used thermocouples to monitor the temperature of the resin
while curing but did not comment on the results [98,99]. While it would have been insightful to
see the results, the technique was perhaps more to validate that the required temperature was
reached rather than investigate the thermal response of the resin while curing. This study used
isothermal heating, a constant curing temperature, and a temperature overshoot would only be
seen where the maximum rate of reaction occurred.

Ran et al. measured the exotherm in two different DGEBA diethylene triamine systems. The
two systems can cure at room temperature as the hardeners, Versamid diethylene triamine and
butyl ether modified diethylene triamine (BDETA), generate a significant exotherm that drives
the curing reaction. BDETA undergoes an extreme temperature increase up to 175 °C from a
cure temperature of 25 °C as measured by thermocouples in the centre of the sample.
Temperature measurements were used to determine the causes of this exothermic behaviour
and to determine a method to control it so that it can be utilised in the curing process [100].
Zhang et al. also found a significant temperature overshoot (25 °C) when curing DGEBA and
phenolic aldehyde resin using a photoinitiator and electron beam radiation. They found that a
temperature overshoot occurred when the energy supply was increased, which then decreased

as the cure progressed [101]. They determined that the overshoot did not affect the gel fraction.
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The information gained from temperature measurements is limited, as high-temperature
overshoots can lead to thermal degradation and premature cure, resulting in poor resin
properties. An alternative method is needed to accurately measure the resin system's

exothermic response as it cures.

2.3.2.2. DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry is another technique that utilises the exothermic nature of the
epoxide ring opening nature. Instead of measuring the temperature of the resin while it cures
in a standard convection oven, it is possible to accurately monitor the exothermic (or
endothermic) response during the cure using a differential scanning calorimeter. DSC can
measure epoxy samples as small as 5 - 20 mg taken from a larger sample, an example of an
offline cure monitoring technique.

There are two types of DSC available: heat flux and power compensated. Heat flux measures
the difference between the temperature of the sample and a reference pan. In contrast, power
compensation measures the difference in power required to heat the sample and reference pan
to a particular temperature. Both have their benefits and can be used interchangeably for epoxy
resins. There have been extensive studies into the cure of epoxy resins, all focusing on different
kinetic analyses of the crosslinking network [29,41,58,102-136].

Degree of cure is a measurement of great interest. It tells us how cured the resin is; a high
degree of cure would suggest that the resin is nearly fully reacted and highly crosslinked. Degree

of cure can be related to T, by the Di Benedetto equation given in equation (2-5) [55,137].

Tg - TgO _ ﬂd
Tyoo—Tgo 1—(1—Aa (2-5)

Where Ty is the glass transition temperature of the uncured resin, Ty, is the glass transition
temperature of a fully cured resin, « is the degree of cure, and A is a parameter related to the
difference in heat capacity between the uncured and fully cured resin.

Degree of cure measurements are used to understand how many unreacted groups remain
in the system, which may relate to water and chemical resistance but also indicates how much
the thermomechanical properties can be improved. Ramsdale-Capper and Foreman used DSC

to determine the residual enthalpy of cured samples of structural isomers of TGAP/DDS [32].
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First, dynamic heating (constant heating rate) of uncured samples was used to determine the
total enthalpy of cure, AH,, from where the degree of cure could be determined by finding the

residual enthalpy from the cured samples, AH,., the calculation is shown in equation (2-6).

a= (1 — (AAIZ;S)> x 100 (2-6)

Where « is degree of cure. A similar method was used to determine the degree of cure when
taking isothermal measurements. The sample was held at a constant temperature for a set time,
cooled and then dynamically heated, and the residual exotherm was found [102,118,138].
When dynamically heating uncured resin using different heating rates, the samples are heated
to a temperature where no further curing occurs. The difference in network formation can be
observed using the degree of cure. An example from Wu et al. is shown in Figure 2.21 (a), where
TGDDM was cured with dicyanodiamide at different heating rates [134]. The overall behaviour
was the same but shifted to higher temperatures when a faster heating rate was used. The
derivative of degree of cure is the rate of reaction, and this tells us how fast the reaction is
occurring. When comparing dynamic measurements, it is expected that the rate of reaction will
be higher when using faster heating rates. It is important to note that in Figure 2.21 (b), the x-
axis is degree of cure. In dynamic scans, these values are obtained at different temperatures,
which indicates that the reaction mechanism is the same irrespective of temperature. Karkanas
undertook similar measurements and validated that the reaction mechanism was the same at
different heating rates by normalising the reaction rates and found that the curves overlapped

[139].
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Figure 2.21 - (a) Degree of conversion and (b) rate of reaction plot from DSC dynamic heating measurements

of TGDDM/DICY using different heating rates. Taken from Wu et al. [134] licenced under CC BY 3.0.

DSC can apply heat in two different ways: dynamically and isothermally. Gerami et al. stated that
dynamic heating provided more reliable information than isothermal measurements [118].
This statement might not be entirely accurate. Dynamic measurements heat over a range of
temperatures, and the resin is expected to achieve a cure degree of 100 %, whereas isothermal
heating doesn’t often completely cure the resin. Dynamic heating gives information about the
temperatures at which the resins cure most effectively, whereas isothermal heating gives
information about the time required to cure at that temperature. Activation energies as a
function of cure using dynamic measurements are calculated using methods such as Friedman
or Flynn-Wall-Ozawa [140,141], where insight into the mechanism is gained. Still, the
information is limited as these methods assume a single-step curing process [83]. The problem
with dynamic measurements is that the epoxy resin cures over a temperature range. Epoxy
resins are not solely cured like this, and the temperature change adds complexity to the kinetic
analysis, as suggested by Varley et al [102]. Therefore, a lot of the kinetic modelling is
undertaken using isothermal measurements. However, success has been seen using either
heating method, enabling significant predictions into the crosslinking process in different epoxy
networks.

As discussed in earlier sections, different epoxy hardener combinations undergo network
formation through different processes. There is a need for different phenomenological or semi-
empirical kinetic approaches [111]. The most straightforward approach assumes that there is

only one step in the curing process, therefore one rate constant, which is related to the rate of
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reaction via a function related to the degree of cure such as the nt" order model given in equation

(2-7).

da

E = k(l — (l)n (2_7)

da . : : :
Where d—f is the rate of reaction, k is the temperature-dependent rate constant, and n is a

constant representing the reaction order. Gerami et al. suggest nt" order kinetics are suitable for
simple reactions where the reactants only interact when reacting and thus suitable for dynamic
and isothermal measurements. It often fails to accurately model the epoxy amine curing
reaction as impurities and reaction products interact with reactants self-catalysing the reaction;
Varley et al. found this to be the case when applying nth order kinetics to TGpAP/44’DDS [102].
Instead, they used the autocatalytic method given in equation (2-8) [105,142,143].
Autocatalytic behaviour is observed under dynamic heating [83,88,106,111], but often,

isothermal heating is used for implementing the autocatalytic method [134].

da m n
FTie (ky + k2a™)(1 — ) (2-8)

Where k; is the non-catalysed temperature-dependent rate constant, k, is the catalysed
temperature-dependent rate constant, and m and n are constants that represent the reaction
order. Bifunctional resins have been extensively studied using this model, with some focus on
multifunctional epoxies such as TGAP and TGDDM [102,127,144].

Even with this modified method, difficulties are encountered when predicting the cure
kinetics. Most notably, the change in control of the reaction. In the early stages of the cure, there
are mainly monomers and oligomers present in the system, and the reaction is kinetically
controlled, whereas, at some point between gelation and vitrification, the reaction becomes
diffusion-controlled due to the formation of crosslinks [145,146]. When the system is diffusion
controlled, there is a slowing down in reaction rate, which is not accounted for by the
autocatalytic method; therefore, studies have developed a kinetic model that accounts for

diffusion control, such as one developed by Barton, which assumed a linear decrease in reaction

36



Chapter 2. Literature Review Matt Whittaker

rate with conversion [126]. Other diffusion control methods developed by Chern and Poehlein
utilised the Williams-Landel-Ferry equation to relate the diffusion control process to changes
in free volume [147]. Both Cole et al. and Fournier et al. used this method to successfully
improve the description of cure in this region [104,148]. Interestingly, Varley et al. implemented
both the Barton and the Chern and Poehlein diffusion control methods and found
improvements in both methods [102].

Prediction of cure properties using DSC is a valuable tool for manufacturing composites as it
allows industry to predict the properties of resins and determine the cure temperatures
necessary to achieve a complete cure [83,138,149]. Cure cycles are often a combination of
dynamic and isothermal heating regimes. Very few studies have employed DSC to monitor
multiple dwell cure cycles [83,88], perhaps something that is overlooked due to its complexity.
Even without applying kinetic models, valuable insights can be achieved, such as the rate of

reaction and degree of cure, using this method.

2.3.3. DIELECTRIC

A dielectric material has negligible conductivity but can store charge due to its crosslinked
chemical structure [150]. Epoxy resin is a dielectric material by definition. Dielectric analysis
(DEA) is a technique that monitors the change in the dielectric properties of the epoxy resin
during the cure. It is a sensitive technique that can provide insight into the curing process of
epoxy resins, but as Skordos and Partridge state, "the information can be useful when
interpreted by a specialist” [151]. The definition of specialist varies, but this statement suggests
that correct assumptions and data treatments must be made to the data for it to become
insightful. A significant amount of research has been undertaken into DEA as like NIR, DEA
measurements can be taken while the resin is curing, either as neat resin or in a composite part,
making it a perfect technique for use in industrial applications. In the early years of composite
manufacturing, industry was limited to simple sensors such as the thermocouples mentioned
above or pressure transducers. DEA allows for a similar process with much-improved
information, allowing for a more efficient and cost-effective manufacturing process [152]. DEA
can provide information regarding the cure state, mechanical viscosity prior to gelation, ion

viscosity after gelation. Its simplicity of setup allows for effective cure monitoring of a wide
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variety of different materials such as neat resins, adhesives and composite structures in
different manufacturing settings.

DEA is implemented by applying an alternating voltage between two electrodes, generating
a response current [153]. The magnitude and phase difference of the response current
corresponds to dielectric constant and loss values, which are related to the material properties
[139]. Three different phenomena may occur: dipole polarisation, migrating charge conduction
and electrode polarisation [151]. During the early stages of the cure, when monomers and
oligomers are present, the resin behaves more like an ionic liquid rather than a dielectric
material. The conductivity and dielectric constant of the material is the greatest. As the resin
cures, the mobility of the species decreases, reducing dipole polarisation and migrating charge
conduction therefore, conductivity decreases. Conductivity will reach a minimum upon
vitrification as the system is crosslinked and dipole polarisation and charge migration will be
difficult. Full cure is identified as conductivity remaining constant, no more bonds are formed,
therefore, the restriction to the flow of species or dipole polarisation will not change.

Many studies have used DEA to study the properties of resin [98,99,138,151,152,154-177].
As with many of the techniques previously mentioned, DGEBA has been extensively studied
[98,138,155,157-160,174], whereas few studies have been published on the dielectric
behaviour of TGAP, most notably ]Jdidi et al. investigated the frequency dependency of
conductivity on cured TGAP/DETA resin [164]. Currently, none have monitored the curing
properties of TGAP cured with DDS using DEA.

This study will focus on monitoring the ion viscosity during cure, which is a measurement
related to the material's frequency-independent conductivity to identify the differences in
network formation [138,170,171,171,177]. lon viscosity is especially useful as the
measurement can be validated with other cure monitoring techniques such as DSC [138]. The
Di Benedetto equation shown in equation (2-5) relates T, of the uncured resin to the fully cured
resin to determine the degree of cure, @. The same relationship can be applied to ion viscosity,

IV, as shown in equation (2-9).

log(IV), —log(IV), _ Ty — Tyo
10g(IV) o —108(IV)g ~ Tye — Tyg (2-9)

cure index =
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Where log(1V), is the ion viscosity at @ = x, log(IV), is the ion viscosity at @ = 0 and log (I1V),
is the ion viscosity at @ = o, or 100 %. Note that the value obtained is given the name cure
index, as it does not describe the same phenomena as degree of cure obtained from DSC [153].
Skordos and Partridge, Hardis et al., and Wu et al. use this method of calculating the cure index
to compare the DEA cure index to the DSC degree of cure [99,138,151]. In all three studies, good
agreement was seen between the two methods. Both Skordos and Partridge and Hardis et al.
highlighted that isothermal cures are best suited for dielectric measurements as temperature
changes affect the values. In the case of ion viscosity, an increase in temperature will cause a
decrease in ion viscosity. This will have an adverse effect on the cure index calculation. Wu et al.
solved this issue by removing the data in the temperature ramp and using degree of cure data
from DSC in the ramp to account for the change; therefore, they could use DEA to calculate the
cure index in multi-dwell cure cycles [99].

Other than cure index, Hussain et al. used the change in conductivity to identify different
critical points of the cure, such as onset of cure, minimum viscosity point, gelation, end of cure
and T, [163]. Critical points such as gelation are challenging to observe in DEA, as suggested by
both Lee and Clopet et al, as the network structure is not restricted enough at this point to show
this in the conductivity or ion viscosity data, an alternative technique such as rheology is better
suited to this. This is similar to minimum viscosity; a dielectric minimum viscosity value can be
obtained and compared between resin formulations. However, it is not directly comparable with
rheological data, as shown by Simpson and Bidstrup [174]. Despite the dielectric measurements
giving information about ion viscosity, the term viscosity is slightly different from mechanical
viscosity as other factors affect it, such as temperature and free volume, which will be discussed
later in Chapter 5. Despite this, DEA will be useful for investigating the difference in network
formation for the structural isomers of TGAP/DDS and can give insight that other cure

monitoring techniques may not be able to.

2.4. SUMMARY OF LITERATURE

Extensive literature surrounds the cure monitoring of epoxy resins, but very few studies have
taken a multi-faceted approach to understand network formation further. The effect of

structural isomerism in TGAP/DDS on the cured properties has been previously investigated.
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However, there is a lack of research into understanding what occurs during network formation
that results in these properties.
This work sets out to understand how structural isomerism affects network formation using
different cure monitoring properties:
a) Optical properties using near-infrared spectroscopy
b) Thermal properties using differential scanning calorimetry and resin temperature
measurements
c) Dielectric properties using dielectric cure monitoring
The different techniques will be overlayed, and the reliability of the different measurements
will be compared.
The differences in network formation will be used to understand their effect on the cured
properties of the different networks. By doing so, fine-tuning of the mechanical and
thermomechanical properties using resin properties such as chemical structure and

epoxy:amine ratios rather than additives will be possible.
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3. MATERIALS AND METHODS

3.1. INTRODUCTION

The methods and materials used in the following chapters are outlined in this section. Any

deviation from this will be made clear in the chapters as it occurs.

3.2. MATERIALS

The epoxy resins and hardeners used in this study are triglycidyl-para-aminophenol (TGpAP),
triglycidyl-meta-aminophenol (TGmAP), 4,4’-diaminodiphenyl sulphone (44'DDS) and 3,3’-
diaminophenyl sulphone (33'DDS) are shown in Figure 3.1. The two epoxies, TGpAP and
TGmAP, were supplied by Huntsman Advanced Materials as Araldite MY0510 and Araldite
MY0610, respectively. The two hardeners, 44'DDS and 33'DDS, were supplied by Thermo
Scientific and Huntsman Advanced Materials as 4-aminophenyl sulfone and Aradur 9719-1 NL,
respectively. Four different formulations were produced and will be referred to as
TGpAP/44'DDS, TGpAP/33'DDS, TGmAP/44'DDS and TGmAP/33'DDS.

A
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Figure 3.1 - Chemical structures of the resins and hardeners: (a) triglycidyl-para-aminophenol (TGpAP), (b)
triglycidyl-meta-aminophenol (TGmAP), (c) 4,4’-diaminodiphenyl sulphone (44'DDS) and (d) 3,3’-
diaminodiphenyl sulphone (33'DDS).
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The epoxy to amine mass ratio is 100:36 (molar ratio 1:0.58), a significant epoxy excess to
ensure that all amine groups fully react to prevent moisture ingress and to account for
differences between theoretical and actual functionality, a commonly used technique in
industry [32,48]. The ratios are based on the functional group equivalent weight, shown in Table
3.1. A stoichiometric mass ratio would be 100:62. The epoxy equivalent weight (EEW) for pure
TGAP is 100 g mol-1, whereas the EEW for MY0510 and MY0610 is 92.3 g mol-1, indicating that
both TGpAP and TGmAP have small amounts of oligomers present. This indicates that hydroxyl

groups are present in the starting material.

Table 3.1 - Epoxies and hardeners used

EEW /g
Material Abbreviation Chemical Name 1 Supplier
mol-
Epoxy triglycidyl-para- Huntsman Advanced
TGpAP 100
Monomer aminophenol Materials
Epox triglycidyl-meta- Huntsman Advanced
poRy TGmAP sYey 100
Monomer aminophenol Materials
Amine 4,4’-diaminodiphenyl
44’'DDS 62 Thermo Scientific
Hardener sulphone
Amine 3,3’-diaminodiphenyl Huntsman Advanced
33’'DDS 62
Hardener sulphone Materials

3.2.1. PREPARATION OF EPOXY RESINS

Firstly, epoxy was weighed out using a two-point balance (around 30-50 g), and the necessary
amount of hardener (according to the epoxy amine ratio) was weighed. An oil bath on a hot
plate heated the epoxy to around 60 °C, at which point the hardener was added, and the
temperature was increased to 120 °C. The epoxy hardener mixture was mechanically stirred for
10 minutes until the hardener was completely dissolved (a clear solution). The mixed liquid
resin was then degassed at 100 °C using a vacuum oven until no more bubbles were present.
The resin was then poured into the appropriate preheated mould and cured in a convection
oven. The moulds differed depending on the technique: a glass panel was used for flat cast

samples (approximately 2 mm thick), and a 100 mm by 100 mm glass dish was used for thicker
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samples (approximately 4 mm thick). Frekote 770-NC was applied to the mould surface as a

release agent.

3.2.2. CURE OF EPOXY RESINS

Unless otherwise stated, all TGAP/DDS resins were cured using the same cure cycle as follows:
100 to 130 °C at 2 °C min! (15 min), 130 °C for 2 hr, 130 to 160 °C at 2 °C min-! (15 min), 160
°C for 1 hr, 160 to 200 °C at 1 °C min-! (40 min) and 200 °C for 2 hr: 6 hr 10 min total curing
time. This is shown graphically in Figure 3.2. This cure cycle was previously used by Ramsdale-

Capper and Foreman and achieved nearly 100 % cure for all formulations [32].
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Figure 3.2 - Standard multi-dwell cure cycle of TGAP/DDS. Note that the temperature axis starts at 100 °C.

Dashed lines indicate the start and end of dwells.

3.3.CURE MONITORING

The cure of the TGAP/DDS formulations was monitored throughout the following studies using
multiple techniques that monitor different properties associated with the epoxy resin cure. The

methods are outlined below.
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3.3.1. NEAR-INFRARED SPECTROSCOPY

Near-infrared spectroscopy is a Fourier transform infrared spectroscopy (FTIR) technique in
the near-infrared region (4000 cm-! to 12500 cm-1). Light is passed through the sample, and the
resultant transmitted light differs depending on the material's absorbance at different
wavelengths. The near-infrared region is used as the reactive groups involved in the epoxy
curing process have good separation and intensity in NIR spectra.

NIR was performed using an Ocean Optics NIRQuest 2500 in transmission mode between
4000 cm and 11000 cm-! using an integration time of 16ms, 16 scans to average and 4 cm-1
resolution. A light source was connected to a fibre optic cable which was mounted to a bespoke
stand, fixing the position and ensuring alignment with the receiving fibre optic cable connected
to the spectrometer. A heating stage was placed on the stand in between the fibre optic cables
allowing light to transmit through the epoxy sample. Sample holders were prepared using a
PTFE spacer of approximately 0.4 mm thickness attached to a square cut glass microscope slide
using flashbreaker tape. The glass slides were preheated to 100 °C and the elevated temperature
mixed TGAP/DDS was placed in the PTFE spacer, and another glass slide was placed on top, to
ensure the path length stayed constant and the epoxy surface was flat. The glass slides were
then placed onto a preheated (100 °C) Linkam THMS600 heating stage. The spectrometer was
connected to a PC where the spectra were visualised and exported using OceanView and then
smoothed and analysed using OriginPro and Fityk [178,179]. An example of the setup is shown
in Figure 3.3.

Sample mounted | :
on glass slide

Figure 3.3 - An example of the setup of near infrared cure monitoring
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The resultant absorbance spectra allow quantitative analysis of the functional groups
present during the epoxy resin cure due to the relationship between absorbance and

concentration given by Bouguer-Beer-Lambert law in equation (3-1):
Ly
logT—A =¢ecl (3-1)

Where I, is the initial intensity of light, I is the intensity of light after travelling through the
material, 4 is absorbance, ¢ is the molar absorption coefficient, c is concentration and [ is the
path length. A = ¢cl is the section of interest for NIR, known as Beer's law. The molar
absorption efficient is different for each functional group as it is a measure of how the chemical
species interacts with light. The path length should stay constant throughout the cure, but it can
change by very small amounts as DDS resins can expand and contract during the cure, so a
standard peak which doesn’t change concentration throughout the cure is used to normalise
the signal and account for any path length changes.

The following procedure will closely follow the methods used in St John and George and

Varley et al. [48,49].

3.3.1.1. BAND IDENTIFICATION

Firstly, the chemical functional groups must be identified. The reaction mechanism outlined in
Figure 2 .7 shows that the groups of interest are the epoxide ring, primary amines, secondary
amines, tertiary amines and ether groups. The tertiary amines and ether groups cannot be
monitored using NIR as the lack of a hydrogen bond means the overtone or combination band
is not intense enough to monitor; therefore, the concentration must be determined indirectly,
as will be shown later. The bands associated with epoxide groups and primary and secondary
amines must be identified. Mid-infrared spectroscopy can be used to determine the possible
overtone and combination bands, but this has already been undertaken in previous literature
[48,61,85]. Using literature and NIR measurements of the individual reagents, band
assignments for the epoxide, primary and secondary amines, aromatic and hydroxyl groups for
the structural isomers of TGAP and DDS are shown in Table 3.2. It is worth noting that with this
technique, the light source needs to transmit through the material. Both TGAPs are liquid,
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allowing measurements to be taken at low temperatures (100 °C). Both 44'DDS and 33'DDS are
powdered solids at room temperature, and they need to be melted at 200 °C to take reliable NIR

measurements [180,181].

Table 3.2 - Functional group band assignments for the structural isomers of TGAP and DDS

Functional Group Assignment Wavenumber / cm1

6038 (TGpAP)

6034 (TGmAP)
5850 (TGpAP and TGmAP)
4517 (TGpAP and TGmAP)

Epoxide C-H

4522 (44’DDS and 33’DDS)
NH2 (primary amine) 5059 (44'DDS)

5047 (33'DDS)

6657 (44'DDS)
6642 (33'DDS)

NH (primary and secondary amine)

5962 (TGpAP and TGmAP)
5970 (44'DDS and 33'DDS)
4616 (TGpAP)

4683 (TGpAP)

4602 (TGmAP)

4675 (TGmAP)

Aromatic C-H

Hydroxyl O-H 7000 (broad)

As mentioned in the literature review, studies have used the epoxide ring band at 4500 cm-1,
such as Poisson et al. [72], but there is overlap here with the primary amine group at 4522 cm-
Lin both 44' and 33'DDS. The epoxide bands around 6000 cm-! are more suitable, as used by St
John and George and Varley et al. [48,49]. This region has three peaks: epoxide C-H at 5850 cm-
1, aromatic C-H at 5960 and epoxide CHzat 6035 cm-1. These are an isolated group of peaks that
can be deconvoluted and reliably tracked throughout the cure. It is possible to track the 4522
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cm! peak, but its overlap with the primary amine possibly introduces greater error in the

results, and the baseline is more challenging to determine. The NIR spectra of the four different

starting reagents are shown in Figure 3.4.
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Figure 3.4 - Near-infrared spectra of the starting reagents: (a) triglycidyl-para-aminophenol (TGpAP), (b)
triglycidyl-meta-aminophenol (TGmAP), (c) 4,4’-diaminodiphenyl sulphone (44'DDS) and (d) 3,3’-
diaminodiphenyl sulphone (33'DDS) (smoothed).

A baseline was applied using fityk to the spectra to allow for deconvoluting the assigned peaks
and determining the peak area [179]. An example of the baseline applied to the epoxide and

aromatic region around 6000 cm! is shown in Figure 3.5.
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Absorbance

5600 5600 6000 6200

Wavenumber / cm!

Figure 3.5 - An example of the baseline applied the NIR spectra in the epoxide and aromatic group region

around 6000 cm-! for pure TGpAP using Fityk software.

An example of the deconvolution of the epoxide bands in TGpAP that occur around 6000 cm1 is
shown in Figure 3.6. An unassigned band at approximately 6130 cm-! can be seen, this was also
seen in pure TGmAP and the four different TGAP:DDS formulations throughout the cure. As it
was constant feature of the spectra throughout the cure, it was included in the deconvolution

method to determine both the epoxide C-H band and aromatic C-H band area.

Absorbance

5100 5600 5300 C F100 6200

Wavenumber / cm?!

Figure 3.6 - An example of deconvolution of the epoxide C-H bands (6038 cm'! and 5850 cm'!) and the
aromatic C-H band (5962 cm) in pure TGpAP using Fityk software.

The deconvolution of the primary and secondary amine peak at 6657 cm-! in 44’DDS is shown

in Figure 3.7. As this is pure 44’DDS, the band should only arise from primary amines, however,
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during the cure, it represents the absorbance of primary and secondary amines. Like with the
epoxy region above, there are other bands present during deconvolution, however, literature
has assigned the two bands at approximately 6550 cm-! and 6860 cm! to primary amine
symmetric stretching and asymmetric stretching respectively [85]. These will also decrease
during the cure. There is no alternative peak for determining secondary amine concentration

therefore care must be taken when deconvoluting these peaks in order to reduce potential error.

Absorbance

/‘\

400 00 5800 7000

Wavenumber / cm™

Figure 3.7 - An example of deconvolution of the primary and secondary amine band at 6657 cm-! in pure

44”DDS using Fityk software.
3.3.1.2. MOLAR ABSORPTION COEFFICIENT

Now the bands of interest have been identified, the molar absorption coefficient can be
calculated. Each band and functional group will have a unique value as the interaction with light
differs, which can be calculated using Beer's law from equation (3-1). The absorbance is the
area under the peak. The path length is measured, and the concentration is determined from
the equivalent weights and ratio of TGAP:DDS. The initial concentrations of the epoxide and
primary amine groups are given in Table 3.3.

It is assumed that only epoxide groups are present in TGAP, and only primary amines are in
DDS. To calculate the concentration, the molecular weight per mole of reactive group is needed.
This is known as the epoxy equivalent weight or primary amine equivalent weight and is given
in Table 3.3. The functional group concentration is the number of moles of the functional group
per kilogram, therefore it would 1 divided by the equivalent weight (in kg mol-1). This gives the

values for pure TGAP and pure DDS in Table 3.3. To calculate the functional group concentration
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in the mixture, the epoxy:amine mass ratio is taken into account. In this case, itis a 100:36 mass

ratio of TGAP:DDS. The epoxide group concentration is multiplied by g and the primary amine

. - 36 . . N . .
group concentration is multiplied by o Siving the initial functional group concentrations for

TGAP/DDS mixture in Table 3.3. As the chemical composition does not change between

structural isomers, the values are only given for TGAP and DDS.

Table 3.3 - Initial functional group concentration values for pure TGAP and DDS and TGAP/DDS with epoxy

amine mass ratio of 100:36

Initial functional group concentration / mol kg1

Formulation Epoxide Primary amine
TGAP (EEW =0.100 kg mol-1) 10.00 -
DDS (pAEW = 0.124 kg mol1) - 8.06
TGAP/DDS (100:36) 7.35 2.14

Using these values and equation (3-1), the molar absorption coefficient, ¢, can be calculated for
the epoxide group at 6035 cm-! and the primary amine at 5059 cm-! and 6650 cm1. Knox et al.
used a calibration curve method to validate the value at different path lengths [87]. A calibration
curve method was not used in this thesis as a significant temperature gradient occurred at
thicker path lengths due to using a single-sided heating stage. Instead, they were validated using
different temperatures like Varley et al. [48]. It was found that the molar absorption coefficient
did change depending on temperature. Therefore, a similar approach to Janisse was used, where
a scaling factor accounted for this change. It was found that molar absorption values vary by 0.3
% for each °C. This was applied to the values depending on the measurement temperature
[182], resulting in values similar to those in the literature. The 44'DDS values were very similar
to that of Jackson et al. [30].

Calculating the secondary amine molar absorption values is a more complicated method. The
band at roughly 6650 cm-! contains both primary and secondary amines. Initially, there are only
primary amines present, but shortly after the start of the reaction (around 20 minutes), it is

assumed that any consumption of primary amines has produced only secondary amines, and
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there has been no formation of tertiary amines. The secondary amine concentration at short-

time values can be calculated using equation (3-2).

[SA]; = [PA]o — [PA]; (3-2)

Where [PA], is the initial primary amine concentration, [PA]; is the primary amine
concentration at time, t, and [SA]; is the secondary amine concentration at time, t. When bands

overlap, a superposition assumption can be used given in equation (3-3).
A =A1+A2 ++ATL = l(€1C1+€2C2+"‘+gnCn) (3_3)

Giving equation (3-4) for the overlapping band of primary and secondary amines at 6650 cm-

1-

Anp,+nu = Anm, T Ang = l(ENHZ [PA]; + enu([PA]o — [PA]t)) (3-4)

Rearranging this gives equation (3-5), which can be used to calculate the molar absorption

coefficient for the secondary amine at 6650 cm-1.

_ ANty +nH — (<‘5N112 [PA]tl)
sssoem= =~ I([PAJ, — [PA],)

(3-5)

EnH

As several assumptions are involved in the calculation, the values are different for each

formulation. All values are given in Table 3.4.
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Table 3.4 - Molar absorption coefficients for the different functional groups of the structural isomers of TGAP

and DDS as varying wavenumbers

Molar absorption coefficient
Functional group (band position)
/ kg mol-1 cm-1

TGpAP epoxide CHz (6038 cm1) 33.0
TGmAP epoxide CHz (6034 cm-1) 38.6
44’DDS primary amine NH2 (5059 cm1) 125.9
33’DDS primary amine NHz (5059 cm1) 147.5
44’DDS primary amine NH2 (6657cm-1) 81.5
33’'DDS primary amine NH2 (6642cm1) 82.3
TGpAP/44'DDS secondary amine NH
140.0
(6657 cm-1)
TGpAP/33'DDS secondary amine NH 1570
(6642 cm) '
TGmAP/44'DDS secondary amine NH
140.0
(6657 cm1)
TGmAP/33'DDS secondary amine NH
127.0

(6642 cm1)

3.3.1.3. FUNCTION GROUP CONCENTRATION CALCULATIONS

Epoxide and primary amine concentrations are determined using the rearranged Beer law

given in equation (3-6).

e =1

(3-6)

Where [X]; is the functional group concentration at time, t, when X is epoxide (EP) or primary

amine (PA) and A4, is the area of the absorbance band at time, ¢.
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Secondary amine concentration, [SA], is determined using the calculated primary amine

concentration value from the band 5059 cm-! using equation (3-7).

Ages50 cm=1 — (ENH26650 - [PA]tl)
[SA]e = (3-7)
ENH

6650 cm™—1

These equations give all the directly obtainable functional group concentrations from the NIR
spectra. It is possible to obtain the concentration of species not present in the NIR. The tertiary
amine concentration, [TA];, can be determined using the primary and secondary amine

concentrations, as shown in equation (3-8).

[TA], = [PA]o — [PA]. — [SA]: (3-8)

The other functional group concentration that can be determined is the ether group
concentration, assuming that any epoxide reaction that does not involve an amine forms an
ether, as suggested by St John and George [49]. In these TGAP/DDS formulations, there is
significant epoxy excess, which suggests that epoxide will react with hydroxyl groups through
etherification or with other epoxide groups through homopolymerisation. The epoxide amine
only concentration, [E P%],, and therefore the ether concentration, [ether],, is given by equation

(3-9) and (3-10) respectively.

[EP®]e = [EP]o — ([PA]o — [PA]: + [TA]e) (3-9)

lether], = [EP], — [EP?], (3-10)
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3.3.2. RESIN TEMPERATURE MEASUREMENTS

An exposed junction K-type thermocouple connected to a Pico Technology TC-08 USB data
logger was used to measure the temperature of the resins during the cure as a comparison to
oven temperature. Uncured resin was cast into a 100 mm by 100 mm glass dish, a thermocouple
was placed into the centre of the resin, and temperature measurements were taken as the resin

cured. A different K-type thermocouple measured the temperature of the oven during the cure.

3.3.3. DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry (DSC) was performed using a Perkin Elmer DSC 6 calibrated
to an indium standard in a constant flow of dry nitrogen gas at 50 mL min-1. The measurement
method was heat flux, where the difference between the sample and reference pan temperature
was measured. When thermal events occur, the sample will heat differently to the reference pan,
and the difference is shown in the differential heat flow output, which is either an exothermic
or endothermic response.

Cured and uncured samples were measured using DSC. For uncured samples, the process
outlined in section 3.2.1 was followed, and approximately 5 - 10 mg of uncured resin was placed
in an aluminium sample pan sealed with an aluminium lid and heated accordingly. For cured
samples, a small piece of cured resin obtained from a flat cast sample, 5 - 10 mg, was placed in
an aluminium pan so that the maximum surface area was in contact with the base of the pan.

Two different methods of heating were used. One is dynamic heating, where a constant
heating rate is used between a temperature range. This study heated samples from 30 to 300 °C
at five different heating rates (2.5, 5, 10, 15 and 20 °C min-1). The other is isothermal heating,
where a sample is heated quickly up to a temperature where it is held until no more curing takes
place. This study used five different isotherms (130, 160, 200, 210 and 220 °C) with differing
lengths of time. After each test, the resin is cooled to 30 °C and dynamically heated to 300 °C to
determine the residual cure and T} (if possible). For dynamic and isothermal measurements, a
baseline run of an empty sample pan has been measured to account for any changes in the
heating procedures for the aluminium pan. Isothermal and dynamic heating have been used for
uncured resin, whereas dynamic heating has been used for cured resin to determine the degree

of cure and T,.
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3.3.3.1. DSC ANALYSIS

The thermal response in DSC tests is shown in terms of the heat flow. From this, the enthalpy of
reaction can be found by integrating heat flow with respect to either time or temperature. The
heat flow measurements are outputted as mW, and the heat flow is normalised using the sample

mass to give W g~1. The baseline for dynamic measurements is determined using a user defined

cubic spline baseline, an example is shown in Figure 3.8.

Heat Flow /] g!

o —

Temperature / °C

Figure 3.8 - An example of baseline determination for a dynamic DSC measurement of TGpAP/44’DDS heating

at arate of 2.5 °C minL. Red line indicates baseline.

The baseline for isothermal measurements are determined as the straight line from when rate

of reaction is zero, an example is shown in Figure 3.9.
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Heat Flow /] g?

ggggggg

Temperature / °C

Figure 3.9 - An example of baseline determination for an isothermal DSC measurement of TGpAP/44'DDS

heating at a rate of 200 °C. Red line indicates baseline.

Equation (3-11) shows the method for calculating the enthalpy of reaction for isothermal

heating procedures.

t
AH(t) = f %dt (3-11)
0

Where AH(t) is the enthalpy of reaction at time, t and % is heat flow. Equation (3-12) shows

the method for calculating the enthalpy of reaction for dynamic heating procedures.

1 (Tdq
AH(T)—EL —dT (3-12)

Where AH(T) is the enthalpy of reaction at temperature, T and S is heating rate (%). The total

enthalpy of cure, AH,, is defined as the point at which the rate of change in heat flow is zero.
The degree of cure is calculated by comparing the enthalpy of reaction to the total enthalpy of
cure. Equation (3-13) shows the method for calculating degree of cure for isothermal
measurements, and equation (3-14) shows the calculation for degree of cure in dynamic

measurements.
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AH(t)

a(t) = AR, (3-13)
AH(T)

a(T) = AH, (3-14)

Where a is degree of cure. The rate of reaction can be calculated by the heat flow with the total
enthalpy of cure as shown in equation (3-15) with respect to time and in equation (3-16) with

respect to temperature.

dq dq
de _ g _Par (3-15)
dt ~ AH, _ DH,
dq
da _ 4qr (3-16)
dT ~ AH,

da . . . . da . . .
Where d—(: is rate of reaction with respect to time and d—: is rate of reaction with respect to

temperature.
Different methods will be used to calculate activation energies and rate constants for the
curing reactions, but they will not be given here as each method comes with significant

discussion. These will be presented and explained in Chapter 5.

3.3.4. DIELECTRIC ANALYSIS

Dielectric analysis (DEA) measures the response of a material when an alternating voltage is
applied [177]. Monitoring the change in conductivity throughout the cure indicates how the
curing process is progressing and allows for the identification of critical points.

DEA was performed on all four formulations of TGAP/DDS using a Lambient Technologies
LT-451 dielectric cure monitor (single channel) with single-use Mini-Varicon sensors.

Measurements are taken at six different frequencies (1, 10, 100, 1000, 10,000 and 100,000 Hz)
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at thirty-second intervals during the cure and the cooling period. An image of the dielectric cure

monitor equipment and resin covering the Mini-Varicon sensor is shown in Figure 3.10.

Figure 3.10 - An image of the Lambient LT-451 Dielectric Cure Monitor equipment and resin cast onto a Mini-

Variscon sensor with a K-type thermocouple.

The Mini-Varicon sensors are shown in Figure 3.11 and consist of a polyimide substrate and
copper electrodes. The B line indicates the position at which the sensor can be cut and form a
smaller electrode should it be needed; in this study, the entire sensor is used as it allows for the
highest sensitivity, which is imperative for low-conductivity materials such as epoxy resin. The
dimensions are 40 mm by 19 mm by 0.1 mm with a ratio of electrode area to electrode
separation (4/D) of 80 cm. The procedure for preparing resins in 3.2.1 was followed and the
mixed resin was cast into a 100 mm by 100 mm glass dish to ensure complete sensor coverage.
The sensor was attached the glass dish using flashbreaker tape to prevent any unnecessary

movement during the cure.
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B OF FINGERS
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|

B

Figure 3.11 - Schematic of Mini-Varicon sensor where B is the cut line for making the sensor smaller. Taken

from Lambient Technologies [183].

The resin is cured in a convection oven with the wires attached from the sensor to the cure
monitoring equipment outside the oven. Lambient Technologies provides the CureView data
acquisition and analysis software [184]. There are multiple parameters outputted from the
measurements. For this study, a measurement known as ion viscosity is of interest.

To obtain the ion viscosity values, the relationship between the response current and the

alternating exciting voltage is used. When a voltage of the form of equation (3-17).

V(t) = Voexp (iwt) (3-17)

Where V is voltage and w is angular frequency. A corresponding time-dependent current will

lag by a phase angle, §, in the form of equation (3-18) [152].

I(t) = Iy exp[i(wt — &)] (3-18)
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Where [ is current. Using this relationship, the cure can be described in a phenomenological
approach using a parallel circuit known as the dielectric Maxwell model, as shown in Figure

3.12.

ck 3w

Figure 3.12 - Electric model of a dielectric material under test where C is capacitance and R is resistance.

Using the relationship between voltage and current and the model in Figure 3.12, the equation
(3-19) is obtained, which relates the admittance of the circuit to the resistance and capacitance

of the material under test.

V=gtiol=yos (3-19)

Where Y is admittance, R is resistance, C is capacitance, and w is angular frequency. A similar

expression can be obtained for complex permittivity in equation (3-20).

g* — gl _ igll (3_20)

Where ¢* is complex permittivity, €’ is relative permittivity and &" is dielectric loss factor.
Relative permittivity accounts for the dipole orientation, whereas the dielectric loss factor

accounts for the energy loss in the material attributed to dipole motion and ionic flow [156].

1
R(L)Co

From that, relative permittivity, &’ = s obtained and dielectric loss factor, &' = . The
0

model in Figure 3.12 can be improved upon by incorporating the same circuit but in series as
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shown in Figure 3.13. Mijovi¢ et al. named this the four-parameter dielectric model [152]. This
allows us to determine both the frequency-independent and frequency-dependent responses of

the dielectric loss factor [152,185].

Figure 3.13 - Four-parameter electric model of a dielectric material under test where Cx is capacitance and Rx

is resistance.

Therefore, the dielectric loss factor component is shown in equation (3-21) and accounts for

frequency-dependent dipole motion and frequency-independent conductivity.

1 N 1 (sr—su)wt_l_ o
T RiwCy  RywCy 1+ w212 we, (3-21)

n

Where ¢, is the relaxed permittivity, the highest amount of dipole orientation possible in the
sample, g, is the unrelaxed permittivity, the baseline value of dielectric permittivity [152], T is
the relaxation time, ¢, is the permittivity of free space and o is conductivity. To obtain ion
viscosity data, the frequency independent component is of interest and it is often found that at

low frequencies, equation (3-22) is satisfied [156].

(& — g T o
14 w?t? « we (3-22)
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The contribution from dipole orientation is negligible, and ion flow is equal to the dielectric loss
factor giving equation (3-23). lonic flow arises from the flow of mobile ions. In the case of epoxy
resin, it is the flow of the reactive groups which experience induced dipoles from the applied
alternating voltage and the flow of ionic impurities generated in the synthesis process. The ionic
impurity content has not been studied, but it is expected that sodium and chloride ions will be

present from the synthesis process [165,186].

g =— (3-23)

The dielectric cure monitoring equipment provided by Lambient Technologies outputs a
measurement known as ion viscosity, which this study will use. It directly relates to resistivity,

as shown in (3-24).

log(1V) = log (é) = log(p) (3-24)

Where p is resistivity, and IV is ion viscosity. This study will analyse the changes in IV to identify
the differences in network formation between the four structural isomer combinations of

TGAP/DDS.

3.4.CURED RESIN

The properties of the cured resins were investigated using multiple techniques. These
properties were used to justify the findings of the cure monitoring techniques, many of which

have already been undertaken in a previous study by Ramsdale-Capper and Foreman [32].

3.4.1. DYNAMIC MECHANICAL ANALYSIS

Dynamic mechanical analysis (DMA) was used to determine the viscoelastic behaviour of a
polymer. A Perkin ElImer DMA800O, in single cantilever mode at 1 Hz with a strain amplitude of

0.05 mm between -180 °C and 300 °C using a heating rate of 3 °C min-! was used to determine
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the glass, beta and omega transition temperatures. The samples were obtained from flat cast
samples and cut using a tile saw to dimensions of 30 mm by 10 mm by 1.6 mm. The glass
transition temperatures were taken as the peak temperature, whereas the beta and omega
transitions were analysed using the peak areas.

In DMA, an oscillating force is applied to a sample, and the material's response is measured
[187]. Applying a constant load at sinusoidal oscillation will result in a stress that changes

sinusoidally, as given in equation (3-25).

o(t) = oy sin(wt) (3-25)

Where a(t) is the stress at time, t, g, is the maximum stress, and w is the angular frequency.

When the material behaves viscoelastically, the resultant strain is given by equation (3-26).

e(t) = gy sin(wt + 6) (3-26)

Where £(t) is the strain at time, t, &, is the strain at the maximum stress, and § is the phase lag
between the applied stress and resultant strain. From this, complex strain can be obtained in
equation (3-27) (a very similar equation to one seen in section 3.3.4; note that ¢ refers to strain

in this case, not permittivity).

e =g +ig" (3-27)

From this, the storage modulus can be calculated where, E' is related to the elastic response and
loss modulus, E" related energy dissipation due to viscous behaviour in equation (3-28) and

(3-29).

E’ == _C056 (3_28)
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E'" = —sind (3_29)

The ratio between loss modulus and storage modulus indicates the damping in the material and
how efficiently the material loses energy due to molecular rearrangements and internal friction

[187]. This is shown in equation (3-30).

Il

tand = 7 (3-30)

When molecular mobility changes occur in the material, such as glass transition temperature,
T,, there is a significant change in storage modulus, and this results in a significant peak in the
tan §. The same can be said for sub-Tg transitions, such as the beta transition, but these will be

less pronounced as the change in molecular mobility is less significant.

3.4.2. FLEXURAL MECHANICAL TESTING

Flexural testing was used to determine the material's bending properties. A Lloyd TA500
tensometer was used to apply a load to a sample mounted on a three-point bending jig. The
sample was deformed until it broke or reached the maximum load of the load cell (400 N). The
three-point bending jig had a span of 25 mm, and the samples were obtained from a flat cast
sample and cut using a tile cutter to dimensions of 60 mm by 12.7 mm by 1.6 mm. A compliance
test was conducted on a stiff steel block to account for any compliance (deformation) in the
testing rig, which was applied to the sample data. A load-displacement graph was obtained, and

the flexural modulus, strength and strain at break could be calculated. Flexural modulus, Efiex

is given in equation (3-31).

L3m

Eflex = M (3-31)
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Where L is the support span, m is the gradient of the linear portion of the load-displacement

graph, b is the width of the sample, and d is the thickness of the sample. Flexural stress, oy, is

given in equation (3-32).

3FL
Oftex = 5172 (3-32)

Where F is the applied load. Flexural strain is calculated using equation (3-33).

6Dd
Eflex = Iz (3-33)

Where D is the deflection. A stress-strain graph can then be plotted. The flexural strength is the
maximum stress value, and the strain at break is the strain value at failure. The number of

samples in each batch was 17.

3.4.3. GAS PYCNOMETRY

The volume of cured epoxy samples was obtained using a Micrometrics AccuPyc 1340 in a 1
cm3 sample cell. Samples were weighed and placed in the cell, where helium gas was pumped
into the sample cell at a pressure of 19 PSI and purged five times. Samples were obtained from
resin cast in cylindrical test tubes of 10 mm diameter and then cut to 4 mm length. Consistent
sample sizes were used to ensure that the surface area was consistent, as this could potentially
affect the volume measurements. From this, the volume was obtained, and the sample's density

was calculated using equation (3-34).

i)
I
<13

(3-34)

Where p is density, m is mass and V is volume.
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3.4.4. THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analysis was performed on cured samples to investigate the thermal
stability. A Perkin Elmer Pyris 1 TGA was used under a dry nitrogen gas flow of 20 mL min-!
between 30 °C and 700 °C at a heating rate of 10 °C min-1. 10 - 20 mg samples were obtained
from flat-cast cured samples. The equipment weighed the initial mass of the sample and
monitored the mass as a function of temperature. From this, the onset of thermal degradation,

the temperature at maximum rate of degradation and char yield were found.

3.4.5. POSITRON ANNIHILATION LIFETIME SPECTROSCOPY

Postitron annihilation lifetime spectroscopy was performed to investigate the free-volume
voids of cured resin samples using the Tao-Eldrup bubble model. Tests were performed at room
temperature on samples obtained from flat cast samples cut using a tile saw to 25 mm by 25
mm by 2 mm using the Sheffield positron annihilation lifetime spectrometer (SPALS). Technical
information regarding SPALS follows as taken from a thesis by Alec Shackleford who developed

the equipment [188]. Positron source information is shown in Table 3.5.

Table 3.5 - SPALS Source information taken from [188].

Source Information

Source Identifier 22Na Positron Source
Half life 2.6 years
Activity 1.85 MBq £ 15 %

Active diameter 5.08 mm

Overall dimensions 12.7 mm

EJ232Q quenched with 0.5 % benzophenone was used as the scintillator and the information is

summarised in Table 3.6.
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Table 3.6 - SPALS Scintillator information taken from Eljen Technology [189].

Scintillator Information

Type EJ232Q 0.5 % benzophenone
Shape Cylinder

Diameter 51 mm

Length 51 mm
Scintillation efficiency (photons/KeV) 2.9
Light output (% anthracene) 19
Decay time (ps) 700
Wavelength maximum emission (nm) 370

A H1919-X photomultiplier tube (PMT) is used to convert the photons produced by the

scintillator to detectable electrical current [188], the information is summarised in Table 3.7.

Table 3.7 - SPALS H1919-X photomultiplier tube information taken from Shackleford [188].

PMT Information

Spectral range (nm) 300 - 650
Wavelength maximum emission (nm) 420
Rise time (ns) 1.3
Gain 2x107

A fourfold coincidence unit was used to discriminate noise and scatter. A DRS4 evaluation board
was used to digitally measure the electrical signal.

These tests and analysis were undertaken by Joseph Orgill in the physics department at the
University of Sheffield.
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4. INVESTIGATION OF THE NETWORK DEVELOPMENT IN STRUCTURAL
ISOMERS OF TGAP/DDS USING NEAR-INFRARED SPECTROSCOPY

4.1. INTRODUCTION

The network formation of epoxy resins can be monitored using near-infrared spectroscopy
(NIR) by tracking the changes in the concentration of functional groups involved in the network
formation reactions. NIR gives information regarding what bonds make up the network and
how these affect the resultant properties of the resin in question.

NIR is widely used due to its versatility for different applications such as medical imaging,
food science, and, in this case, online cure monitoring of thermosetting resins [64]. It can be
performed in two different modes: transmission and reflectance. Transmission mode makes it
suitable for materials that will transmit light through them, colourless or a weak colour. In
contrast, reflectance allows NIR to be used for dark materials such as carbon fibre thermoset
composites where light cannot transmit through. The spectra should show the same results
between the two different techniques.

Due to the use of overtones and combination bands that result in relatively low-intensity
bands compared to mid-infrared spectroscopy, the samples can be thick, meaning that very little
sample preparation is needed to start taking measurements, making it an attractive technique
for industrial applications for monitoring the cure. Generally, industry is interested in knowing
whether their part is completely cured. This can be done by tracking the epoxide group band as
the ratio of the epoxide group concentration at a given time, [EP];, to the initial epoxide group
concentration, [EP],. Equation (4-1) gives a measure of how cured the resin is, known as

epoxide degree of cure, agp.

_[EP), — [EP],
B (1)

This is a suitable measure for industry, but NIR can tell us more about network formation.
Knowing when specific reactions occur can allow us to identify what reactions affect the cured
resin properties. This is especially important in high-functionality resins such as triglycidyl

aminophenol (TGAP), where the network formation is considerably more complex than a
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bifunctional resin such as diglycidyl ether of bisphenol A (DGEBA). TGAP has three epoxide
groups, whereas DGEBA has two. The crosslink density should be higher. When the crosslinking
reactions occur will have more effect on the properties such as glass transition temperature,
compressive, tensile and flexural properties and free volume space. Therefore, it is crucial to
understand and quantitatively analyse the network formation in high-functionality epoxy

resins.

4.2. CHAPTER OVERVIEW

This chapter of the study will monitor the network formation of the structural isomers of TGAP
(triglycidyl-para-aminophenol and triglycidyl-meta-aminophenol) and DDS
(4,4'diaminodiphenyl sulphone and 3,3’-diaminodiphenyl sulphone) using near-infrared
spectroscopy. The formation of these networks (TGpAP/44’DDS, TGpAP/33'DDS,
TGmAP/44'DDS and TGmAP/33'DDS) will be analysed and compared between each
formulation and how these differences influence the resultant cured resin properties. A
multistep cure cycle outlined in Chapter 1. Materials and Methods will be used, which is not
often done due to the complexity of taking measurements at different dwells and the effect of
temperature change on the molar absorptivity coefficient [182]. Understanding how particular
reactions influence the resultant resin properties, such internal antiplasticisation [32], will
allow us to fine-tune the properties of resins using chemical structure. The method used and

the equations used have been outlined in Chapter 1. Materials and Methods.

4.3. NETWORK FORMATION

The network formation of epoxy amine resins involves three key reactions that are quantifiable
using NIR. The ring-opening reactions are shown in Figure 4.1: (a) is the reaction between
epoxide groups and primary amines, (b) is the reaction between epoxide groups and secondary
amines and (c) is the reaction between epoxide groups and hydroxyl groups. Where these
reactions occur can vary; the position on which part of the epoxide group or hardener cannot
be determined via NIR. Assumptions have to made based on previous literature and chemical

structures.
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Figure 4.1 - Chemical reactions that occur during the network formation of an epoxy amine resin: (a) epoxide
ring and primary amine, (b) epoxide ring and secondary amine and (c) epoxide ring and hydroxyl group

(etherification).

The NIR spectra of the four formulations during the cure are presented in Figure 4.2. The
reactions in Figure 4.1 can be identified by the change in the absorbance of the epoxide, primary
and secondary amines and hydroxyl group bands. Figure 4.2 shows the evolution of these bands.
Reaction (a) is shown by an epoxide group and primary amine decrease and a secondary amine
increase, (b) by a decrease in the epoxide and secondary amine groups and (c) by a decrease in
the epoxide group and no change in either amine group. The spectra are given at 60-minute
intervals. In the analysis, spectra were analysed at 10-minute intervals, but not all were
successfully analysed due to interference. The epoxide band at 4530 cm-! is a prominent band
but is not used in this study as there is overlap with a primary amine band and also baseline
shift due to light scatter at these wavenumbers. The proximity of other peaks also makes
analysis difficult and unreliable; therefore, the epoxide peak identified in Figure 4.2 at 6035 cm-

1 will be used for all formulations.
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Figure 4.2 - Near-infrared spectra of the network formation of the four structural isomer formulations of
TGAP/DDS over a temperature range of 100 °C to 200 °C at 60-minute intervals: (a) TGpAP/44’DDS, (b)
TGpAP/33’'DDS, (c) TGmAP/44’DDS and (d) TGmAP/33’'DDS (smoothed).

Figure 4.2 also identifies the hydroxyl group in the spectra. This band is challenging to analyse

quantitatively due to hydrogen bonding, which causes the band to be broad. Previous studies

have analysed this band, but it will not be done here as etherification cannot be identified using

this band as there is no net change in [OH] [70,90].

The equations based upon Beer’s law outlined in Chapter 3. Materials and Methods were

used to calculate the concentration of epoxide, primary amine and secondary amines for the

four formulations of TGAP/DDS, as shown in Figure 4.3. It is worth noting that the time axis

does not start at 0 minutes. 0 minutes is the point at which the mixed TGAP:DDS sample is

placed on the preheated glass slide and then placed on the preheated heating stage.

To
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completely mix the powdered DDS hardener into TGAP and obtain a clear mixture, the two must
be mixed at approximately 120 °C for ten minutes, and then degassed in a vacuum oven at
approximately 100 °C for five minutes. This process takes approximately 15 minutes. The
concentration at -15 minutes (or pre 0 minutes) is not a concentration determined by NIR but
rather the theoretical conctrations determined using their functional group equivalent weight
and TGAP:DDS mass ratio. These calculations and values are shown in section 3.3.1.2. During
mixing at elevated temperatures, it is expected that some reactions will take place and the first
NIR measurement will not equal the theoretical maximum concentration. Showing the initial
theoretical concentration at -15 minutes highlights that reactions take place during the period
from mixing to the initial NIR measurement. The first measurements are taken just after 0
minutes, and the concentration values are lower than the theoretical as reactions have occurred

during the mixing stage.
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Figure 4.3 - Functional group concentration profiles for the four structural isomer formulations of TGAP/DDS
as a function of time as determined by near-infrared spectroscopy: (a) TGpAP/44’DDS, (b) TGpAP/33’DDS, (c)
TGmAP/44’DDS and (d) TGmAP/33’DDS (smoothed). Temperature axis starts at 100 °C - the temperature of the
preheated stage and approximately the resin mixing temperature. Time axis starts before zero indicating

reactions during mixing.

The network formation of TGmAP/33'DDS will be discussed regarding functional group
concentrations in the following section. Each functional group will be discussed separately, and
the different TGAP/DDS formulations will be compared. In Figure 4.3, the data sampling rate is
not consistent throughout all formulations. This is more apparent in the tertiary amine
functional group concentration values. There are occasions where there are spectral features
that interfere with accurate deconvolution of the functional group bands, so rather than
potentially introduce error into the calculations, data at some time intervals are missing. To

calculate tertiary amine concentrations it is the sum of the primary amine concentration and
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the secondary amine concentration at the time interval, if these do not line up there will be a
lack of data. This is more apparent towards the end of the cure in Figure 4.3 (a) and (b) where
the functional group bands are low intensity due to low concentrations of primary and
secondary amines and overlap makes deconvolution and integration of the bands difficult.

Figure 4.4 shows the NIR cure monitor of TGmAP/33'DDS expanded from Figure 4.3.
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Figure 4.4 - Functional group concentration profile of TGmAP/33’DDS as a function of time as determined by
near-infrared spectroscopy (smoothed). Temperature axis starts at 100 °C - the temperature of the preheated
stage and approximately the resin mixing temperature. Time axis starts before zero indicating reactions during

mixing.

Between, the mixing and the first temperature ramp up to 130 °C, there is a sharp decrease in
the epoxide concentration, [EP], and a decrease in the primary amine concentration, [PA]. With
this, there is an increase in secondary amine concentration, [SA], the product of an epoxide ring
opening reaction with primary amine. Once the first dwell temperature is reached, the rate of
epoxide consumption reduces. Initially, when there have been few reactions, there are many
free TGAP and DDS molecules. The reactions that occur between -15 minutes and 15 minutes
reduce the mobility of the molecules, resulting in a reduction in the rate of epoxide

consumption.
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At 30 minutes, the [SA] value stabilises and remains approximately 0.7 mol kg1 until 130
minutes. This suggests that secondary amines react with epoxide groups as soon as they are
formed after an epoxy primary amine reaction. If secondary amines were not consumed until
the total consumption of primary amines, the maximum [SA] value would be 2.1 mol kg-1. This
shows that in TGmAP/33’DDS formulations, epoxy secondary amine reactions can occur as low
as 130 °C. However, this is only true when considering the [PA] and [T A] values. Primary amines
are nearly all consumed within 100 minutes, and from 30 minutes to 100 minutes, secondary
amines are consumed as soon as they are produced, as shown by an increase in [TA]. Between
100 minutes and 130 minutes, very few reactions occur, as shown in the [EP] and [TA] values.
There is little consumption of epoxide groups and little formation of tertiary amines. This
period coincides with the end of the 130 °C dwell, indicating insufficient energy for significant
reactions at this temperature.

At 135 minutes, the cure temperature increases from 130 °C to 160 °C. During this ramp and
dwell, there is significant consumption of secondary amine groups. At the start of the 160 °C
dwell, [EP] falls by a similar amount to [SA], suggesting that the main reaction occurring at this
point is epoxy secondary amine crosslinking. [EP] starts to fall significantly at 180 minutes,
substantially more than the amount of epoxide reacting with primary and secondary amines.
This is assumed to be etherification, which is plausible as there is a significant amount of
epoxide and hydroxyl groups in the system [20]. It is not possible to measure etherification
directly using NIR as there is no band for an ether group in the near-infrared range, and there
is also no net change in hydroxyl groups during the etherification reaction as a hydroxyl group
is consumed but also produced.

The chemical structure of TGAP allows for side reactions known as internal cyclisation
[45,46,52,190]. In TGAP epoxide rings are bonded the phenyl ring by two different groups,
glycidyl ethers and glycidyl amines. Glycidyl amines place two epoxy groups close to each other,
increasing the chance of them reacting and forming a cyclic structure in the polymer chain.
There is little evidence of these internal cyclic structures forming in glycidyl ether only
containing resins, as suggested by Reyes et al. [13]. Etherification reactions that internally
cyclise occur slowly, so they will only form once all amines have reacted and if spare glycidyl
amine portions are free. The reaction mechanism to form a seven-membered ring is shown in
Figure 4.5. Matéjka et al. found that the seven-membered ring product was favoured over a six-

membered ring [45].
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Figure 4.5 - Internal cyclisation through etherification in TGAP to form a seven-membered ring

Attias et al. found that when the cyclic structure shown in Figure 4.5 were formed, the resins
were less crosslinked due to the secondary amine not being able to react, although the hardener
used was 44’DDS which is less reactive than 33’DDS. Therefore, this may not be the case in
TGmAP/33’'DDS [191], especially as Figure 4.4 shows that secondary amines are completely
consumed in the curing reaction. However, it is difficult to confirm this phenomenon using NIR.
Attias et al. and Matéjka et al. used both high performance liquid chromatography and nuclear
magnetic resonance to confirm the presence of these adducts [45,46,190,191].

The final temperature ramp from 160 °C to 200 °C consumes the remaining secondary
amines, as shown by stabilisation in [TA]. Once the dwell is reached, [EP] decreases to 0.00 mol
kg1 by approximately 300 minutes. An additional 70 minutes remain in the cure cycle, and no
more reactions occur as the resin is 100 % cured. There may be a small amount of error when
the concentration values become small; the bands may be obscured by noise, making it difficult
to say they are completely 100 % cured.

The functional group profiles for TGpAP/44’DDS, TGpAP/33’'DDS and TGmAP/44’DDS show
a similar set of events to the ones discussed here for TGmAP/33’DDS, and they will not be
individually commented on. The following section will discuss and compare the individual
functional groups for all formulations of the structural isomers of TGAP/DDS. Comparing the
different behaviours will enable meaningful comments to be made on how the crosslink

network forms differently and how this affects material properties.

4.3.1. EPOXIDE
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The four different epoxide concentration profiles for the four formulations of TGAP/DDS while
curing are presented in Figure 4.6. Upon mixing at -15 minutes, epoxide consumption separates
based on the hardener. There is greater consumption in the 33’DDS formulations for the first
30 minutes than in the 44'DDS formulations. This suggests that the 33’'DDS hardener is more
reactive than the 44’DDS hardener. This is expected as the sulphone group between the two
phenylene rings in DDS has an electron-withdrawing effect, allowing for electron lone pair
delocalisation and reducing the nucleophilicity of the amine. Delocalisation can occur in 44’'DDS
due to the para position of the two amine groups, whereas in 33’DDS, the amine groups are in

the meta position, and the lone pair of electrons cannot delocalise.
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Figure 4.6 — Epoxide concentration profiles for the four structural isomer formulations of TGAP/DDS as a
function of time as determined by near-infrared spectroscopy (smoothed). Temperature axis starts at 100 °C -
the temperature of the preheated stage and approximately the resin mixing temperature. Time axis starts before

zero indicating reactions during mixing.

The delocalisation of electrons through the aromatic rings in 44’DDS is shown in Figure 4.7.
44’DDS is a less effective nucleophile as the effective charge on the amine group can be
delocalised throughout the aromatic structure, thus reducing the charge and making 44'DDS

less reactive than 33’'DDS.
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Figure 4.7 - Delocalisation of a lone pair of electrons through the aromatic structure of 44’'DDS

Epoxide group consumption is quick upon mixing and during the first temperature ramp up to
the 130 °C dwell, after which there is a slowdown in the rate of consumption for all TGAP/DDS
formulations. In both 44’DDS and 33’DDS, more epoxide groups were consumed in the TGpAP
formulations than in the TGmAP formulations. This is contrary to what has previously been
thought about the relative reactivities of TGpAP and TGmAP, where the meta epoxies have been
found to be less stable than the para epoxies [32]. As TGpAP consumes more epoxide groups
initially, this suggests that there are not only epoxy amine reactions occurring at this point but
also etherification reactions.

The 33'DDS formulations continue to consume epoxide groups quicker than the 44’DDS
formulations until 110 minutes when the rate of consumption slows. As seen in Figure 4.4, this
is roughly the point at which primary amines are nearly completely consumed. The 44’DDS
formulations follow a similar trend up to 80 minutes, where the trend differs, with
TGmAP/44’DDS consuming more epoxide than TGpAP/44'DDS. The trend for TGpAP/33'DDS,
TGmAP/44’DDS and TGmAP/33’DDS is similar between 150 minutes and 230 minutes when
TGpAP/44’DDS starts to follow the same trend till the end of the curing process as the other
formulations.

For each formulation, the initial [EP] value was 7.35 mol kg1 and the final [EP] values are
shown in Table 4.1. The 33'DDS formulations have a lower final [EP] value than the 44’DDS
formulations, although the differences are small. During the cure, when significant crosslinking
has taken place, the reaction becomes diffusion controlled and this can result in the trapping of
unreacted functional groups [48]. It is not surprising that there are remaining epoxide groups
in the cured network. As these are epoxy-rich formulations, an excess of 3.07 mol kg-1 when all
epoxy amine reactions are accounted for, it would be anticipated that the final [EP] values are
related to the structure of the epoxy monomer rather than the hardener alone. The data in Table
4.1 shows this for the 33'DDS formulations. The shape of the hardener must also influence the
final [EP] value. The difference between the structural isomer formulations is the position of

the reactive groups on the phenyl rings in both the epoxy and hardener.
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Table 4.1 - Final epoxide concentration values for the four structural isomer formulations of TGAP/DDS

TGpAP/44'DDS TGpAP/33'DDS TGmAP/44'DDS TGmAP/33'DDS

Final [EP] /
0.12 0.07 0.15 0.00
mol kg1

Considering TGpAP/44’DDS, the combination results in a more linear shape than the bent shape
TGmAP/33'DDS. The meta isomers (TGmAP and 33’DDS) have higher conformational freedom,
rotation around a bond in the molecule results in different arrangement of atoms. The number
of conformation states relates to the configurational entropy of the molecule. 33’'DDS has been
found to have a higher configurational entropy than 44’DDS in previous studies [34,192,193].
Without conformational analysis and only considering the planar chemical structure, the
different possible conformations of the four different starting reagents through bond rotation
are shown in Figure 4.8. The two para starting reagents, TGpAP (a) and 44'DDS (c), have only
one conformation possible, as rotation around a bond results in the same arrangement (or
‘location’) of atoms whereas in the meta-starting reagents, TGmAP and 33’DDS, multiple
conformations are possible. TGmAP has two different conformational arrangements whereas,
33’DDS has three different conformational arrangements as rotation can occur in two different

bonds.

79



Chapter 4. Near-Infrared Spectroscopy Matt Whittaker

(a) WOQQN — ?NA@*N/_Q
\_qo \_qo

(© N

o
O—wn—=0O
=
o
O—wun—0O
=

v N NH, v N

&
|
7
C

(d)(i)
és NH,
WNSSS NHZ V\MN
I
(d)(ii) |Si —
0 O\
SN

Figure 4.8 - The different conformations possible in the starting reagents of TGAP/DDS: (a) one in triglycidyl-
para-aminophenol (TGpAP), (b) two in triglycidyl-meta-aminophenol (TGmAP), (c) one in 4,4’-diaminodiphenyl
sulphone (44'DDS) and (d)(i) and (d)(ii) three in 3,3’-diaminodiphenyl sulphone (33'DDS).
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This lower configurational entropy in TGpAP/44’DDS may explain the slowing of epoxide
consumption at 80 minutes compared to other less linear formulations. Varley et al. used the
Flory equation to determine the gel point of TGpAP/44’DDS as 41 %, which is approximately
the point (4.3 mol kg1) at which epoxide consumption slows down in TGpAP/44’DDS for this
study [48,53]. Gelation is when mobility starts to be restricted as the oligomers begin to
crosslink, and their movement is limited to short-range motions. TGpAP/44’DDS will leave
unfilled volume in the network due to its linear shape. The distance between reactive groups
will be greater than the other formulations, meaning that the reaction may slow down
prematurely when there is insufficient energy for the reactions to occur. TGmAP/33’DDS will
not have as much unfilled volume due to its conformational states, resulting in a less significant
slow-down in epoxide consumption and a lower final [EP].

The argument of greater conformational freedom fails when comparing the final [EP] value
of TGpAP/44'DDS and TGmAP/44’DDS. It is slightly higher for TGmAP/44’DDS. This suggests
that the dominating geometry effect is the hardener. 33’'DDS has three different conformations
compared to the one in 44’DDS, but it is also two phenyl rings long, twice the length of TGAP,
and the reactive are one bond from the phenyl ring. When linear 44’DDS is paired with a non-
linear TGmAP, the linearity of 44’DDS may be the limiting factor. The reactive epoxide group in
the TGAP is four bonds away from the phenyl ring and flexible, the effect of para vs. meta may
be limited. Therefore, it is not surprising that the final [EP] of TGpAP/44’DDS and
TGmAP/44’'DDS is similar.

It is important to note that monitoring [EP] does not tell us what specific reactions are
occurring, as shown in Figure 4.1, where epoxide groups are involved in every reaction. When
considering [EP] alone, it gives us more of an indication of how cured the network is and at

what points significant curing reactions take place.

4.3.2. PRIMARY AMINE

The four different primary amine concentration profiles for the four formulations of TGAP/DDS
while curing are presented in Figure 4.9. There is a clear difference in behaviour when
comparing the 44’DDS and 33’'DDS formulations; the 33’'DDS formulations consume primary

amines more quickly than the 44’DDS formulations.
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Figure 4.9 - Primary amine concentration profiles for the four structural isomer formulations of TGAP/DDS as

a function of time as determined by near-infrared spectroscopy (smoothed). Temperature axis starts at 100 °C -

the temperature of the preheated stage and approximately the resin mixing temperature. Time axis starts before

zero indicating reactions during mixing.

[PA] gives information about the epoxide primary amine reaction shown in Figure 4.10. This

reaction forms the linear backbone of the network, although as TGAP is trifunctional, the

backbone will not be as linear as that of a bifunctional epoxy such as DGEBA. Ideally, this

reaction would occur at the beginning of the cure before any secondary amine crosslinking

occurs to obtain a stiff, homogenous network. It cannot be determined what other reactions are

occurring by only monitoring the [PA] but it can give us vital information about the reactivities

of the hardener and if and when primary amines are completely consumed.
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Figure 4.10 - An example of an epoxy primary amine reaction which forms the ‘linear’ backbone of the

network structure in TGpAP/44’DDS.
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Initially, it is seen that before approximately 40 minutes, TGpAP/44’DDS consumes more
primary amines than TGmAP/44’DDS, but then the rate of consumption of primary amine
increases in TGmAP/44'DDS. For the 33’DDS formulations, both TGmAP and TGpAP have a
similar rate of consumption until 30 minutes, where TGpAP/33’DDS slows slightly. Overall, the
TGmAP formulations consume primary amines quicker than the TGpAP formulations. The same
justification for why 33’DDS is more reactive than 44’DDS cannot be applied here as it would be
expected that the reactivity of the epoxide ring to be unaffected by whether it is para or meta
substituted on the phenylene ring. The epoxide ring is too far from the phenyl ring to be affected
by resonance or inductive effects.

Interestingly, each formulation has a point where the consumption of primary amines slows.
This point is less significant in the 33’DDS formulations than in the 44’DDS formulations. The
reason for this is unclear. One reason may be steric hindrance and a reduction in mobility that
is overcome at a particular point where the primary amines can go on to react. The rate of
consumption increases in the same temperature dwell, so it is not something that is overcome

by an increase in oven temperature. All formulations apart from TGpAP/44’'DDS consume
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nearly all primary amines before the 130 °C temperature dwell ends. It could also be related to
a competing reaction such as etherification or gelation. Resin temperature measurements have
been made and will be discussed in Chapter 5. Thermal, where one potential reason may
become more apparent.

For all formulations, the near-total consumption of primary amines occurs between 100 and
180 minutes. From there [PA], remains stable for the remainder of the cure apart from one
formulation, TGpAP/33’DDS, where there is an increase in [PA] at approximately 180 minutes.
The increase is small and not representative of what is happening in the curing reaction.
Primary amines are not known to be formed during the cure; it is most probably a feature of
NIR spectra. The primary amine band in the NIR spectra is situated at 5050 cm-1, directly in the
middle of two hydroxyl group bands at 4900 cm! and 5200 cm-l. Mijovi¢ and Andjeli¢
commented on the band at 4900 cm-! causing an “abrupt baseline shift due to hydrogen
bonding” of the hydroxyl groups, which could introduce inaccuracy into the determination of
absorbance for the primary amine band, resulting in an unexpected increase in [PA] [85].

All formulations, except TGmAP/44'DDS, have no primary amines remaining in the final
cured system. There is 0.01 mol kg-! primary amine remaining in TGmAP/44’DDS. The validity
of this value is hard to confirm, given the reasons related to the position of the primary amine

band mentioned above.

4.3.3. SECONDARY AMINE

The four different secondary amine concentration profiles for the four formulations of
TGAP/DDS while curing are presented in Figure 4.11. Initially, 0 mol kg! of secondary amines
are present in the starting mixture. It is not until epoxy primary amine reactions have occurred
that secondary amines will become present. What is interesting about monitoring secondary
amines is that they are a species that are both produced and consumed. The concentration value
of secondary amines does not indicate precisely what the crosslinked network looks like.
Limited information regarding network structure can be gained from monitoring secondary

amines.
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Figure 4.11 - Secondary amine concentration profiles for the four structural isomer formulations of
TGAP/DDS as a function of time as determined by near-infrared spectroscopy (smoothed). Temperature axis
starts at 100 °C - the temperature of the preheated stage and approximately the resin mixing temperature. Time

axis starts before zero indicating reactions during mixing.

Once again, similar trends between hardeners are seen in the first section, as this is the product
of the epoxy primary amine reaction discussed in section 4.3.2. The peak and consumption
trend of [SA] is also similar suggesting that greater reactivity of 33’'DDS has a similar effect
when considering the epoxy secondary amine reaction. However, the trend observed for TGmAP
displaying greater reactivity than TGpAP, as seen in PA consumption, is not shown.

As Figure 4.11 shows a combination of the formation and consumption of secondary amines,
the peak of the [SA] value is important. The maximum possible [SA] value is 2.14 mol kg1, the
number of primary hydrogens in the starting reagents. There should be equal amounts of
primary amine hydrogens to secondary amine hydrogens, but it is apparent from Figure 4.11
that no formulation achieves a concentration value anywhere near 2.14 mol kg-1. The highest
[SA] value is approximately 1.0 mol kg! obtained by the TGpAP/33’'DDS formulation. This is
significant as the peak values indicates the amount of secondary amines that have gone on to
react with epoxide groups to form tertiary amines before complete consumption of primary
amine groups. If secondary amines did not react before the complete consumption of primary

amines, then a peak of 2.14 mol kg1 would be reached. It is well-documented that primary and
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secondary amine reactions have different reactivities. However, these results show that epoxy
secondary amine reactions are possible at temperatures of 130 °C and will compete with epoxy
primary amine reactions. Estridge undertook computational modelling on the epoxy amine
curing process, modelling the amine reactions as different reactivities and found that network
architecture varied greatly depending on how reactivities of primary and secondary amines
differed [194].

NIR studies on DGEBA cured with 44'DDS and 33’DDS by Jackson et al. found that the peak
value of [SA] was nearly the theoretical peak value, suggesting that few secondary amines took
place before the total consumption of primary amines [195]. Janisse and Wiggins compared
TGDDM to DGEBF cured with 33’'DDS and found that TGDDM underwent epoxy secondary
amine reactions before complete consumption of primary amines, whereas DGEBF consumed
all primary amines and then secondary amines went on to react with epoxy at various heating
rates, therefore, reaching its peak [SA] value [24].

Liu et al. undertook NIR kinetic analysis of various epoxy and hardener combinations to
investigate the relative reactivities of primary and secondary amines [196]. The relative
reaction rate coefficient of secondary to primary amines (kz/k:) in 44'DDS, was found to be
approximately 0.2 across all three epoxies (DGEBA, TGpAP and TGDDM), irrespective of
temperature. This suggests that the primary amine of 44’DDS is more reactive than the
secondary amine but can undergo simultaneous reactions, this supports trends seen above
They also found that the primary amine is primarily affected by the substituent effects, in this
case the electron withdrawing sulphone group, justifying why 33’DDS is initially more reactive
than 44’DDS formulations. However, if substituent effects influenced the secondary amine
reactivity, the maximum [SA] value would not be similar, the 44’DDS formulations would be
higher. When the primary amine hydrogen is replaced by an epoxide branch, Liu et al. found
that the aromaticity is broken, these substituent effects have less influence and can be affected
by the steric influence of the bonded epoxide branch [196]. This relates to the maximum [SA],
TGpAP containing formulations achieve a higher [SA], suggesting that more linear structure of
TGpAP has increased steric influence on the reactivity of the secondary amine compared to
TGmAP.

Once the peak [SA] value has been reached; all formulations decrease at a similar rate of

consumption but to different final values. The final [SA] values are shown in Table 4.2. Only
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TGmAP/33'DDS completely consumes all secondary amines, a similar trend to the [EP] values.

Less linear starting reagents allow for more reactions.

Table 4.2 - Final secondary amine concentration values for the four structural isomer formulations of

TGAP/DDS

TGpAP/44'DDS TGpAP/33'DDS TGmAP/44'DDS TGmAP/33'DDS

Final [SA] /
mol kg1

0.08

0.02 0.10

0.00

4.3.4. TERTIARY AMINE

The four different tertiary amine concentration profiles for the four formulations of TGAP/DDS

while curing are presented in Figure 4.12. Unlike secondary amines, tertiary amines are the

product of one reaction. Direct assumptions can be made based on the [TA] value.
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Figure 4.12 - Tertiary amine concentration profiles for the four structural isomer formulations of TGAP/DDS

as a function of time as determined by near-infrared spectroscopy (not smoothed). Temperature axis starts at

100 °C - the temperature of the preheated stage and approximately the resin mixing temperature. Time axis

starts before zero indicating reactions during mixing.
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Tertiary amines are produced as a result of the reaction between epoxy and secondary amine
groups, shown in Figure 4.13. As discussed in section 4.3.3, secondary amines are consumed
before the total consumption of primary amines in TGAP/DDS systems. The reaction is,
therefore, not only the crosslinking of long chains but also the crosslinking of smaller chains.
The point at which crosslinking occurs heavily affects the network structure and the resultant

properties.

Ri~_ R
R R N
0 1\N
{> I q — HO OH
2
OH

R,

Figure 4.13 - Epoxy secondary amine crosslinking reaction to produce tertiary amines where the R groups

are long chains.

In the first temperature dwell, TGmAP/33’DDS forms the most tertiary amines. TGpAP/33’DDS
and TGmAP/44’DDS follow a similar trend with similar concentrations of tertiary amines
forming in the first temperature dwell, whereas TGpAP/44'DDS produces significantly fewer
tertiary amines in the first part of the cure. During the temperature ramp to the second
temperature dwell, the [TA] in TGpAP/44’DDS increases dramatically until reaching a similar
value to both TGpAP/33’DDS and TGmAP/44’DDS at approximately 170 minutes.

Crosslinking occurs between relatively short chains when significant formation of tertiary
amines occurs early in the cure. This occurs in TGmAP/33'DDS and to an extent in
TGpAP/33’'DDS and TGmAP/44'DDS, which is related to the reactivity of the secondary amine
compared to the primary amine. When the reactivity of the secondary amine is comparable to
that of the primary amine, secondary amines will react with epoxy groups as soon as they are
formed, leading to areas of localised crosslinking.

The reasoning behind the similarity can be one of two things: the nucleophilicity of the amine
and steric hindrance. The primary amine in 33’'DDS is more reactive than 44’'DDS, which would
explain why tertiary amines are formed earlier in TGpAP/33’'DDS and TGmAP/33’DDS. For
TGmAP/44’DDS, there must be an alternate reason which could be related to the mobility and

proximity of the reactive groups. In a more linear epoxy amine such as TGpAP/44’'DDS, the
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reactivity of the secondary amine will be limited by the steric influences, essentially the non-
bonding parts of the molecules preventing reactions on either the epoxy or the secondary
amine. In more non-linear starting structures, TGmAP/33'DDS, TGmAP/44’'DDS and
TGpAP/33'DDS, there is less steric restriction on the secondary amine due to the
conformational freedom of the bent structures, see Figure 4.8 which relates the secondary
amine reactivity discussed in 4.3.3.

When tertiary amines are formed early in the cure, areas of high crosslink density are formed,
joined together by areas of lower crosslink density, resulting in a less homogeneously
crosslinked network. As tertiary amines form more slowly in the curing process in
TGpAP/44’DDS, the network is thought to be more homogenous as linear bonds form initially,
which are then connected by crosslinks. Similar findings were found by Sahagun and Morgan
when comparing the effect of cure temperature on network formation [23]. A higher cure
temperature resulted in areas of high crosslink density connected by areas of low crosslinking
density, whereas lower cure temperatures resulted in a more homogenously crosslinked
network. This can be related to the four formulations of TGAP/DDS, where some formulations
form tertiary amines (crosslinks) early in the reaction, creating a less homogenous network and
where other formulations form crosslinks more slowly, creating a more homogenous network.

This is represented by the schematic shown in Figure 4.14.
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(a) -j\_S\ ; % §
Pre-gelation Gel point Vitrification

Figure 4.14 - Network growth where different curing reactions dominate at different points: (a) where the

(b)

linear and crosslinking reactions occur consecutively and (b) where linear and crosslinking reactions compete.

Adapted from Sahagun and Morgan under copyright licence 6156571362522 [23].

Schindler and Morosoff suggested that microgels are formed when crosslinking occurs early in
the cure, as shown in Figure 4.14 [197]. This inhomogeneity will result in different properties
compared to homogenously crosslinked networks. Table 4.3 shows the T; and density values
for the four formulations of TGAP/DDS obtained from dynamic mechanical analysis and gas
pycnometry of the cured products. It has previously been reported that networks with a mixture
of high and low crosslink density areas will result in a lower T, [23,197]. TGpAP/44’DDS forms
tertiary amines slowest, suggesting that crosslinking occurs homogeneously. This correlates
with the T, values as TGpAP/44’DDS has the highest values suggesting the highest crosslink
density. TGmAP/33’DDS has the lowest T; and the fastest formation of tertiary amines. Previous
literature has accounted the decrease in T; in 33'DDS formulations to the greater
configurational entropy allowing for a less stiff network [34], but it is clear that the distribution

of crosslink density also has a significant contribution to the T values.
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Table 4.3 - Glass transition temperatures (T,) and density measurements for the four structural isomer

formulations of TGAP/DDS.

TGpAP/44'DDS  TGpAP/33'DDS  TGmAP/44DDS  TGmAP/33'DDS

T, /°C 253.7+0.3 216.2+0.8 226.2+0.1 198.6 £ 0.5

Density /
X 1.3112 £ 0.0007 1.3164 +0.0014 1.3211+0.0005 1.3212 +0.0024
gcm-

Table 4.3 also shows the density of the cured samples. The lowest density is the TGpAP/44’DDS,
suggesting that it has the highest free volume space, which is expected as it is the most
homogenously crosslinked and the formulation with the most linear starting reagents. The least
homogenously crosslinked, TGmAP/33’DDS has the highest density therefore, the most efficient
packing, which is related to the non-linearity of the starting reagents and the regions of high
and low crosslink density. As the areas of high crosslink density form early in the cure, the
density of these sections will be high [197]. The areas of low crosslink density will initially have
low density. However, during the entire cure, relaxation will occur. As they are not highly
crosslinked, the chains can rearrange themselves in the most efficient packing arrangement,
resulting in a higher density.

The final [TA] values vary for each formulation and are shown in Table 4.4. Only
TGmAP/33’DDS reaches the maximum [TA] possible, confirming there are no primary and
secondary amines remaining in the crosslinked network. In addition, TGpAP/33’DDS has the
second highest amount of tertiary amine present in the network, as it would be expected due to
the increased reactivity of the 33’DDS hardener compared to 44’DDS. Interestingly,
TGmAP/44’'DDS has the lowest tertiary amine content present in the network. This coincides

with the highest final secondary amine content.

91



Chapter 4. Near-Infrared Spectroscopy Matt Whittaker

Table 4.4 - Final tertiary amine concentration values for the four structural isomer formulations of TGAP/DDS

TGpAP/44'DDS TGpAP/33'DDS TGmAP/44'DDS TGmAP/33'DDS

Final [TA] /
2.06 2.08 2.02 2.14
mol kg1

It is important to note that even with excess epoxy used in the systems, secondary amines are
still present in the cured network. This means that etherification plays a role in the epoxy cure

of all the structural isomer formulations.

4.3.5. NON-AMINE REACTIONS

As suggested throughout the previous sections, epoxy amine reactions are not the only reaction
that occurs during the curing process. Etherification and homopolymerisation reactions are
also possible. An etherification reaction occurs between an epoxide and a hydroxyl group as
shown in Figure 4.15 (a). An epoxy homopolymerisation reaction occurs between two epoxide

groups when catalysed by an initiator such as a tertiary amine, as shown in Figure 4.15 (b).

0 OH
@ /N o /k
.
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? . ® .
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Figure 4.15 - Two non-amine epoxide reactions: (a) etherification reaction between an epoxide group and a

hydroxyl group and (b) homopolymerisation reaction between multiple epoxide groups catalysed by an initiator.
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The product of these reactions is an ether group, which is difficult to observe in the near-
infrared spectra due to the lack of a flexible hydrogen bond, so the intensity of the overtone or
combination band is too low. There is also no net increase in hydroxyl groups in both
etherification and homopolymerisation, therefore it is a difficult to directly monitor these
reactions using NIR. However, no amine groups are involved in either of these reactions,
therefore, it is assumed that if the epoxide concentration decreases without a change in the
amine concentration, then a non-amine reaction (etherification or homopolymerisation) has
taken place. Whether etherification or homopolymerisation is occurring is difficult to say
Generally, homopolymerisation reactions will terminate through a reaction with a hydroxyl
group like that of etherification, therefore, for simplicity, these non-amine reactions will be
referred to as etherification throughout this section. St John and George used the hydroxyl peak
at 7000 cm! to analyse the consumption of epoxide groups when there was no increase in
hydroxyl groups [49]. This band is broad and is affected by hydrogen bonding, which makes
accurate analysis of the peak difficult.

This assumption can be used to determine the concentration of epoxide groups that react
with only amines throughout the cure. This will be referred to as amine-only epoxide
concentration, [EP?], by considering the measured [EP] and the amount of primary and tertiary
amines present in the network - the concentration of hydroxyl groups produced from the
reaction of epoxy and amines. Any other decrease in [EP] can be assumed to be a non-amine

reaction. The calculation is shown in equation (4-2).

[EP?] = [EP]o — ([PA]o — [PA]; + [TA]e) = [EP]o — [OH], (4-2)

The comparison of amine-only epoxide concentration and the measured epoxide concentration
as a function of the curing process is shown in Figure 4.16. The greater the separation between
[EP?] and [EP] indicates that non-amine epoxy reactions are taking place. A similar trend of
[EP?] and [EP] indicates that reactions are generally epoxy amine reactions. As an epoxy excess
is used, etherification should take place during cure, however, it would be expected that it would
take place at high temperature and when amine concentration is low. It is worth noting that the
calculation of [EP?] is not a direct measurement, and there is evidence of inaccuracies present

in (a) TGpAP/44’DDS, (c) TGmAP/44’DDS and (d) TGmAP/33'DDS where the two lines cross
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over or converge, this indicates that ethers are consumed during in the cure which is unlikely.

This is potentially an error caused by deconvolution inconsistency in the analysis process. In

this instance, it is evidence that MIR is a better candidate for monitoring non-amine reactions

during network formation, as the ether functional group concentration could be directly

measured. MIR equipment capable of cure monitoring was not available during the time of this

study.
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Figure 4.16 - Amine-only epoxide concentration compared to measured epoxide concentration as a function

of time as determined by near-infrared spectroscopy: (a) TGpAP/44’'DDS, (b) TGpAP/33’DDS, (c) TGmAP/44’DDS

and (d) TGmAP/33’DDS (smoothed). Temperature axis starts at 100 °C - the temperature of the preheated stage

and approximately the resin mixing temperature. Time axis starts before zero indicating reactions during mixing.

The measured [EP] values have already been discussed in 4.3.1 and show similar behaviour

between the different formulations apart from an instance discussed above where
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TGpAP/44’DDS epoxide consumption slows between 110 and 230 minutes. Unlike the previous
sections, similar behaviour is observed between the same epoxy formulations.

Initially, there is a significant difference between the measured [EP] and [EP?] in both
TGpAP/44'DDS and TGpAP/33'DDS, suggesting that epoxy groups are consumed through a
reaction other than epoxy amine reactions in the initial part of the cure, etherification. In both,
TGmAP/44'DDS and TGmAP/33’'DDS, there is little difference between [EP] and [EP%]
suggesting that the main consumption of epoxy groups at the start of the cure is through epoxy
amine reactions.

This is different from what is seen in DGEBA amine systems, where etherification, if it occurs
at all, occurs at high temperatures towards the end of the cure when few reactive amine groups
remain. The start of the TGAP/DDS cure is under relatively low-temperature conditions (130
°C), and significant amounts of reactive primary and secondary amine groups are present in the
system. This means that there must be a property of TGpAP that encourages competition
between epoxy amine and etherification reactions that is not also present in TGmAP.

As mentioned in Chapter 2. Literature Review, glycidyl amines behave differently to glycidyl
ether. Internal cyclisation reactions are possible [45,190] due to the proximity of epoxy groups.
A nitrogen group also links glycidyl amines, whereas glycidyl ethers are linked to the phenylene
ring by ether groups. It is known that in glycidyl ether systems, etherification reactions occur at
high temperatures and are catalysed by the high concentration of tertiary amines [198]. The
tertiary amine in the glycidyl amine of TGAP can also do this. St John and George found that in
TGDDM (two glycidyl amine groups), etherification was catalysed by TGDDM [49]. Although in
TGDDM, the glycidyl amines only accounted for 10 % catalytic activity of the etherification
reaction, which is relatively low compared to what has been found here, this is related to size.
In TGDDM, MY721 specifically, the resin has undergone side reactions in the synthesis process,
and there are fewer monomer units than those present in TGpAP (MY0510) and TGmAP
(MY0610), which would reduce the mobility of TGDDM [44] and its ability to form a catalytic
intermediate. Their mobility in the starting mixture is also greater than that of TGDDM as there
is only one phenylene ring between the epoxy groups in TGAP compared to a phenylene-methyl-
phenylene structure between the epoxy groups in TGDDM. It is important to note that St John
and George used different epoxy-amine ratios, and the excess epoxy used will impact the

effectiveness of the tertiary amine behaviour.
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Anhydride hardeners react differently to amine hardeners. They require a tertiary amine
catalyst to produce hydroxyl groups through epoxy homopolymerisation to initiate the reaction
with anhydrides, which can then form a crosslinked network through a reaction known as
esterification. Rocks et al. investigated curing glycidyl amine-containing epoxies with anhydride
hardeners without the traditional tertiary amine catalysts at ambient temperatures (imidazole
and dimethylbenzylamine) [199]. They found that anhydride curing reactions could occur with
TGDDM and TGpAP. Contrary to what was said above, TGDDM was more reactive than TGpAP
and, therefore, a more effective tertiary amine catalyst. Jagadeesh found that in a
TGDDM/TGpAP/DDS system, when the TGpAP content increased, the activation energy
increased, suggesting that when a glycidyl amine is replaced with glycidyl ether, the catalytic
effect decreases. This finding was only in reference to the activation energy calculated using an
empirical method rather than spectroscopic findings, so how reliable this is questionable as
many methods do not account for etherification [115]. However, Varley et al. found that TGpAP
underwent more etherification at low temperatures than TGDDM when cured with a
phosphorus-based hardener [200]. This could be related to the size of TGDDM, which prevents
the formation of the intermediate and results in lower amounts of etherification. Whereas in
TGAP, the intermediate is more readily formed due to it being less sterically hindered, therefore
the etherification and epoxy-amine reactions compete.

Additionally, Morgan and Mones found that pure TGDDM could not undergo
homopolymerisation under 200 °C without the presence of a hardener, suggesting that the
reactions that occur are more likely to be etherification produced from an epoxy primary amine
reaction than homopolymerisation of the epoxy monomers [44]. A dynamic DSC scan was
undertaken to see if 100 % TGpAP homopolymerised, no notable reactions occurred at
temperatures similar to the cure cycle.

Given that the tertiary amine of TGAP behaves as a catalyst, there is clearly a difference in the
effectiveness of the catalytic effect between the TGpAP and TGmAP. The position of the glycidyl
amine on TGpAP allows the tertiary amine to interact with a free epoxide group more effectively
due to its para position. The reaction pathway for tertiary amine catalysed etherification of

TGpAP is shown in Figure 4.17.
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Figure 4.17 - Reaction pathway for the tertiary amine catalysed etherification of triglycidyl-para-

aminophenol

The para position is significant as the ether group behaves as an electron-donating group when
in a para position. As seen with 44’DDS, the nitrogen is activated through delocalisation in the
aromatic ring. This is not possible in meta positions, like in 33’DDS, so TGmAP is a less effective
tertiary amine than TGpAP. This reasoning justifies the results shown in Figure 4.16, where
TGpAP undergoes etherification earlier in the reaction than TGmAP. Some assumptions can be
made about whether glycidyl amines or glycidyl ethers are involved in these reactions.

As shown in Figure 4.17, when the catalytic intermediate structure is formed, the glycidyl
amine groups become sterically hindered, and the probability of an epoxide ring opening on
this section is reduced. Therefore, the free glycidyl ether is more susceptible to attack from
amines in TGpAP. Stutz and Mertes commented on the lower activation of glycidyl ether in
DGEBA compared to the glycidyl amine in TGDDM due to it being less stiff [201]. As seen in
4.3.2, the TGmAP formulations react with primary amines slightly quicker than TGpAP. Before,
this may have been attributed to TGmAP being more reactive than TGpAP. Instead, TGmAP is
initially more reactive with respect to amines as TGpAP reacts with both primary amines and
hydroxyl groups. Another thing to consider is that from Figure 4.16, TGpAP/44’DDS undergoes
more non-amine reactions than TGpAP/33’DDS. This can be related to the increased reactivity
of 33'DDS compared to 44'DDS.

Due to the reduced catalytic efficiency of the tertiary amine in TGmAP, the glycidyl amines
are freer to react with primary amines. This opens up the increased possibility of internal
cyclisation in the epoxy secondary amine reaction due to the proximity of the epoxide rings

[45]. The reaction is shown in Figure 4.18.
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Figure 4.18 - Internal cyclisation via an epoxide and secondary amine to form an eight-membered ring.

This reaction will lead to a network where the T, and the crosslink density is lower than one
that doesn’t internally cyclise. This is because instead of forming a crosslink as the secondary
amine reaction does, it forms a cyclic structure. Cyclic structures are less stiff than aromatic
rings due to freedom from the lack of planar aromaticity. This is seen in the T, values shown in
Table 4.3, TGmAP/33'DDS has a significantly lower T, compared to TGpAP/44'DDS, 253 °C
compared to 199 °C. This has been seen experimentally in a study characterising the cured
properties of the structural isomers of TGAP/DDS by Ramsdale-Capper and Foreman [32].

When etherification occurs early in the reaction in the TGpAP formulations, this aids the
formation of the linear backbone structure and should result in a more homogeneously
crosslinked structure as it effectively prevents the formation of the perhaps unwanted internal
cyclised structures. Etherification at the later stages of the cure is desirable as these are
crosslinking reactions which make the network stiffer and should increase the crosslink density
of the overall network. Tangthana-unrung et al. studied the use of excess epoxy formulations
and how homopolymerisation and etherification reactions could be tailored to fine-tune the
mechanical and toughness properties of vitrimers; etherification resulted in the improvement
of these properties [202].

During the second dwell, when most primary and secondary amines were consumed,
etherification became the dominant reaction in all formulations as there were relatively high
concentrations of epoxide groups compared to amine groups. Lesser and Crawford suggested
that tertiary amine-catalysed etherification can only occur at high temperatures [203]. This was
not the case in this study; etherification occurred as low as 130 °C and was a dominant reaction

at 160 °C. This finding has also been confirmed by Gupta et al. when studying the cure of
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TGDDM/44’DDS [204]. The tertiary amines in TGmAP and TGpAP were sufficient for low-
temperature etherification reactions. In DGEBA, etherification is impossible at these low
temperatures due to the lack of tertiary amines; therefore, it only occurs at high temperatures
due to the presence of tertiary amines from the epoxy secondary amine reaction. However, it is

also possible in DGEBA through the use of tertiary amine catalysts such as imidazole [75].

4.4. CONCLUSIONS

The results from this study confirm that structural isomerism strongly influences network
formation in TGAP/DDS isomers, as Ramsdale-Capper and Foreman previously suggested [32].
NIR has determined that two main contributing factors determine network formation.

The first is the amine hardener structure, with 33’DDS (meta position) being more reactive
than 44'DDS (para position). In 33’DDS formulations, the primary and secondary amines are
consumed more quickly than in 44’DDS formulations. The fast formation of tertiary amines
results in areas of high and low crosslink density, whereas the relatively slower formation of
tertiary amines leads to more uniformly distributed crosslink density in the network.

The second factor is the structure of the epoxy monomer, where TGmAP behaved differently
from TGpAP. The evidence suggested that TGpAP underwent etherification at lower
temperatures due to the increased catalytic behaviour of the tertiary amine in the glycidyl
amine at the para position. In contrast, TGmAP epoxy amine reactions on the glycidyl amine
dominated at low temperatures, potentially forming eight-membered cyclic structures due to
internal cyclisation. It is important to note that this has not been experimentally determined. It
is only assumed from NIR and thermomechanical properties.

This resulted in two different types of networks despite comprising the same functional
groups. The results suggest that TGpAP/44’DDS forms the most homogenous network with the
least likelihood of internal cyclisation, whereas TGmAP/33’DDS forms a less homogenous
network. This behaviour is influenced by the epoxy:amine ratio and the particular cure cycle
used. In stoichiometric ratios, non-amine reactions may not be seen at such low temperatures
due to the lack of excess epoxide groups present in the system. Excess epoxy formulations are
more relevant due to their use in industry to ensure that complete consumption of amines

occurs.
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The results found here will be related to the later sections and discussed in Chapter 6. Cured
Properties with a complete comparison to the characterisation of the cured properties of

TGAP/DDS.
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5. INVESTIGATING THE NETWORK DEVELOPMENT IN THE STRUCTURAL
ISOMERS OF TGAP/DDS BY THEIR THERMAL RESPONSE

5.1. INTRODUCTION

The cure of an epoxy resin can be monitored using thermal techniques. This is done differently
from how the curing reactions were monitored in Chapter 4. NIR using near-infrared
spectroscopy. Instead of identifying the specific bonds being broken and formed, the thermal
response of these reactions is monitored. The curing process is exothermic. Exothermic
reactions release energy into the surroundings, resulting in a difference between the applied
and resultant temperature, which can be measured using differential scanning calorimetry or
more simply, thermocouples. The extent of the thermal response indicates how cured the epoxy
resin is.

Thermocouples are widely used in composite manufacturing to monitor the curing response
of large parts, ensuring that the part is evenly cured [205,206]. Few studies have directly used
thermocouples to monitor the cure in neat resin studies, and where they have, few comments
have been made [83,88,98,99]. The lack of studies is partly due to the undesirability of large
temperature overshoots, which may lead to thermal degradation. In some low-temperature
cures, a temperature overshoot is desirable as this drives the reaction without additional
temperature input, saving energy and money [100]. Understanding where there are
temperature overshoots provides information about where significant reactions are occurring
and where the temperature is perhaps lower than the input temperature, which provides
insight into when the curing reaction has finished. Despite the lack of precise information this
method provides, thermocouples are cheap. K-type thermocouples retail at approximately £5 a
metre. They intrude very little on the manufacturing process. Samples can be any size as long
as the thermocouple junction is covered, making them a key candidate for understanding the
exothermic response of an epoxy-amine curing reaction quickly and cheaply.

A more precise method, differential scanning calorimetry (DSC), can provide more detailed
information about the thermal response of the epoxy-amine curing reaction. Where there may
be no temperature overshoot using thermocouples, DSC may measure an exothermic response,
making it a candidate for in-depth kinetic analysis of the cure. While thermocouples could take

measurements online, while the resin or composite part cures in the oven, DSC cannot. A small
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sample of uncured resin must be removed and placed in the DSC, which may have a negative
impact on the manufacturing process and require an additional testing lab to house the
equipment. However, the information gained from DSC often outweighs this drawback. DSC can
provide information on how cured the resin is, at what temperature reactions occur, or how
long it takes to cure, and it allows for further kinetic modelling of the curing process. It is no
surprise that many studies have been undertaken using DSC to investigate the cure of different

epoxy resins as outlined in Chapter 2. Literature Review.

5.2. CHAPTER OVERVIEW

This chapter of the thesis will monitor the thermal response of the structural isomers of TGAP
(triglycidyl-para-aminophenol and triglycidyl-meta-aminophenol) and DDS (4,4'-
diaminodiphenyl sulphone and 3,3’-diaminodiphenyl sulphone) during network formation
using thermocouples and differential scanning calorimetry. In Chapter 4. NIR, specific reactions
occurred at different points in the cure dependent on the TGAP/DDS formulations
(TGpAP/44’DDS, TGpAP/33’DDS, TGmAP/44’DDS and TGmAP/33’DDS). The thermal response
will validate these differences through analysis of dynamic, isothermal and multi-step heating.
Thermocouples will measure the resin temperature during the cure, and qualitative analysis
will be made, whereas DSC will measure the exothermic response while curing and quantitative
analysis will be made. Resin temperature analysis is not widely used to understand the network
formation in neat resins. In contrast, DSC is widely used, but as far as can be seen, no studies
have used DSC to compare the network formation of the structural isomers of TGAP/DDS using
a multi-step cure cycle. Using these two techniques will allow for understanding the thermal
response of the epoxies during the curing process and aid in fine-tuning the resultant

properties.

5.3. RESIN TEMPERATURE MEASUREMENTS
5.3.1. CURE SCHEDULE

Resin temperature measurements were taken during the cure of the four structural isomers of
TGAP/DDS using the standard cure cycle, as shown in Figure 5.1. The black dashed line shows

the oven temperature, whereas the four different coloured lines (red, blue, purple and green)
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show the resultant resin temperatures. Temperature overshoots are seen among all four
formulations, suggesting that significant exothermic curing reactions occur at these
temperatures. The temperatures at which the overshoots occur differ and depend on several
factors relating to resin and hardener structure. This section will discuss these differences
qualitatively. It is important to note that specimen dimensions will influence the exotherm. The
resin monitored here was cured in a walled glass dish and the specimens were 100 mm by 100
mm by 4 mm. The heat dissipation will be less than that of a specimen cured on a flat glass plate.
This in turn may have exaggerated the exothermic nature, however for qualitative analysis, the

method has demonstrated the most reactive points during the cure.
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Figure 5.1 - Temperature profiles for the four structural isomers of TGAP DDS during the standard cure cycle
as measured by thermocouples for resin and oven temperatures, where the shaded region is the standard

deviation. 100 mm by 100 mm by 4 mm sample dimensions.

The first thing of note is the oven temperature. Although not completely clear in Figure 5.1, the
oven’s actual temperature is not precisely the temperature programmed into the oven
controller. This is a feature of how the temperature is controlled. A proportional integral

derivative (PID) controls the oven’s heat by calculating the difference between the desired and
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actual temperatures. There is often a small delay in this calculation, resulting in small
temperature overshoots during and after a temperature ramp, as seen in Figure 5.2. They are
also designed to save energy. Therefore, when a constant temperature is wanted in the
temperature dwell, the temperature may fluctuate by a very small amount (under 0.1 °C), as
seen by the slightly noisy flat line in Figure 5.2. The temperature differences are not so
significant that they would significantly affect the curing reaction. However, it is worth noting
that the temperature and heating rate programmed into the oven are not consistently replicated

in practice.
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Figure 5.2 - The fluctuation of oven temperature measurements using thermocouples during the second ramp

and dwell of the TGAP/DDS cure, where the shaded region is the standard deviation.

Figure 5.1 helps see the difference in temperature as a function of the cure. Still, for easy
analysis, it is best normalised so that the difference between oven and resin temperature is
shown in Figure 5.3. As the cure cycle cannot be seen graphically, the figure has been sectioned
up and labelled to show the heating regimes in the cycle. The standard deviation is not shown
in Figure 5.3, as it can make the graph difficult to interpret. When it is significant, Figure 5.1 will

be referred to.
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Figure 5.3 - Normalised temperature difference between the oven and resin temperature measurements for
the four structural isomers of TGAP DDS during the standard cure where: A is the temperature from 100 °C to
130 °C at 2 °C min‘1, B is the temperature dwell at 130 °C for 120 minutes, C is the temperature ramp from 130 °C
to 160 °C at 2 °C min-1, D is the temperature dwell at 160 °C for 60 minutes, E is the temperature ramp from 160
°Cto 200 °C at 1 °C min' and F is the temperature dwell at 200 °C for 120 minutes. 100 mm by 100 mm by 4 mm

sample dimensions.

The first ramp from 100 °C to 130 °C, A, shows similar behaviour between the four
formulations. The resin temperature lags behind the oven temperature as it takes time for the
heat to transfer entirely through the liquid resin due to its thermal mass, indicating that few
curing reactions are occurring at this point. By approximately 30 minutes, all four resins have
reached the set oven temperature of 130 °C. After this point in the first temperature dwell, B,
the formulations behave differently depending on their starting materials.

The formulations separate based on the hardener. The 33’DDS formulations’ temperature
rises quickly to + 17 °C for TGmAP and + 15 °C for TGpAP over the oven temperature at 65 and
75 minutes, respectively. As there was little reduction in the rate of temperature change once

the oven temperature was reached, the 33’DDS were most likely undergoing curing reactions in
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the first temperature ramp. Once the maximum temperature has been reached, the temperature
overshoot decreases, suggesting that the curing reactions reach a maximum rate of reaction,
and then the rate slows down. The temperature overshoot is still present at the end of the first
temperature dwell, indicating that curing reactions still occur at the end but not as fast as they
do at the start of the dwell. The 44’DDS are not as exothermic as the 33’DDS formulations during
B. There is still a temperature overshoot, but not as significant. TGmAP/44’DDS reaches a
maximum temperature overshoot at approximately 105 minutes and TGpAP/44’DDS at
approximately 125 minutes. The temperature overshoot is roughly 5 °C compared to the oven
temperature, lower than the 33’'DDS formulations, indicating fewer curing reactions occur in
this dwell. 33’DDS showed a significant slowing of reaction rate towards the end of the dwell.
The TGmAP/44’DDS does show a slight slowing down after reaching a maximum, whereas
TGpAP/44’DDS reaches the maximum rate just before the end of the dwell.

As seen in A, there is thermal lag in the second temperature ramp up to 160 °C for all
formulations. TGpAP/44’DDS shows a smaller temperature difference than the other three
formulations, indicating more curing reactions taking place during the ramp. This doesn’t mean
that TGpAP/44’DDS is more reactive than the 33’DDS formulations at this point. It is important
to remember that TGpAP/33’'DDS and TGmAP/33’DDS initially showed a more significant
temperature overshoot. Suggesting that the 33'DDS formulations are more reactive at lower
temperatures, and as fewer reactions have occurred at 130 °C for TGpAP/44’'DDS, it is
unsurprising that TGpAP/44'DDS shows a greater temperature overshoot when the oven
temperature is increased to 160 °C as the initial reactions that occurred in 33’DDS have not
taken place to the same extent.

TGpAP/44'DDS and TGmAP/44’DDS show a significant temperature overshoot in the 160 °C
temperature dwell, D, a maximum overshoot of roughly 12 °C at 170 minutes and 180 minutes,
respectively. TGpAP/33’DDS and TGmAP/33’DDS show a maximum 3 °C temperature overshoot
at 175 minutes. For all four formulations, there is a slowing down in the rate of reaction towards
the end of the dwell, but there is still a higher resin temperature than oven temperature at the
end of the dwell.

The final temperature ramp up to 200 °C, E, shows resin temperature again lagging behind
oven temperature, although not as large a difference as seen in both A and C.

This behaviour is based on the starting hardener, 44'DDS vs 33'DDS, which results from the

idea discussed in Chapter 4. NIR. 44’DDS is a less effective nucleophile due to the para position
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of the amine groups on the phenylene ring, enabling the delocalisation of nitrogen’s lone pair of
electrons through the phenylene ring onto the electron-withdrawing sulphone group. The
activation energy for epoxy-amine reactions to occur in 33’DDS formulations will be lower than
that of the 44'DDS formulations, resulting in greater activity at lower temperatures.

The behaviour changes in the remainder of the cure. Instead of similar behaviour based on
the starting hardener, the similarity is based on the starting epoxy. The TGmAP formulations
display a greater temperature difference than the TGpAP formulations in the final dwell at 200
°C (section F). It is known from NIR in Chapter 4. that nearly no epoxy primary amine reactions
occur at this point, only a small amount of epoxy secondary amine and etherification reactions.
NIR also shows fewer reactions occur in the 44’DDS formulations than in the 33’DDS
formulations, so, interestingly, the temperature difference is based on the epoxy rather than the
hardener. This highlights the downside of measuring the temperature response using
thermocouples. It might not represent what is happening on the macromolecular scale.

When the resin cures, the heat capacity of the material changes. As seen in Chapter 4. NIR,
the network of each TGAP/DDS formulation forms differently; therefore, the point of
vitrification and heat capacity of the vitrified material will be different [207]. Heat capacity is
the energy required to change the temperature by one degree. Suppose the heat capacity of the
TGmAP formulations is lower than the TGpAP formulations at the start of F. The same
exothermic response will show a more significant temperature difference, as seen here. It is
important to note that the change in heat capacity has not been measured in this study.

If only Figure 5.3 is considered, the temperature difference can be accounted for by the non-
linear shape of TGmAP, allowing for quicker etherification reactions in the final 200 °C dwell
compared to the linear shape of TGpAP. The difference in shape is shown in Figure 5.4. At this
point in the cure, it is expected that vitrification will occur, and due to its high amount of
crosslinking, the reaction will be diffusion-controlled. TGmAP has greater conformational
freedom; therefore, the speed at which etherification can occur is greater, resulting in a more

significant exothermic temperature difference than TGpAP.
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Figure 5.4 - Chemical structures of the two structural isomers of TGAP: (a) triglycidyl-para-aminophenol

(TGpAP) and (b) triglycidyl-meta-aminophenol (TGmAP).

After the peak temperature difference in E the resin temperature drops below the oven
temperature, as shown by a negative temperature difference at approximately 300 minutes.
These thermocouples have not been calibrated to obtain their correction factors at high
temperature so to suggest that epoxy is insulating the thermocouple to obtain a negative
temperature difference would be wrong. However, as the difference is constant, it suggests that
no additional heat is being generated by any curing reactions, indicating that the curing process
is finished.

Referring back to Figure 5.1, the standard deviation of the different formulations is high
when there is a significant temperature difference. Although the sample dimensions were the
same, this can be accounted for because the curing reaction does not occur the same way every
time. Therefore, there is a significant difference in B for the 33’'DDS formulations.

As said, the material’s heat capacity has to be considered towards the end of the cure to
understand the accurate thermal response of the material. Still, as stressed at the beginning,
this is a straightforward technique to monitor the thermal response of an epoxy resin during
cure. The most exothermic points of the reaction can visualised, and the differences between

the four different TGAP/DDS formulations can be clearly identified.
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5.3.2. ISOTHERMAL HEATING

Multi-step cure schedules are not the only method of curing epoxy resins. Isothermal heating
(holding at a single temperature) is a common heating method to cure resins. A post-cure is
often undertaken for multifunctional epoxies as it does not always result in 100 % cure, which
is, in fact, a multi-step cure schedule. Either way;, it is helpful to investigate what happens when
epoxy resin is cured at one temperature.

Differential scanning calorimetry, as will be seen, is more suited to this type of heating as it
utilises very small samples and controlled heating. Hence, the risk of a runaway reaction, often
called ‘exotherm’ is minimal. Instead of a slight temperature overshoot, a significant
temperature overshoot occurs, and the reaction runs away, resulting in thermal degradation
and, in some cases, combustion. A slow heating rate is important to avoid this when using
isothermal heating in the oven. Frank and Wiggins cured diglycidyl ether of bisphenol A
(DGEBA) and diglycidyl ether of bisphenol F (DGEBF) with 44’DDS at a 180 °C isotherm for
three hours but did not state a heating rate [37]. Whereas, Janisse and Wiggins used a 180 °C
isotherm to cure DGEBF and tetraglycidyl-4,4’diaminodiphenylmethane (TGDDM) with 33’'DDS
but with different heating rates (1, 5, 10 and 20 °C min-1) [24]. Surprisingly, they did not suggest
they experienced any exotherms at the fast heating rates, perhaps because they used very small
samples, but this was not stated.

For these measurements, the same procedure was used as outlined in section 0 but with two
different heating procedures. The four TGAP/DDS resins were ramped from 100 °C to 130 °C at
1 °Cmin-!and held for 12 hours and from 100 °C to 160 °C at 0.5 °C min-! and held for 12 hours.
Ideally, a fast heating rate is used where minimal curing would occur, but this is not possible in
larger quantities (50 g). Therefore, instead of using the term ‘isotherm’, it will be called a dwell.
Initially, the same heating rate for the 130 °C dwell (1 °C min-1) was used for the 160 °C dwell to
help with comparability, but this resulted in a significant temperature overshoot to 200 °C for
TGpAP/44'DDS (see Appendix ) which is thought to have induced thermal degradation as
indicated by the image in Figure 5.5. A darker colour suggests that the sample has thermally

degraded or at least oxidised more than when a slower heating rate of 0.5 °C min-! was used.
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Figure 5.5 - TGpAP/44’DDS cured using a 160 °C dwell where the top resin underwent a ramp at 1 °C min-1,

whereas the bottom resin underwent a ramp at 0.5 °C min-..

5.3.2.1. 130 °C DWELL

The resin temperature measurements for the four TGAP/DDS formulations during the 130 °C
dwell are shown in Figure 5.6. The temperature overshoots are similar to the ones observed in
Figure 5.1, as they are the same as the first part of the cure cycle but with a slower ramp. The
33’'DDS formulations overshoot earlier and higher than the 44’DDS formulations. The
measurements are an average of two tests where the shaded region is the standard deviation.

There is a significant deviation in all formulations except TGmAP/44’DDS.
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Figure 5.6 - Temperature profiles for the four structural isomers of TGAP/DDS during the 130 °C dwell as
function time as measured by thermocouples for resin and oven temperatures, where the shaded region is the

standard deviation. 100 mm by 100 mm by 4 mm sample dimensions.

The difference between Figure 5.6 and Figure 5.1 is that the overshoot in TGpAP/33’DDS is less
than TGmAP/33’DDS when using the slower ramp. This suggests that the reactions are less
exothermic in TGpAP/33’DDS. By considering temperature measurements alone, this is difficult
to interpret. Considering the findings in Chapter 4. NIR, it was suggested that TGpAP undergoes
more etherification at lower temperatures. It could be the case that the slow ramp allows for
more competition between etherification and epoxy primary amines reactions, resulting in a
lower temperature overshot, as previous literature has suggested that the etherification
reaction is less exothermic than epoxy primary amine reactions [208]. Like in the standard cure
cycle, TGpAP/44'DDS and TGmAP/44’DDS behave very similarly, with TGpAP/44’DDS reaching
a maximum temperature overshoot slightly later than TGmAP/44’DDS.

The final observation from these measurements is the point at which the resin temperature
drops below the oven temperature. These differ greatly for all formulations. TGpAP/33’DDS
falls below oven temperature at approximately 230 minutes, TGmAP/33’DDS at 350 minutes,
TGpAP/44’DDS at 450 minutes and TGmAP/44'DDS at 550 minutes. This indicates the point at

which few reactions occur, and the material effectively insulates the thermocouple from the
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oven. It wouldn’t be expected that these samples are 100 % cured although the degree of cure
of these samples has not been tested, but DSC has been undertaken at 130 °C and will be

discussed later in this chapter.

5.3.2.2. 160 °C DWELL

The resin temperature measurements for the four TGAP/DDS formulations during the 160 °C
dwell are shown in Figure 5.7. The results observed here are very different from those in Figure
5.1 as there is no dwell at 130 °C in these measurements. They once again pair up based on the
hardener used. The 33’DDS formulations show a double peak, whereas the 44’'DDS formulations

show a single peak, which overshoots more significantly than the 33’DDS formulations.
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Figure 5.7 - Temperature profiles for the four structural isomers of TGAP/DDS during the 160 °C dwell as a
function of time as measured by thermocouples for resin and oven temperatures, where the shaded region is the
standard deviation. The inset graph shows the difference between the resin and oven temperature between 40

and 260 minutes. 100 mm by 100 mm by 4 mm sample dimensions.

In Figure 5.6, the temperature overshoot began once the dwell temperature had been reached,

indicating that significant curing reactions only occurred after the ramp. In contrast, in Figure
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5.7, the temperature overshoot occurred during the ramp for all formulations, indicating that
curing reactions occurred during the ramp. This can be considered the cure onset temperature,
a critical point often discussed in DSC dynamic scans. For 33’DDS, the cure onset temperature
is approximately 125 °C and for 44’DDS, approximately 140 °C. As the cure onset for 33’DDS is
lower than 130 °C, it would be expected that a temperature overshoot would be seen in the 130
°C dwell. This is not the case, as the heating rates are different. The ramp-up to 160 °C is half
that of 130 °C; therefore, the onset will occur earlier due to reduced thermal gradients within
the sample [209].

The 33’DDS formulations show a double peak. This suggests that it is a combination of the
peaks seen in the 130 and 160 °C dwell in the standard cure schedule shown in Figure 5.1. The
44’DDS formulations show only one peak. The same superposition of the two temperature
overshoots occurs in the 44’DDS formulations. Still, as the temperature overshoot in the 130 °C
dwell is small and delayed, it can be predicted that when no low-temperature dwell occurs, a
significant overshoot will be observed at higher temperatures, possibly around the point at
which the temperature overshoots in the ramp (140 °C). The reasoning behind this is the lower
reactivity of 44’DDS compared to 33’'DDS.

In the 33’'DDS peak, the TGpAP resin peaks higher than TGmAP. This was not seen in the
standard cure schedule and 130 °C measurements. It is unclear why this occurs, but it could be
related to the higher temperature the heating regime goes to. A greater proportion of reactions
can occur at this temperature for TGpAP/33’DDS compared to TGmAP/33'DDS. However, in the
44’DDS peak, TGmAP shows a higher temperature overshoot than TGpAP. In the previous
heating regimes, the two formulations have achieved similar overshoots. The reasoning behind
this can be thought to be similar to one for TGpAP/33’'DDS compared to TGmAP/33’DDS.

Unlike the 130 °C dwell, the point at which the resin temperature drops below the oven
temperature is not as clear and occurs at similar points for TGpAP/44’DDS, TGmAP/33'DDS
and TGmAP/44’'DDS. This is related to the dwell being at a higher temperature, 160 °C. More
curing reactions occur in a shorter period, and the three formulations vitrify and insulate the
resin thermocouple at similar times. The resin temperature of TGpAP/33’'DDS does not drop
below the oven temperature for the entirety of the cure, suggesting it is not as cured as the other

three formulations.
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5.3.3. DYNAMIC HEATING

The final heating regime is a dynamic cure. This applies a constant heating rate of 0.25 °C min-!
between 100 °C and 200 °C. The heating rate is slow enough that temperature overshoots
should be seen during the heating ramp rather than when the heating ramp finishes. The
temperature measurements for the dynamic heating regime of 0.25 °C min! for the four
formulations of TGAP/DDS are shown in Figure 5.8. No temperature overshoot occurs once the
dynamic heating stage has finished, indicating that most of the cure has occurred during the

temperature ramp.
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Figure 5.8 - Temperature profiles for the four structural isomers of TGAP/DDS during the 0.25 °C min-!
dynamic heat as a function of time measured by thermocouples for resin and oven temperatures, where the
shaded region is the standard deviation. The temperature difference between resin and oven temperature is

shown on the inset graph as a function of oven temperature. 100 mm by 100 mm by 4 mm sample dimensions.

In previous heating regimes, resin temperature often lags behind oven temperature during the
heating ramp, but this is not the case here. When significant curing reactions occur, the resin
temperature is higher than the oven temperature. The resin temperature overshoot is shown as

a function of oven temperature on the inset graph of Figure 5.8, similar to dynamic DSC
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measurements shown in 5.4. The recurring theme of 33’DDS formulations overshooting earlier
than 44'DDS occurs. A significant temperature overshoot occurs at approximately 130 °C for the
33’DDS and approximately 145 °C for the 44’DDS formulations. The TGpAP formulations peak
around 5 °C after the TGmAP formulations.

From the standard cure schedule measurements in Figure 5.1, three different temperature
overshoots are seen at each dwell. This is not the case. Each formulation shows one distinct
peak. This suggests that there is one point where the reaction is most exothermic and where
many curing reactions occur. Despite a lack of overshoot at higher temperatures, reactions do
occur here; they are just not significant enough to show an overshoot. If larger quantities were
used, this may result in a runaway reaction, the same with isothermal heating. Multi-dwell cure
cycles help prevent this by allowing the reactions to occur in steps rather than all at once.

Limited information can be gained from this measurement as the phenomena are not
sensitive enough. Curing reactions could occur at higher temperatures, but this cannot be seen
using thermocouples. A more sensitive technique is needed to measure the thermal response of

the epoxy resin cure. This is where DSC comes in.

5.4. DIFFERENTIAL SCANNING CALORIMETRY

As evidenced in section 5.3, the curing reactions of TGAP/DDS are exothermic. Points at which
curing reactions occur can be identified by exothermic behaviour. Using thermocouples to
measure the resin temperature compared to oven temperature has provided initial insight into
how the different TGAP/DDS formulations behave. Still, it has only been helpful when there is a
significant overshoot. Differential scanning calorimetry can measure very small samples and
measure the thermal behaviour of the epoxy amine cure. This section will discuss similar
measurements to section 5.3 but in reverse. Dynamic measurements will be discussed first,

followed by isothermal measurements and finally, the overall cure schedule.

5.4.1. DYNAMIC DSC MEASUREMENTS

The cure of the four formulations of TGAP/DDS has been investigated using dynamic heating
between 30 °C and 300 °C at five different heating rates (2.5, 5, 10, 15 and 20 °C min-1). The heat

flow plots are shown in Figure 5.9. No significant thermal activity was observed between 30 °C
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and 100 °C. Therefore, the plots are shown between 100 °C and 300 °C. In each formulation and

for every heating rate, an exothermic peak is seen.
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Figure 5.9 — DSC heat flow plots for the four structural isomers of TGAP/DDS under dynamic heating
conditions (2.5, 5, 10, 15 and 20 °C min-1): (a) TGpAP/44’'DDS, (b) TGpAP/33’DDS, (c) TGmAP/44’DDS and (d)
TGmAP/33’'DDS. Exothermic is up.

The exothermic peak can be likened to the temperature overshoot seen in 5.3. Still, instead of

comparing temperatures, DSC compares the energy required to heat the sample to a specific

temperature compared to the energy required to heat the reference pan to a specific

temperature. If less energy is required to heat the sample to a specific temperature, then an

exothermic process occurs, and vice versa for an endothermic process.
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When dynamically heating TGAP/DDS and comparing the resin and oven temperatures in
Figure 5.8, only one peak was shown in the temperature overshoot. When using the DSC to
measure the response, Figure 5.9 shows a double peak for nearly all formulations and heating
rates. This is something that hasn’t been explicitly commented on before. The double peak
formation was seen in Ramsdale-Capper and Foreman'’s study on the four structural isomer
formulations of TGAP/DDS when undertaking DSC at 10 °C min-! but was not extensively
commented on [32]. Varley et al. also investigated TGpAP/44'DDS under dynamic heating, but
no comment was made on the shape of the heat flow plot, suggesting this double peak
occurrence was not seen [102]. Padama et al. undertook dynamic measurements using DSC on
TGpAP with three different hardeners: 44’DDS, pyridenediamine (PDA) and toluenediamine
(TDA) [210]. They found that at different heating rates (10, 15 and 20 °C min-1), TGpAP/44'DDS
and TGpAP/PDA produced a single exothermal peak, whereas TGpAP/TDA produced two
exothermal peaks. Although the single exothermal peaks were true single Gaussian peaks, there
was a broad initial shoulder. Padma et al. accounted the two peaks to the greater reactivity of
TDA compared to 44’'DDS and PDA [210]. TDA had a lower cure onset temperature where the
primary amines reacted initially, the first peak, and due to this, the reactivity of the secondary
amine is much reduced, and therefore, a second exothermic peak is seen at higher temperature.

Figure 5.9 shows that none of the formulations are true single exothermic peaks. In the
slower heating rates, a double peak is more evident than in the faster heating rates. This can be
related to thermal lag. There is less thermal lag in the slower heating rates, allowing for greater
separation between the different exothermic events in the faster heating rates. These different
exothermic events are difficult to assign to specific reactions as DSC does not tell you what those
reactions are. Knowledge of the reactivities of the starting reagents must be used to make a
suitable assignment. It is sensible to analyse the heat flow plots and assign the following critical
features: reaction kick-off (T;), cure onset (7, ), peak temperature (T}, ), cure end (7f), cure range
(AT,,,.) and total enthalpy of cure (AH) as done so in previous studies such as Padma et al. and

Varma and Bhama [36,210]. Table 5.1 shows these values.

117



Chapter 5. Thermal Matt Whittaker

Table 5.1 - Cure critical points of dynamic DSC measurements of the four structural isomers of TGAP/DDS at
different heating rates (2.5, 5, 10, 15 and 20 °C min-t). Where p/44’ is TGpAP/44’DDS, p/33’ is TGpAP/33’'DDS,
m/44’ is TGmAP/44’DDS, m/33’ is TGmAP/33’DDS, T; is reaction Kkick-off temperature, T, is the cure onset
temperature, T, is the first peak temperature, T,, is the second peak temperature, Tr is the cure end, AT, is
the cure temperature range, and AH is the total enthalpy of cure. Italicised values note that DSC stopped before a

plateau was reached. Underlined peak temperatures note that this peak was the maximum heat flow value.

Heating

Rate /°C T;/°C T,/°C T, /°C T, /°C T;/°C Meure  AH/

- /°C  Jgt

p/44’ 112 161 197 220 254 144 791
p/33’ . 85 146 179 230 252 167 1157
m/44’ 96 157 193 220 251 155 784
m/33’ 87 145 178 223 248 161 825
p/44’ 122 174 212 240 267 145 799
p/33’ 105 163 199 245 267 162 872
m/44’ > 109 171 210 239 267 158 947
m/33’ 97 158 197 237 248 169 791
p/44’ 113 192 232 260 284 171 772
p/33’ 0 122 180 219 260 283 161 702
m/44’ 129 192 227 255 281 152 807
m/33’ 111 175 218 255 285 174 852
p/44’ 124 203 243 266 293 169 678
p/33’ 129 190 232 271 294 165 668
m/44’ o 130 202 244 268 298 168 989
m/33’ 117 186 230 264 293 176 887
p/44’ 139 211 252 284 300 161 993
p/33’ 137 198 244 281 300 163 748
m/44’ 20 150 211 253 277 300 150 911
m/33’ 130 194 239 275 300 170 836

Generally, the faster the heating rate, the higher the temperatures at which the critical points
occur. One important distinction to make is the difference between T; and T,. T; is the

temperature at which exothermic reactions begin, whereas T, is the temperature at which
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significant curing reactions begin. The two differences are shown in Figure 5.10 for
TGpAP/44’'DDS heated at 2.5 °C min-1. The difference is 48 °C, which is quite large, but before
160 °C, the exotherm is insignificant and only accounts for a small amount of curing reactions.
A similar technique was employed by Padma et al. and Xia et al. [210,211]. The reactions that
occur between T; and T, are difficult to assign whereas at T,, this can be thought of as the point
at which epoxy primary amine reactions begin. Using T; from Table 5.1 makes for a complex
analysis as there are points at which the reactivities of the epoxy and hardener make sense.
33'DDS begin reactions at a lower temperature 44'DDS, but this isn’t the case for all
formulations and heating rates. However, if T, is used, the behaviour is explicit. The reason
behind this unclear behaviour when using T; values could be related to the preparation method
before undertaking DSC measurements. There is significant time between mixing the starting
reagents at elevated temperatures and starting the measurements in the DSC. Initial reactions
will have taken place in mixing and sample transfer, as shown in Chapter 4. NIR which may affect

the T;. Therefore, it is better practice to use T, values.
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Figure 5.10 - Reaction kick-off temperature (7;) vs cure onset temperature (T,) for DSC heat flow plot of

TGpAP/44’DDS under dynamic heating at 2.5 °C min-1.
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Considering the T, values in Table 5.1, there is a clear trend in reactivity. The onset of reaction
occurs at lower temperatures for the 33’DDS formulations compared to the 44’DDS

formulations. Considering all formulations, the following trend in onset temperatures is seen:

TGpAP/44'DDS > TGmAP/44'DDS >> TGpAP/33'DDS > TGmAP/33'DDS

The difference between TGpAP/44'DDS and TGmAP/44’DDS is very small in 2.5, 5 and 15 °C
min-1 heating rates, and the 10 and 20 °C min-! heating rates, the onset temperature is the same
to the nearest °C. However, in the 33’'DDS formulations, TGmAP/33’DDS has a lower onset
temperature than TGpAP/33’DDS. There is a 5 °C difference for 2.5 and 5 °C min-? and a 2 °C
difference for 10, 15 and 20 °C min-1. This would suggest that TGmAP is more reactive than
TGpAP despite some onset temperatures being the same in the 44’DDS formulations. The
reactivity is increased, but it is not related to the chemistry of the epoxide ring. It is related to
the position of it. TGmAP is non-linear compared to the TGpAP, and configurational entropy is
greater; thus, the chance of collisions with primary amines is greater. Therefore, the onset
temperature of the TGmAP formulations is often lower than the respective TGpAP formulations.

The T, values define the point at which substantial curing reactions begin but not which
reaction. The three common reactions that occur during an epoxy amine cure are epoxy-
primary amine, epoxy-secondary amine and etherification (epoxy-hydroxyl). On its own, DSC
cannot distinguish between these. In the case of dynamic heating, it is more of a challenge to
assign the reactions as the temperature is constantly increasing. A constant increase in heat
increases the energy provided to the system; therefore, the traditional progression of reactions
seen in a multi-dwell cure schedule used in section 5.3.1 does not necessarily occur. Instead,
reactions compete. Primary amines may not all be consumed before the minimum energy
required for epoxy-secondary amine or etherification is reached. Therefore, the reactions
compete and, in some formulations, may occur at similar times. In summary, if temperature
increases, reactive groups will react with any reactant in proximity rather than the type of
reaction. This behaviour increases as the heating rate increases.

Figure 5.11 shows the different exotherms of the four structural isomers of TGAP/DDS
obtained using 2.5 °C min-! dynamic DSC measurements. TGpAP/33’'DDS and TGmAP/33'DDS
have two clear maxima, whereas TGmAP/44’DDS and somewhat TGpAP/44’DDS have one clear

maximum and a shoulder. If these exotherms were deconvoluted, they would not result in two
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peaks. There would be multiple peaks, of which none would be assignable. Shiravand et al.
deconvoluted the dynamic heat flow scan into three assigned peaks, and the resultant
superposition plot was not an exact fit [133]. Treating them as two peaks is more suitable, as
Wu et al. did in their dynamic DSC study on TGDDM cured with dicyanodiamide [134]. However,
they attributed the two different peaks to the reaction being a two-step cure - one reaction has
to occur before the second reaction can. This is not the case in TGAP/DDS, as discussed in
Chapter 4. NIR, the different curing reactions compete. The fact that the 33’DDS formulations
reach a maximum and heat flow decreases and then increases to another maximum is
interesting. This could indicate autocatalysis in the system - products from one reaction allow

another reaction to occur more quickly.
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Figure 5.11 - DSC heat flow plots for the four structural isomers of TGAP/DDS under dynamic heating 2.5 °C

min-1. Exothermic is up.

In Figure 5.11, the 33’DDS formulations curing reactions occur in two distinct phases. Due to
the increased reactivity of 33’'DDS compared to 44’DDS, curing reactions can begin at lower
temperatures and as a mix of primary and secondary amine reactions. Two clear peaks may

occur because of this increased reactivity. TGmAP/33’DDS is a good example, as it has two
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nearly equal height peaks. The first peak accounts for a combination of all reactions, with the
majority most likely being epoxy-primary amine and epoxy-secondary amine reactions. The
general rate of reaction slows, but as temperature increases, effective free volume space
increases, and the mobility of reactants and concentration of potential catalysts increases;
therefore, the rate of reaction then increases. A second peak is reached, and the reactions
accounting for this exotherm are once again a combination, with the majority most likely being
epoxy-secondary amine and etherification. TGpAP/33'DDS looks slightly different with a
greater initial maximum,; this can be accounted for by the tertiary amine catalyst behaviour seen
in Chapter 4. NIR, where TGpAP can promote etherification reactions at lower temperatures
than TGmAP, causing the lower temperature peak to be more significant. The 44’DDS
formulations show a shoulder, which is the initial epoxy-primary amine reaction. Still, due to
the lower reactivity of 44’DDS, this exotherm overlaps with the prominent peak, a combination
of all curing reactions.

Not all heating rates will be discussed as they follow similar trends. Figure 5.12 shows the
different exotherms of the four structural isomers of TGAP/DDS obtained using 20 °C min-!

dynamic DSC measurements.
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Figure 5.12 - DSC heat flow plots for the four structural isomers of TGAP/DDS under dynamic heating 20 °C

min1. Exothermic is up.
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Rather than two clear maxima in the 33’DDS formulations, the higher temperature peak
dominates. The heating rate is so fast that there is little time for reactions to occur in two stages,
like in the 2.5 °C min-! measurements. The 44’DDS exotherms appear more single peak-like with
only a small discernible shoulder.

These heat flow plots indicate that the four structural isomers of TGAP/DDS cure under
dynamic heating through different mechanisms. By using equation (5-1), the enthalpy of
reaction as a function of temperature, AH(T), can be calculated.
dq
dt

AH(T):l ' dT (5-1)
B Jo

Where S is heating rate, and % is heat flow. By integrating the heat flow plot to the point where

the rate of change in heat flow is zero, the total enthalpy of cure, AH,, can be calculated. These
values are shown in Table 5.2 and are an average of the values obtained for the five different
heating rates. The total enthalpy of cure values should be the same irrespective of the
mechanism, as the same number of reactive groups are present. It is important to note that each
dynamic scan cured each formulation completely, as validated by the fact that no exotherm was

observed during the repeated heating procedure.

Table 5.2 - Average total enthalpy of cure (AH,) values for the four structural isomers of TGAP/DDS obtained

from dynamic DSC measurements using five different heating rates (2.5, 5, 10, 15, and 20 °C min-1).

TGpAP/44'DDS TGpAP/33'DDS TGmAP/44'DDS TGmAP/33'DDS

AH, /] g 806.8 829.7 887.7 838.4

AH, / k] mol-1 109.7 112.8 120.7 114.0

The value obtained for TGpAP/44’DDS agrees very well with the literature. Varley et al. reported
a value of 110.5 k] mol-! for TGpAP/44’DDS [102]. It is worth noting that these values agreed
despite different epoxy:amine ratios used, indicating that the same epoxide ring-opening
reactions occur between different ratios. TGpAP/33’DDS and TGmAP/33’'DDS have similar
values and lie close to literature values, whereas TGmAP/44'DDS is slightly higher. This
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shouldn’t be the case, as the value refers to the energy release of an epoxy ring opening reaction.
The higher value doesn’t indicate a different mechanism or a more reactive type of reaction but
rather an error with the technique.

To prepare the sample for testing in the DSC, the epoxy and amine hardener must be mixed
at elevated temperatures. During this stage, reactions take place. In the case of TGmAP/44’DDS,
fewer reactions occur in the mixing stage, as shown in Chapter 4. NIR. This results in more
reactants remaining in the DSC sample that haven't reacted, resulting in a greater exothermic
response when tested. It cannot be corrected, but it is worth considering when querying the
higher value for TGmAP/44’DDS.

Knowing the total enthalpy of cure allows for calculating the degree of cure shown in

equation (5-2).

a(T) = (5-2)

The degree of cure as a function of temperature for the four structural isomers of TGAP/DDS is
shown in Figure 5.13. As the heating rate increases, the degree of cure curve is shifted to a higher
temperature. Small variations in the degree of cure between the different formulations are

observed and are difficult to comment on in this format.
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Figure 5.13 - Degree of cure as a function of temperature plots for the four structural isomers of TGAP/DDS
under dynamic heating conditions (2.5, 5, 10, 15 and 20 °C min'1): (a) TGpAP/44’DDS, (b) TGpAP/33’DDS, (c)
TGmAP/44’DDS and (d) TGmAP/33'DDS.

All formulations achieve 100 % cure during the heating regime. Slower heating rates achieve
complete cure earlier than faster heating rates. The gradient of each curve is similar. Small
differences are seen between the formulations, as shown in Figure 5.14, when comparing the
four structural isomers of TGAP/DDS under dynamic heating at 20 °C min-1. Initially, the
formulations display similar behaviour according to the hardener, but towards the end of the

cure, the formulations pair based on epoxy.
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Figure 5.14 - Degree of cure as a function of temperature plots for the four structural isomers of TGAP/DDS

under dynamic heating at 20 °C min-1.

The curves can be differentiated to obtain the rate of reaction, which shows, in this case, the
change in degree of cure as temperature changes. Where the value is highest is where the rate
of reaction is fastest. In the case of dynamic heating, rate of reaction is better interpreted in
terms of temperature, not time. Different heating rates cure over different time periods, which
results in difficult interpretation if the traditional rate of reaction in terms of time as a function
of degree of cure is used. These results are shown in Figure 5.15. Unsurprisingly, these look very
similar to the heat flow curves shown in Figure 5.9 and would look the same if the x-axis was

temperature rather than the degree of cure.

126



Chapter 5. Thermal

Matt Whittaker

0.008

(a) TGpAP 44'DDS
| =——2.5°C min"

5 °C min™
——10°C min?
——15°C min"!

| ——20°C min™

0.006

0.004

do/dt /st

0.002

/””’“\

s

0.000 : .
0.0 0.2

0.008

0.4

1.0

(c) TGmAP 44'DDS
2.5°C min™!

5°C min™
——10°C min™!
——15°C min™

| ——20°C min™

0.006

0.004

da/dt /s

0.002

0.000

0.0 0.2

0.6

0.4 0.8

1.0

0.008

0.006

da/dt /st

0.002

0.004

(b) TGpAP 33'DDS
——2.5°Cmin™

5°C min™!
——10°C min™*
——15°C min"
——20°Cmin

0.000 . .

0.008

0.006

da/dt /st

0.0 0.2

0.4

0.6 0.8 1.0

(d) TGmAP 33'DDS
——2.5°Cmin’*

5°C min!
——10°C min™!
——15°C min™
~———20°C min"'

0.004 4

0.002 4

0.000 - T

0.0 0.2

0.4 0.6 0.8 1.0

Figure 5.15 - Rate of reaction with respect to time as a function of degree of cure for the four structural

isomers of TGAP/DDS under dynamic heating conditions (2.5, 5, 10, 15 and 20 °C min'1): (a) TGpAP/44’DDS, (b)

TGpAP/33'DDS, (c) TGmAP/44'DDS and (d) TGmAP/33'DDS.

Instead, displaying the rate of reaction with respect to temperature as a function of degree of

cure is a better way to show this data as it effectively normalises the data, and a more

straightforward comparison of the differences in mechanism can be seen at different heating

rates. This is shown in Figure 5.16 for the four structural isomers of TGAP/DDS. The switching
of the dominant peaks in TGpAP/33’'DDS and TGmAP/33’'DDS and the lack of switching in

TGpAP/44'DDS and TGmAP/44’DDS as heating rate changes are more apparent in this form

than in the heat flow plots in Figure 5.9. This indicates that in the 33’DDS formulations, the

heating rate impacts the curing mechanism. However, in 44'DDS, there is less of an effect. This

is most likely related to the reactivity of the hardener, as discussed earlier.
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Figure 5.16 - Rate of reaction with respect to temperature as a function of degree of cure for the four

structural isomers of TGAP/DDS under dynamic heating conditions (2.5, 5, 10, 15 and 20 °C min-1): (a)
TGpAP/44'DDS, (b) TGpAP/33’DDS, (c) TGmAP/44’'DDS and (d) TGmAP/33’DDS.

The data presented in the above figures can be used to determine the activation energy of the

reactions taking place during the cure. The activation energy is the minimum energy required

for a reaction to take place. Multiple methods have been determined to do this. The methods

are based on the Arrhenius equation, which relates the rate constant, k(T), to activation energy,

E,. In the simplest of forms, the rate constant can be related to the rate of reaction by equation

(5-3).

da

dt

k(T)f (@)

(5-3)
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da

Where ”

is rate of reaction, k(T) is the rate constant, and f(a) is a function of fractional

conversion. The Arrhenius relationship of the rate constant as a function of temperature is given

in equation (5-4).

k(T) = Aexp (— g—;) (5-4)

Where A is the pre-exponential factor, which is also known as the frequency factor and
considers the number of collisions and orientation of the reactants, E, is activation energy, R is
the molar gas constant, and T is temperature. Combining equations (5-3) and (5-4) gives

equation (5-5).

da

= Af@esp(-22) (5-5)

This equation is the basis of the methods that will be used here. These methods are known as
model-free methods, where the kinetic behaviour is analysed without the need for exact values
of f(a) and A. As a result, each method makes assumptions that may well introduce
inaccuracies in the values obtained. It is, therefore, essential to understand the assumptions and
how this affects the values obtained.

The first method widely used to calculate activation energy is the Kissinger method [212]. It
utilises the relationship between the exothermic peak temperature and heating rate to obtain
activation energy. It assumes that the exothermic peak occurs at a fixed stage in the reaction
[213]. Single exothermic peak temperatures are commonly observed; this was not the case in
TGAP/DDS. A study by Wu et al. observed two peaks and applied the Kissinger method to each
peak separately [134]. The Kissinger method is shown in equation (5-6). It is derived by
differentiating equation (5-5) by parts and under the assumption that the reaction is first order
to obtain equation (5-6) [214]. The fact that there are two clear peaks in most of the dynamic
measurements suggests that the curing reaction of TGAP/DDS is not first order. Still, Vyazovkin
suggested this doesn’t give rise to significant error when using linear heating rates [215].

Despite not being a first-order reaction, it is still a worthwhile technique to indicate the
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difference in values between the four different formulations, whether they be an exact value of

activation energy or not.

B\ . (AR\ E,
In <F> =In (E—a) - RTp (5-6)

Where T, is the exothermic peak temperature. Activation energy, E, is determined by plotting

In <TB—2) against Tl and multiplying the gradient, — %“, by —R (8.314 ] K1 mol1). An example of
p

p

the plot obtained for TGmAP/33’DDS is shown in Figure 5.17.
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Figure 5.17 - Natural log of heating rate over exothermic peak temperature squared against the reciprocal of
exothermic peak temperature for peak 1 (Tp1) and peak 2 (Tpz) during the dynamic cure of TGmAP/33’DDS using
five different heating rates (2.5, 5, 10, 15 and 20 °C min-1).

The activation energies for the four structural isomers of TGAP/DDS, as calculated using the
Kissinger method when treating the two apparent heat flow peaks separately, are shown in

Table 5.3. The R? values for each fit are also shown. They indicate how reliable the experimental
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data linearly fits the Kissinger method [134,216]. These values should be treated cautiously as
they only indicate correlation. Vyazovkin stated that despite perfectly linear plots, the Kissinger
method often fails to detect any complexity in the process [215]. Activation energy will change
throughout the reaction as the reaction conditions change and the type of reaction changes.

Therefore, the value obtained is an average throughout the entire cure.

Table 5.3 - Activation energies for the four structural isomers of TGAP/DDS calculated using the Kissinger

method (equation (5-6)) and two exothermic peak temperatures.

TGpAP TGpAP TGmAP TGmAP
R? R? R?
44’DDS 33’'DDS 44’DDS 33’DDS

Peak 1 Activation
69.08 0.9978 56.28 0.9982 62.01 0.9928 57.45 0.9995

Energy / k] mol-!

Peak 2 Activation
68.66 0.9806 87.38 0.9939 74.68 0.9965 83.63 0.9936

Energy / k] mol-!

Peak 1 is suggested to consist of mainly epoxy primary amine reactions. The activation energy
is, on average, lower for 33’DDS formulations as expected due to its chemical structure. Peak 2
consists of mainly epoxy secondary amine and etherification reactions. However, it is best to
say that it consists of the reactions that didn’t occur in peak 1. As the activation energy of peak
1 for the 44'DDS formulations is higher, the activation energy for peak 2 would be expected to
be lower than the 33'DDS formulations, as is the case. There are more reactants remaining in
the second peak for the 44’DDS formulations. Therefore, the possibility of reactions is greater,
resulting in a lower activation energy. The R? values for all formulations and peaks are around
0.99, apart from peak 2 for TGpAP/44’DDS. Despite peak 1 showing a good linear relationship,
peak 2 is less well-behaved. The reason behind this is either related to thermal degradation as
TGpAP/44’DDS is less thermally stable at the temperatures at which peak 2 occurs when heated
using the faster heating rates or simply that T, does not follow that relationship when increasing
the heating rate for TGpAP/44’DDS. It is not possible to tell using the Kissinger method.

Even by separating the heat flow plots into two different peaks, these peaks are still not single
steps. The separately treated peaks still consist of multiple reactions, and the Kissinger method

cannot accurately model this. An improved method of analysing the curing process is needed.
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[soconversional methods improve the determination of activation energies by calculating the
activation energy at different degrees of conversion or temperature using a model-free method
[217]. There is no need to assume a kinetic model such as the rate equation or the reaction
order, as the rate of reaction is assumed to be related to temperature and degree of conversion
[218]. Multiple examples of model-free isoconversional methods exist: Kissinger-Akahira-
Sunrose (KAS), Flynn-Wall-Ozawa (FWO), Starink and Friedman. All four will be applied to the
dynamic measurements.

Let’s start with the first three methods: KAS, FWO and Straink. These three methods allow
for calculating activation energy as a function of degree of cure. Instead of analysing the
dependence on the exothermic peak temperature, these methods analyse the dependence of the
temperature at specific values of degree of cure when using different heating rates. This study
will analyse the dependence at 5 % degree of cure intervals.

These methods are based on the general kinetic equation shown in equation (5-5) and are
integrated by parts, and different approximations are used based on the method. As a result, the
activation energies have different values and, therefore, different accuracies that depend on the
method. An in-depth study by Starink clearly outlines all the assumptions and methods used
here; therefore, they will not be repeated in detail [213].

Firstly, equation (5-5) is written in the form of equation (5-7) as heating rate, f = a

dt
da E,
= i 5-7
ar — 47 (“)eXp( RT) (>7)
Rearranging to give equation (5-8).
da A ( Ea) T (5-8)
——=—exp|— == -
f@ B P\TRT

Applying integrals to this gives equation (5-9).
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fl(a) _ dT = AEa Jooexp(_Y) dy (5_9)

f(a) Bf RT ~ BR y?

Where y = i—;. This is where the methods differ according to the approximation applied. The

approximation is known as the temperature integral. Depending on the reactions taking place,
therefore, the value of y, determines the suitability of the approximation of the temperature

integral. The temperature integral is given by equation (5-10).

p(y) = f #dy (5-10)
y

Applying this gives equation (5-11).

AE,
fi(a) = ﬁ—Rp(y) (5-11)

Rearranging equation (5-11) and applying natural logs gives equation (5-12).

In(B) =1In (Aga) —In(f"(@) + In(p(»)) (5-12)

For KAS, when the Coats-Redfern approximation is the case (equation (5-10)), the method is

given as equation (5-13).

() =)
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Where T, is the temperature at a given degree of cure. KAS is unsurprisingly very similar to the
Kissinger method shown in equation (5-6), just with an additional function of f'(a) as this
method is model-free and does not need to assume that the reaction obeys a specific model,

such as first-order kinetics. This function remains unsolved and needn’t be as to calculate the

dependence of activation energy with temperature a plot of In (%) against Tl is needed where
a a

the gradient is equal to — %.

The FWO uses a different approximation for the temperature integral as determined by Doyle
[141,219] given in equation (5-14) and equation (5-15). Using the correct form, whether using

logarithm or natural logarithm, is important as it will affect the activation energy values.

log(p(y)) = —2.135 — 0.4567y (5-14)
In(p(y)) = —5.3305 — 1.052y (5-15)
Applying Doyle’s approximation to equation (5-12) gives the FWO method in equation (5-16).

AE,
In(B) = ln( R

) —In(f'(a)) — 5.3305 — 1.05215—7‘,‘a (5-16)

Activation energy is determined by plotting In(f) against Tl and the gradient is equal to

~1.0525%,
R
The final degree of cure-related method that uses the temperature integral approximation is

the Starink method. Starink identified that the temperature integral approximation was derived

from equation (5-17) [213].

—~Ay +B
p(y)=eXp( y,{y+ ) (5-17)

134



Chapter 5. Thermal Matt Whittaker

Where A, B and k are optimising exponents. In the previous approximations, A has been
assumed to be one, but in their analysis, A was not required to be one, which led to the following
temperature integral approximation shown in equation (5-18), which they stated to be a highly

accurate approximation compared to the previous two [213].

exp (—1.0008y — 0.312)
p(y) = RE (5-18)

Applying this approximation to equation (5-12) gives the Starink method shown in equation (5-
19).

B AE, , E,
In (W) =In (T) —In(f'(a)) — 0312 — 1.0008R—Ta (5-19)

Activation energy is determined by plotting In (Tf;gz) against Ti and the gradient is equal to

~1.0008 2,

The final method is the Friedman method, which differs from KAS, FWO, and Starink as this
does not determine activation energy based on an integral. Friedman instead uses the rate of
reaction at fixed degree of cure values. Like with the other methods, it is based on the general

kinetic equation in (5-5). Instead, natural logs are applied, and the method is given in equation

(5-20).

Eq
T,

In (d_a) =In(A4) + ln(f(a)) By

dt (5-20)

Activation energy is determined by plotting In (2—‘:) against Ti and the gradient is equal to — %‘1.
a

These methods are applied to dynamic DSC measurements of the four structural isomers of
TGAP/DDS under five different heating rates (2.5, 5, 10, 15 and 20 °C min-1) to determine the

activation energies as the resin cures. Activation energy values are given at 5 % intervals
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between 5 % and 95 % degree of cure. The values for 0 % and 100 % degree of cure cannot be
obtained as the rate of reaction is 0 s-1 at these points.

Figure 5.18 shows the activation energies calculated by the four different methods (KAS,
FWO, Starink and Friedman) for the four structural isomers of TGAP/DDS dynamically cured
using five different heating rates (2.5, 5, 10, 15, 20 °C min-1). This highlights the similarities and
differences between the methods. As would be expected, the trends observed in the p(y)
isoconversional methods (KAS, FWO and Starink) are the same, only offset by a factor, whereas
the Friedman method, a rate of reaction isoconversional method, is very different. Starink stated

that the accuracies of the methods were dependent on six factors [213], as follows:

1. Mathematical approximations, approximating the p(y) temperature integral.

2. Thermal lag: most DSC equipment will output the program temperature rather than the
sample temperature. If there is thermal lag, these temperatures will not be the same.

3. Baseline determination of the heat flow data and, in the case of the Friedman method, the
determination of the rate of reaction.

4. Inaccuracies in heating rate applied by the DSC.

5. In the case of the exothermic peak temperature method (Kissinger), the degree of cure
may not be the same at each heating rate.

6. The assumption that the equilibrium state is constant is not always the case as, towards

higher temperatures, thermal degradation occurs.

Due to these factors, the different methods have different levels of accuracy.
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Figure 5.18 - Activation energies as a function of degree of cure for the four structural isomers of TGAP/DDS
under dynamic heating conditions (2.5, 5, 10, 15 and 20 °C min-1) calculated using the methods in equations (5-
13) (KAS), (5-16) (FWO), (5-19) (Starink) and (5-20) (Friedman): (a) TGpAP/44'DDS, (b) TGpAP/33’DDS, (c)
TGmAP/44’DDS and (d) TGmAP/33’DDS.

The Friedman method makes no mathematical assumptions, but when the rate of reaction with
respect to time changes significantly over a short period of time, as is seen in Figure 5.15, the
method is inaccurate, explaining the discrepancy from the p(y) isoconversional methods.
Significant differences between the Friedman method and KAS and FWO have been seen in
previous studies, most notably in Zhang and Yan et al. [216,220].

The p(y) isoconversional methods use a similar method but differing approximations. The
accuracies of the approximations vary, with the FWO method thought to be the least accurate
as it does not support high values of y in its approximation. FWO activation energies are roughly

5 k] mol-1 higher than KAS and Starink, but the trend is similar. In Starink’s study, they suggested

137



Chapter 5. Thermal Matt Whittaker

that the Starink method (their method!) was the most accurate. The agreement between the
KAS and Starink methods was excellent. However, in this study the exact values are not of
particular interest. The trend of how the activation energies change is. So, for this, either
technique can be analysed. It is important to remember that even though these methods are
model-free, a complex curing mechanism will struggle to be supported by an empirical method.
The following will analyse the Friedman method and the Starink method.

The activation energies as a function of cure for the four structural isomers of TGAP/DDS
during a dynamic cure as calculated using the Starink method outlined in equation (5-19) are
shown in Figure 5.19. The values here are an average of every reaction occurring. From Chapter

4. NIR, it is known that none of the curing reactions occur independently.
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Figure 5.19 - Activation energies as a function of degree of cure for the four structural isomers of TGAP/DDS
under dynamic heating conditions (2.5, 5, 10, 15 and 20 °C min-1) calculated using the Starink method outlined in

equation (5-19).

The results shown are not what would be initially expected. As seen earlier in the chapter, a
pairing up based upon the hardener has been observed for the exothermic behaviour. This does
not occur here. Instead, TGpAP/44’DDS initially has higher activation energy than the other

three formulations. 44'DDS is less reactive; therefore, the barrier for reactions to occur is higher
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than that of the 33’'DDS counterparts. TGmAP/44’'DDS does not show this. The explanation
behind this is known. It could be related to the method, especially as Starink, FWO and KAS
don’t consider the rate of reaction, only temperature. Another feature that is not expected is the
lack of a decrease in activation energy during the initial stages of the cure. It is observed
dramatically in TGpAP/44’DDS and, to a small extent, in TGmAP/33'DDS, suggesting that the
reaction is autocatalytic [102,134,208]. Products of the initial reactions catalyse further
reactions, thus lowering the activation energy. This isn’t suggesting that this doesn’t happen in
TGpAP/33'DDS and TGmAP/44'DDS, but the data doesn’t show it, perhaps due to the
complexity of the other reactions occurring.

There is a significant increase in activation energy in all formulations after 40 % degree of
cure, which, according to the Flory equation, is roughly the point at which gelation occurs.
Significant reactions have occurred, and the reactants’ mobility is starting to be restricted,
resulting in higher activation energy. The rate at which the activation energies increase is
similar depending on the hardener. The 33’'DDS formulations have a lower activation energy at
40 % due to the increased reactivity of 33’DDS, but once significant crosslinking occurs, the rate
at which the activation energy increases is higher than 44’DDS. Towards the end of the cure,
TGpAP/44'DDS and TGpAP/33'DDS have nearly the same value, whereas the TGmAP/44’DDS
and TGmAP/33’DDS are lower. This can be related to the chemical structure of TGpAP. It is linear
compared to the non-linear structure of TGmAP. The configurational entropy is higher for
TGmAP. Therefore, the possibility of reactions is greater, resulting in a lower activation energy
value.

The activation energies as a function of cure for the four structural isomers of TGAP/DDS
during a dynamic cure as calculated using the Friedman method outlined in equation (5-20) are
shown in Figure 5.20. Despite what was said regarding the inaccuracy of the Friedman method,
the results presented show the expected behaviour that isn’t seen in the Starink method. The
pairing up based on the hardener occurs. However, this is only because this method calculates
activation energy based on the relationship between rate of reaction and temperature. The rate
of reaction is initially higher for the 33’DDS formulations than the 44’DDS formulations.

Therefore, the activation energy is higher in the 44’'DDS formulations.
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Figure 5.20 - Activation energies as a function of degree of cure for the four structural isomers of TGAP/DDS
under dynamic heating conditions (2.5, 5, 10, 15 and 20 °C min-!) calculated using the Friedman method outlined

in equation (5-20).

A more autocatalytic behaviour is also observed in all the formulations, although there isn’t a
decrease in activation energy but rather constant values for the first 20 % of the cure. This is
expected as the autocatalytic reactions are not the only reactions taking place. Activation energy
then significantly increases as the mobility decreases and steric effects increase. Towards the
end of the cure, activation energy stabilises and slightly decreases for TGpAP/33’DDS,
TGmAP/44'DDS and TGmAP/33’DDS. This is related to the non-linear structures. At higher
degrees of cure, the temperature will be high, and this may result in a decrease in activation
energy due to increased effective free volume space and mobility. Due to its linear starting
reagents, this doesn’t occur in TGpAP/44’DDS. The final activation energies also pair up based
on the epoxy structure. Linear TGpAP values are roughly 7 k] mol-1 higher than the non-linear
TGmAP final activation energy values.

The trends observed using the Friedman method are more logical than those seen using the
Starink method. The methods use different calculations and assumptions. The behaviour seen
in Friedman relates directly to the rate of reaction results. In contrast, Starink uses the

relationship between temperatures at specific degrees of cure and heating rate. Which method
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is more correct is challenging to say without significant further study. Whether it is needed to
be known is perhaps the more critical point. Dynamic heating is only used for ramping up to
isotherm temperature. The relevance of this information is, therefore, limited. It is important to
understand at what temperatures the resins are more reactive, but in practice, TGAP/DDS is
rarely cured using dynamic heating alone. Analysing the isothermal behaviour may give more

insight into the curing mechanism.

5.4.2. ISOTHERMAL MEASUREMENTS

Isothermal measurements refer to testing samples using DSC at a single temperature until no
more curing reactions occur. It would be expected that the isomers of TGAP/DDS should behave
differently from one another, as was the case with dynamic measurements. There are
drawbacks to isothermal measurements, just like with dynamic measurements, but
significantly more studies have been undertaken focusing on isothermal measurements. The
difficulty of a non-constant temperature is removed, allowing for a more accurate kinetic
analysis of epoxy resins.

The cure of the four formulations of TGAP/DDS has been investigated using isothermal
heating at five different temperatures (130, 160, 200, 210 and 220 °C) and are shown in Figure
5.21. The resins are ramped up to the specific temperature at a heating rate that is fast enough
to ensure that minimal amounts of curing occur, in this case, 50 °C min-1. Each isotherm occurs
until no more curing occurs, and the rate of heat flow change is zero, resulting in different
periods of time for each. Figure 5.21 is separated by isotherm temperature rather than
formulation. An example of TGpAP/33’DDS is shown in Figure 5.22. The heat flow values differ
significantly between 130 °C and 220 °C, meaning the details are unclear for the lower
temperature isotherms. The heat flow plots in Figure 5.21 appear more straightforward than
the dynamic heat flow plots shown in Figure 5.9 for all isotherms and formulations, as one peak
occurs very shortly after the start of the cure. It is worth noting that none of the plots start at 0
W g1 as a small amount of curing occurs in the ramp. The reaction is already underway at 0

minutes.
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Figure 5.21 - DSC heat flow plots for the four structural isomers of TGAP/DDS under five different isothermal
heating conditions: (a) 130 °C, (b) 160 °C, (c) 200 °C, (d) 210 °C and (e) 220 °C. Exothermic is up.
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At all isotherm temperatures, the 33’'DDS formulations achieve higher heat flow peaks earlier
than the 44’DDS formulations. Once again, indicating that the 33’'DDS formulations are initially
more reactive than the 44'DDS formulations. After the peak, the decrease in heat flow is steeper
for the 33’DDS formulations, indicating that most of the curing takes place quicker than 44’'DDS
formulations. Without further analysis, little more can be said about the difference in cure of
the four different TGAP/DDS formulations. It is worth noting that in Figure 5.21, the y and x-
axis scales differ between (a), (b), (c), (d) and (e). Despite the peaks appearing to be the same
height, they are not. In the 130 °C isotherm data, the y-axis maximum is 0.08 W g-1. whereas the
220 °C isotherm maximum y-axis value is 2.7 W g1, over 30 times larger. Figure 5.22 highlights
this issue for isothermal heat flow plots of TGpAP/33’DDS. The apparent differences are not

visible due to differences in heat flow and time periods.
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Figure 5.22 - DSC heat flow plot for TGpAP/33’DDS under five different isothermal heating conditions (130,
160, 200, 210 and 220 °C). Exothermic is up.

The heat flow plots can be integrated as shown in equation (5-21) to obtain the enthalpy of
reaction, AH(t) at time, t.
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t
AH(E) = f z—Zdt (5-21)
0

Where % is heat flow. This can then by divided by the total enthalpy of cure to obtain the degree

of cure as function of time, a(t), as shown in equation (5-22).

_AH(t)
a(t) =— i, (5-22)

Where AH,, is the total enthalpy of cure. Studies have used different approaches to obtain the
values of AH,. The total enthalpy of cure is often calculated by calculating the enthalpy of
reaction and then running a dynamic scan from 30 to 300 °C to calculate the residual enthalpy
and adding the two values. Many studies have done it this way, but the resins used have often
been DGEBA. As this is a bifunctional resin, the crosslink density is lower. When using a higher
functionality resin, the crosslink density is higher, and when exposed to a higher temperature,
reactions occur in proximity. The risk here is that unreacted groups get trapped between the
crosslinks, and because there isn’t enough time for reactive groups to move and react, a lower
enthalpy of cure is often observed. Resulting in falsely high values of the degree of cure. Barton
studied TGDDM/44’DDS and used the enthalpy of cure values obtained from dynamic scans of
uncured resin rather than residual enthalpy scans [127]. This study will follow the same
method, using the total enthalpy of cure values obtained from dynamic scans in Table 5.2.
Neither method is perfect; the most suitable method to validate the total enthalpy of cure is
using infrared spectroscopy to find the concentration of remaining epoxide groups, but this was
not done.

The degree of cure values should be very similar when using either method at low isotherm
temperatures. Figure 5.23 shows the residual exotherm peak in the DSC heat flow plot of
TGpAP/33’'DDS heated dynamically at 10 °C min-! after an isothermal cure at 130 °C for 710
minutes. Integrating the exothermic peak and dividing it by the heating rate, 10 °C min-1 will
give the residual enthalpy of cure. This plot also gives an endothermic peak where the glass
transition temperature (T, ) is. This relates to enthalpy lost when the sample undergoes ageing

during the isothermal cure, something seen and commented on by Hutchinson et al. when
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studying TGpAP/44’DDS using modulated DSC to identify the vitrification point [221]. The

longer the samples are cured and at higher temperatures, the bigger the endothermic relaxation

recovery peak is.
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Figure 5.23 - DSC heat flow plot of TGpAP/33'DDS when dynamically heated at 10 °C min-! to determine

residual after an isothermal cure at 130 °C for 710 minutes (not normalised). Exothermic is up.

Table 5.4 shows good agreement between residual enthalpy and using average total enthalpy of
cure from dynamic scans for TGpAP/33’DDS at 130 °C isotherm, within 2 k] mol-1. There is
similar agreement for all four TGAP/DDS formulations at both 130 and 160 °C isotherms.
However, in the high-temperature isotherms, the total enthalpy of cure is lower than that
determined by dynamic scans. This shouldn’t be the case as the total enthalpy of cure should be
similar irrespective of the heating method. The fast curing in isothermal measurements affects

this. It is worth being aware of this as some degree of cure values may be surprising later in the

chapter.
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Table 5.4 - A comparison of the total enthalpy of cure values obtained for the cure of TGpAP/33’DDS using the

residual enthalpy method vs an average of five dynamic scans.

TGpAP 33'DDS TGpAP 33'DDS

130 °C Isotherm  Dynamic Average

Isotherm AH,. /] g1 645.22 -
Residual AH, /] g1 194.58 -
AH, /] g1 839.80 829.68
AH, / k] mol-1 114.21 112.84

It is possible to use equation (5-22) to compare how the degree of cure progresses during the
reaction when using different isotherm temperatures. Figure 5.24 shows the degree of cure
values as a function of time for the four structural isomers of TGAP/DDS at each different
isotherm (130, 160, 200, 210 and 220 °C). The isotherm temperatures have been chosen based
on the standard multi-dwell cure cycle used for curing TGAP/DDS. There are dwells at 130, 160
and 200 °C. Those are the main temperatures of focus. 210 and 220 °C have been chosen to
allow for enough overlap to undertake activation energy calculations accurately.

For the 130, 160 and 200 °C isotherms, the final degree of cure value increases as
temperature increases for all formulations. However, none reach 100 % degree of cure. Figure
5.24 shows that in the TGmAP/33'DDS formulations, isotherm 210 and 220 °C go to lower
degrees of cure than the 200 °C. This is slightly counterintuitive and hasn’t been commented on
in the literature, as it may not be seen when calculating degree of cure using residual enthalpy.
It is related to the speed at which the resin cures. As the curing is so fast, crosslinks trap in
unreacted groups, which are so sterically hindered that they will not react even with a post-
cure. The resins would never be cured at these temperatures at low degrees of cure, maybe only
as a post-cure once the resin is mostly cured and has higher thermal resistance. The high
temperatures and the small molecules present could have resulted in evaporation, resulting in

a lower concentration of reactive groups than the initial concentration. In hindsight, good
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practice would have been to measure the mass of the final cured sample to see if this had an

effect.
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Figure 5.24 - Degree of cure as a function of time for the four structural isomers of TGAP/DDS under
isothermal heating conditions (130, 160, 200, 210 and 220 °C): (a) TGpAP/44’DDS, (b) TGpAP/33’'DDS, (c)
TGmAP/44’DDS and (d) TGmAP/33’DDS.

Another source of error that might cause the degree of cure values to be lower in higher
temperature isotherms may have been related to curing during the ramp-up to temperature.
This would be expected as from the dynamic scans heating at 20 °C min-1, the reaction kick-off
temperature was between 130 and 150 °C for the TGAP/DDS formulations. When ramping at
50 °C min-1, the onset will be slightly higher but still have an impact. Due to the increased
reactivity of the 33’'DDS hardener, the effect will be more prominent. The ramp-up to the 210
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and 220 °C isotherms in TGmAP/33’DDS was analysed to see the impact. Figure 5.25 shows the
ramp up to 220 °C, where the exothermic ‘peak’ can be integrated and the enthalpy found. One
of the issues with doing this is having to guess the baseline because, unlike in dynamic
measurements, where the sample is heated until curing has stopped, there is no end here, so

the accuracy cannot be guaranteed.
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Figure 5.25 - Dynamic DSC heat flow of TGmAP/33’DDS during the ramp up to 220 °C isotherm using a 50 °C

min-! heating rate. Exothermic is up.

Using Figure 5.25, the enthalpy of reaction was found to be 26.86 ] g1 for the ramp up to 220 °C
and doing the same analysis for the ramp up to 210 °C, the enthalpy of reaction was found to be
11.54 ] g'L. This accounted for 3.20 % and 1.38 % degree of cure, respectively, during the ramp.
This is not a large amount, especially when compared to a study by Anagwu and Skordos, who
investigated DGEBA cured with 4-aminophenyl disulphide, and when ramping to 200 °C, they
found the resin cured 65 % [111]. As TGmAP/33’DDS is thought to be the most reactive, 3.20 %
is the most amount of curing during the ramp for all the formulations. It was decided that this
would not be added to the final values as the accuracy of the baseline determination during the

ramp cannot be guaranteed. All the heat flow plots shown in Figure 5.21 show a maximum heat
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flow peak after the start of the measurements. Therefore, the effect on the further analysis will
be limited.

The degree of cure as a function of time plots for the 130, 160 and 200 °C isotherms for the
four structural isomers of TGAP/DDS are shown in Figure 5.26. For all isotherms, the 33'DDS
formulations cure quicker than the 44’'DDS formulations. At 130 and 160 °C, TGmAP/44’DDS
cures significantly slower than TGpAP/44’DDS at around 20 and 40 % cured, respectively. The
reason behind this is potentially related to the ability of TGpAP to undergo etherification
reactions at lower temperatures, whereas, in the 200 °C isotherm, the curing is very similar
until the end, where TGmAP/44’DDS goes to a slightly higher final degree of cure. This is related
to the non-linear shape of TGmAP. The ability of TGpAP to etherify at lower temperatures, as
discussed in Chapter 4. NIR, allows for a slightly higher final degree of cure in TGpAP/33’DDS
compared to TGmAP/33'DDS in the 130 °C isotherm. At 160 °C, the evolution of cure is very
similar for the 33’'DDS formulations, suggesting that that temperature is sufficient for a similar
curing mechanism. However, in the 200 °C isotherm, TGmAP/33’DDS goes to a significantly
higher degree of cure than TGpAP/33’DDS, suggesting that the epoxy primary amine reactions
dominate initially. Then, due to the non-linear shape of TGmAP, it can undergo greater amounts
of etherification later, whereas TGpAP/33’DDS linear epoxy shape limits this. It must be
remembered that DSC cannot give information about specific reactions. These are only
assumptions based on the behaviour displayed in Chapter 4. NIR. Additionally, TGmAP/33’DDS
achieves a higher final degree of cure value at 200 °C due to its T;,. From DMA (see Table 4.3 for
DMA data), TGmAP/33'DDS was the only resin with a T, under 200 °C. This would suggest
TGmAP/33’DDS is in a less glassy state that the other formulations with a T; higher than the
cure temperature. TGpAP/44'DDS, TGpAP/33’'DDS and TGmAP/44’DDS will be vitrified and
completely diffusion controlled once its T, reaches 200 °C or higher whereas TGmAP/33'DDS
will still have some flexibility in the crosslinked network allowing it to go to a higher degree of

cure.
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Figure 5.26 - Degree of cure as a function of time for the four structural isomers of TGAP/DDS under

isothermal heating conditions: (a) 130 °C isotherm, (b) 160 °C isotherm and (c) 200 °C isotherm.

Like in dynamic DSC, the next step in the analysis is looking at the rate of reaction. The rate of

reaction can be determined using equation (5-23).

dq
do_ de (5-23)
dt ~ AH,

da | : . . . .
Where d—f is rate of reaction with respect to time. Figure 5.27 shows the rate of reaction as a

function of degree of cure for the four structural isomers of TGAP/DDS, comparing the five
different isotherm temperatures (130, 160, 200, 210 and 220 °C). As isotherm temperature

increases, the maximum rate of reaction value increases for all formulations. The behaviour
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observed in Figure 5.24, where degree of cure goes to lower values at the higher isotherm
temperatures for the 33'DDS formulations, is seen in the rate of reaction going to zero before
the lower isotherm. For TGpAP/33’DDS, the isotherm 220 °C rate of reaction goes to zero before
isotherm 210 °C as is the same for TGmAP/33’DDS, and also isotherm 210 °C with respect to
isotherm 200 °C. The shape of the rate of reaction curves is similar for the higher temperature
isotherms (200, 210 and 220 °C) for each formulation. The shape is difficult to see for the lower

temperature isotherms due to the y-axis scale. It is better displayed in Figure 5.28.
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Figure 5.27 - Rate of reaction as a function of degree of cure for the four structural isomers of TGAP/DDS
comparing the five different isothermal conditions (130, 160, 200, 210 and 220 °C): (a) TGpAP/44’'DDS, (b)
TGpAP/33’'DDS, (c) TGmAP/44’'DDS and (d) TGmAP/33’'DDS.

Figure 5.28 compares the rate of reaction as a function of degree of cure for the four structural

isomers of TGAP/DDS under the five different isotherm temperatures.
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Figure 5.28 - Rate of reaction as a function of degree of cure comparing the four structural isomers of
TGAP/DDS under five different isothermal conditions: (a) 130 °C isotherm, (b) 160 °C isotherm, (c) 200 °C

isotherm, (d) 210 °C isotherm and (e) 220 °C isotherm. Note the y-axis scales are different for each isotherm.

For all isotherm temperatures, the rate of reaction peak is higher for the 33’'DDS formulations
than for the 44'DDS formulations. TGmAP/33’DDS consistently has a higher rate of reaction
than TGpAP/33’'DDS for all temperatures apart from isotherm 210 °C. TGpAP/44’DDS has a
higher rate of reaction than TGmAP/44'DDS for the first two isotherms (130 and 160 °C),
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whereas TGmAP/44’DDS has a higher rate of reaction in the higher temperature isotherm (200,
210 and 220 °C).

The shape of the curves is slightly different depending on the formulation. In 130 °C
isotherm, the shape of the curve for all formulations is ‘quadratic’, but the TGpAP formulations
have a slight hump towards the end of the curve. The shape of the curves for the other isotherms
is based on the hardener. The 44'DDS formulations have a slight hump after the peak, whereas
the 33’'DDS formulations peak then continually decreases. The hump form at a consistently
similar degree of cure values for both TGpAP/44’DDS and TGmAP/44’DDS, suggesting it is
something related to the chemical structure of the remaining reactive groups, which allows the
reaction to progress at a slightly increased reaction rate.

The hump is related to etherification. As discussed in Chapter 4. NIR, TGpAP can undergo
etherification reactions at lower temperatures due to its behaviour as a tertiary amine catalyst.
At 130 °C, the temperature is not high enough for significant etherification to occur without a
tertiary amine catalyst. TGpAP sees a hump in the rate of reaction plot indicating potential
etherification. The TGmAP formulations do not show an obvious deviation at 130 °C indicating
little, if any etherification.

In the higher temperature isotherms, the 44’DDS formulations undergo more etherification
reactions as the 44’DDS itself is not as reactive as 33’DDS, so reactions do not occur as quickly,
and reactive groups are less restricted than in the 33'DDS formulations. In Chapter 4. NIR,
comments were made on the fact that areas of localised areas of crosslinking form when
reactions occur simultaneously and quickly. In the case of isotherms, this occurs more readily
in the 33’DDS formulations. This better mobility means that any tertiary amines formed from
the reaction of epoxide groups and secondary amines can catalyse etherification reactions more
readily than those formed in the 33’'DDS formulations. This was not seen in isothermal DSC
analysis of TGpAP/44’DDS in studies by Varley et al. and Hutchinson et al. [102,221]. The case
is that the epoxy:amine ratio used in their studies was 1.1:1, whereas in this study, the ratio was
extremely epoxy rich, 1.72:1. The use of epoxy rich mixture allowed for etherification to have a
greater influence on the rate of reaction as the reactions took place via a different mechanism
to the mechanism in the not as epoxy rich formulations in the aforementioned studies. Although

an interesting finding, it can be undesirable, especially when undertaking kinetic analysis.
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5.4.2.1. ISOTHERMAL KINETIC ANALYSIS

Like with dynamic measurements in 5.4.1, the activation energy of the cure can be calculated.
Numerous methods can be used, but firstly, the general rate equation outlined in equation (5-
5) can be utilised by applying natural logs to give equation (5-24), the same equation as that of

the Friedman method used for dynamic measurements.

d Eq
In (d—f) =In(4) + In(f () — RT (5-24)

By plotting In (Z—?) against% at every 5 % degree of cure, the activation energy, E,, is determined

by multiplying the gradient by R. An example of the analysis for TGpAP/44’DDS is given in
Figure 5.29. Five isotherms were used to allow for accurate linear regression to be undertaken.
The linear relationship is generally good at low degrees of cure as the isotherms ‘overlap’ at
these points. However, when higher degrees of cure are obtained, not every isotherm achieves
that level of curing, reducing the number of points used for linear regression. Once the number

of data points reaches two, activation energy cannot be calculated.
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Figure 5.29 - Natural log of rate of reaction against the reciprocal of isotherm temperature at varying degrees

of cure for the cure of TGpAP/44’DDS.

Applying this analysis to all four structural isomers of TGAP/DDS results in the activation
energies shown in Figure 5.30. The activation energies are given between different degrees of
cures for each formulation due to different extents to which the isotherms overlap. The
TGmAP/44'DDS point at 75 % is marked with an asterisk as this is incorrect because this is the
point at which the linear relationship transitions from being calculated by four isotherms to
three isotherms. TGmAP/33’DDS activation energies only go up to 70 %, as after this point,
there is an inverse relationship between isotherm temperature and rate of reaction, which
would result in negative activation energies. This is known not to be the case. It can be assumed

that it will continue to increase activation energy to a similar point as TGmAP/44’DDS.
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Figure 5.30 - Activation energies as a function of degree of cure for the four structural isomers of TGAP/DDS

as calculated using equation (5-24). The asterisk noted values are anomalous data due to the analysis method.

At 10 % cured, all formulations show decreased activation energy, indicating that they are all
autocatalytic reactions. The products of one reaction further catalyse the later reactions,
resulting in a lower activation energy. All formulations start at nearly the same value,
approximately 76 k] mol-1, apart from TGmAP/33'DDS, where the first activation energy value
is 70 k] mol-1. All formulations then decrease until the trend separates based on the epoxy. The
activation energies increased in the TGmAP formulations earlier at around 30 % degree of cure
compared to that of TGpAP at 55 %. This could be related to the ease of etherification reactions
compared to those in TGmAP. Varley et al. commented that the final activation energy of TGDDM
was higher than the final activation energy of TGpAP because it only contained glycidyl amines
[102]. If the result were extrapolated, the final values of TGpAP would be higher than TGmAP,
which could be related to the behaviour of the glycidyl amine nitrogen as a tertiary amine
catalyst in the initial portion of the reaction, which directs reactions to take place on glycidyl
amine portion of the epoxy towards the end of the cure. Stutz and Mertes found that glycidyl
amine-containing epoxies had a higher activation energy than glycidyl ether-containing epoxies

[201].

156



Chapter 5. Thermal Matt Whittaker

The activation energies significantly increase towards higher degrees of cure as the epoxide
group becomes more restricted in the crosslinked network, decreasing the possibility of
reaction. The final trend is not as clear as the activation energies calculated when using the
Friedman method under dynamic DSC measurements, as the overlap between the isotherm
scans is smaller than the overlap between the dynamic scans, as commented on by Mittemeijer
[222].

These values are useful but only model the cure as one reaction. The values are effectively an
average of all reactions during the cure [208]. A more detailed kinetic analysis method is needed
where the different reactions in the cure can be accounted for; and a better description of the
cure mechanism is possible.

The general kinetic equation in (5-5) can be improved upon by assigning the function of

conversion, f(a), a value shown in equation (5-25).

fl@=1—-a)" (5-25)

Where n is the order of reaction and « is conversion or degree of cure. This refers to the
concentration of the reactant, epoxide group, at any point during the cure and is shown in

equation (5-26).

y = [EP]initiar — [EP]:
[EP]initiar (5-26)

Where [EP];nitia: is the initial epoxide concentration, and [EP]; is the epoxide concentration at
time t. At early points during the cure 1 — « will be large as the concentration of epoxide groups
is large, resulting in a high probability of reactions, therefore a fast rate of reaction and low
activation energy and vice versa towards the end of the cure. Applying equation (5-25) to the

general kinetic equation gives equation (5-27) known as nth-order kinetics.

da

7t = kA -a)" (5-27)
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Applying natural logs gives equation (5-28).

d
In (d—‘;) = In(k) +nln (1 - @) (5-28)

If the reaction obeys nth-order kinetics, then the maximum rate of reaction should occur at t =

0. The rate of reaction plots for the five isotherms of the structural isomers of TGAP/DDS in

da

Figure 5.27 shows this is not the case. It can also be shown by plotting In (dt) againstln (1 — a)

and as equation (5-28) takes the form of y = mx + c, the plot should be linear with the gradient
being the order of reaction, n. This is shown in Figure 5.31 where the rate of reaction has been
analysed for the four structural isomers of TGAP/DDS at a 160 °C isotherm. These are clearly
not linear plots, indicating that the formulations do not obey nth-order kinetics. This is true for
all isotherms, but it is not shown here; see Appendix 2 and Appendix 3. The results agree with

the findings of Varley et al, who studied the isothermal cure of TGpAP/44'DDS [102].
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Figure 5.31 - Natural log of rate of reaction against natural log of (1 — «) for the four structural isomers of

TGAP/DDS under 160 °C isothermal heating.
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Smith et al. proposed that any hydrogen bond-containing species could catalyse reactions in the
epoxy amine cure by forming a termolecular transition state [223]. The reaction scheme for this
catalysis is shown in Figure 5.32. Any hydrogen-containing species in the system can do this,

whether they are impurities or products of the epoxy amine reaction.
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AV AV
0 0
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0 v |
i Qs 0
HX | |
HX I-IIX
+ U A
RZFH RZIT_H X R,N
H fast H fast | H
HZC—(|:—R — >  H(—C—R —>» pc—C—R + HX
0 OH OH
H—X
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Figure 5.32 - Reaction scheme for the HX catalysed epoxy secondary amine reaction

The slow step is the rate-determining step, and due to the possibility of catalysis by the products
of the epoxy amine reaction, an additional rate constant for this autocatalytic process results.

From this interaction, Horie et al. derived the equation shown in equation (5-29) [105].

da
7t = kit k)1 —a)(B — a) (5-29)
Where k; is the un-catalysed (or non-autocatalysed) rate constant, k, is the autocatalysed

(catalysed by the hydroxyls formed in the epoxy amine reaction) rate constant, and B is the ratio

159



Chapter 5. Thermal Matt Whittaker

of amine hydrogens to epoxy groups in the initial starting reagents. This model assumes that
only epoxy amine reactions occur and that the reactivity of primary and secondary are the same
[224]. This model has been simplified using a semi-empirical approach by Kamal and workers

to give equation (5-30) [142,143,225].

da

7t = kit hea™ (1 - )" (5-30)

Where Kamal and Sourour have stated that m and n are temperature-independent constants
[142]. m + n are equal to the reaction the order, if m + n = 2, the reaction is said to bimolecular
[102,224]. As with the Horie model, the Kamal and Sourour model also assumes that only epoxy
amine reactions occur although the m and n values often allow for a better fit.

Literature often assumes that m = 1, such as the techniques used in both the TGpAP/44'DDS
DSC study by Varley et al. and the TGDDM/44’DDS DSC study by Barton [102-104,127].
Applying m = 1 to equation (5-30) results in equation (5-31) when rearranged and should

result a straight-line plot when the value of n is varied.

da

Tl jlta)n = ky + kyar (5-31)

Equation (5-31) has been applied to all formulations at all isotherm temperatures. Figure 5.33
shows the resultant plots for the 160 °C isotherm for all formulations. Given the availability and
ease of polynomial fitting tools using software such as OriginPro [178], this technique is not
required. However, to highlight the quality of the fitting parameters, m + n it is useful as the
results do not agree with the values found in the literature. When Barton used this technique
for TGDDM/44’DDS there was only deviation at high degrees of cure when the reaction became
diffusion controlled [127]. Looking at the fits with a bit of forgiveness, some n values fit better
than others. For TGpAP/44’DDS, itis approximately n = 2.5, TGpAP/33'DDS approximately n =
3, TGmAP/44’DDS approximately n = 3 and TGmAP/33'DDS approximately n = 3. The reason
behind this poor fitting is that the autocatalytic model does not account for any other reaction

other than epoxy amine reactions. The ratio used in this study has a significant epoxy excess, a
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1.72:1 epoxy to amine ratio. When this is the case, a larger proportion of the reactions will be

etherification. These unaccounted etherification reactions cause the plot to kink meaning a

good linear fit will unlikely be achieved. Corezzi et al. suggests that the m and n are included in

the model to account for non-stoichiometry and simplify the calculation but this doesn’t seem

to be the case here [224]. When stoichiometric ratios are used, the agreement is good, such as

in Barton, and the same in near stoichiometric ratios, such as Varley et al, who used a 1.1:1

epoxy to amine ratio and achieved sensible data [102,127].
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Figure 5.33 - Determination of n when m = 1 using equation (5-31) for the four structural isomers of

TGAP/DDS under 160 °C isothermal heating conditions: : (a) TGpAP/44’DDS, (b) TGpAP/33’DDS, (c)
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TGmAP/44'DDS and (d) TGmAP/44'DDS.

The values of m and n indicate the order of reaction for the rate-determining step. Varley et al.

found that m + n = 3, suggesting the reaction order was three, which agrees with the rate-
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determining step being termolecular as suggested by Smith et al. [102,223]. This is not the case
here, m + n > 3. This is not suggesting that the rate determining step is not termolecular, just
that due to the excess epoxy in the system, the values of m and n must be higher to account for
the additional etherification reactions that take place during the reaction that are not accounted
for by the autocatalytic model.

Taking these m and n into account, it is possible to fit the data to equation (5-30) using a
polynomial fitting tool. It is possible to assign the values of m and n with the tool and fit the
data, and obtain values for the rate constants, k; and k, or the tool can be allowed to guess the
values of m and n, therefore removing the need to set m = 1 and obtain possibly more accurate
values.

The rate of reaction against degree of cure plot for TGpAP/44’DDS in Figure 5.34 shows that
if eitherm = 1andn =1 orm = 1 and n = 2 is used the fit is extremely poor. This is the case
for all formulations at all isotherm temperatures; therefore, further analysis will not show these

values.
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‘TU'J
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g
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Experimental
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Figure 5.34 - Rate of reaction against degree of cure for the TGpAP/44'DDS under 130 °C isothermal heating
conditions fitted to the autocatalytic model in equation (5-30) withmandnsettom =landn=1andm =1

andn = 2.
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The same method is applied to all formulations at all isotherm temperatures. Determining the
goodness of fit is difficult, but generally, where the fit is good at low degrees of cure will
determine the suitability. At higher degrees of cure, the reaction becomes diffusion-controlled,
and this model does not account for this. Vyazovkin and Sbirrazzuoli suggested that diffusion
control can impact the cure as early as 30 % cured [208]. Given the model's assumptions, the fit
towards the end should be higher than the experimental data if diffusion control dominates.

Figure 5.35 shows the difference in fitting when using different m and n values for the 130
°C isotherm for the structural isomers of TGAP/DDS where the underlined legend is the
parameters with the best fit. m = 1 results in best fit for all formulations, but the n values differ
based on epoxy. For the TGpAP formulations, n is approximately 3 and for the TGmABP, it is 4.0
for 33’DDS and 4.7 for 44'DDS.
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Figure 5.35 - Rate of reaction against degree of cure for the structural isomers of TGAP/DDS under 130 °C
isothermal heating conditions fitted to the autocatalytic model in equation (5-30) where m and n vary: (a)

TGpAP/44'DDS, (b) TGpAP/33'DDS, (c) TGmAP/44'DDS and (d) TGmAP/44’DDS.
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Between 50 and 60 % degree of cure, the autocatalytic model underpredicts the rate of reaction
for the TGpAP formulations. This suggests that a reaction that isn’t taken into account by the
model is occurring. Potentially indicating, etherification reactions.

When degree of cure exceeds 60 % and rate of reaction decreases towards 0 s, the
autocatalytic model over predicts the rate of reaction. This relates to vitrification of the material
and the limit of the autocatalytic mode [104]. Initially, the cure is chemically controlled as the
reactants are yet to be crosslinked. However, upon crosslinking, the reaction becomes diffusion
controlled, as the mobility of the reactive groups are restricted. Diffusion control is more
apparent in isothermal measurements, as the temperature remains constant, as T, increases,
whereas in dynamic measurements, temperature constantly increases to a temperature that
usually exceeds the maximum T} of the cure network, so there is still flexibility in the network
allowing reactive groups to further react although much slower than when the reactive groups
are not crosslinked. A similar trend of diffusion control is also seen when the autocatalytic
model is applied to the 160 °C isotherm for the four formulations of TGAP/DDS.

Figure 5.36 shows the difference in fitting when using different m and n values for the 160
oC isotherm for the structural isomers of TGAP/DDS where the underlined legend is the
parameters with best fit. In this case, m is roughly 1 for all formulations. The n values are not
exactly 3 for all formulations: TGpAP/44’'DDSn = 2.9, TGpAP/33'DDSn = 3.1, TGmAP/44'DDS
n = 3.5 and TGmAP/33’'DDS n = 3.2.
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Figure 5.36 - Rate of reaction against degree of cure for the structural isomers of TGAP/DDS under 160 °C

isothermal heating conditions fitted to the autocatalytic model in equation (5-30) where m and n vary: (a)

TGpAP/44'DDS, (b) TGpAP/33'DDS, (c) TGmAP/44'DDS and (d) TGmAP/44'DDS.

Figure 5.37 shows the difference in fitting when using different m and n values for the 160 °C

isotherm for the structural isomers of TGAP/DDS where the underlined legend is the

parameters with the best fit, as with the previous isotherm temperatures, m = 1. At 200 °C

there is better agreement between the formulations as n =3 for TGpAP/44’DDS,
TGmAP/44'DDS and TGmAP/33'DDS, whereas for TGpAP/33’DDS n = 3.2. [t must be noted that

the fit with experimental data at this temperature is considerably worse than both 130 and 160

oC. This is related to etherification, as it can readily occur at this temperature. For

TGpAP/44'DDS, TGmAP/44’DDS and TGmAP/33’DDS at 30 to 50 % degree of cure, the model

overpredicts the rate of reaction, suggesting that diffusion control occurs here. However, after
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this point, the epoxy rate of reaction is higher than the model, suggesting that significant

etherification occurs at this point.
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Figure 5.37 - Rate of reaction against degree of cure for the structural isomers of TGAP/DDS under 200 °C

isothermal heating conditions fitted to the autocatalytic model in equation (5-30) where m and n vary: (a)

TGpAP/44'DDS, (b) TGpAP/33'DDS, (c) TGmAP/44'DDS and (d) TGmAP/44'DDS.

As seen above, the values of m and n do vary according to temperature, especially in the TGmAP

formulations. The values are summarised in Table 5.5. Cole et al. commented on this in their

study of TGDDM/44’DDS. They found that as temperature increased, both the values of m and

n decreased, with m decreasing from 1.07 to 0.77 and n decreased from 3.13 to 1.96 in a 40 °C

temperature range [104]. Going off the general assumption that m and n indicate reaction order

this would indicate that the rate determining step was changing depending on temperature.
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Table 5.5 - m and n values for the four structural isomers of TGAP/DDS when fitting experimental data to the

autocatalytic equation (5-30).

TGpAP TGpAP TGmAP TGmAP
44’'DDS 33’DDS 44’DDS 33’'DDS
130 °C m 1 1 1 1
[sotherm n 2.9 3 4.7 4.0
160 °C m 1 1.0 1 1
[sotherm n 3 3.1 3.5 3.2
200 °C m 1 1 1 1
Isotherm n 3 3.2 3 3

It is easy to get bogged down in the m and n values and their significance, but in the case of this
model, they are effectively fitting factors. Treating them as this, as it is known that the model
does not fully support these epoxy systems, helpful information can still be obtained. The rate
constants, k; and k, are obtained from the fitting using the m and n values shown above and
are shown in Table 5.6 The rate constant is one order of magnitude higher for the autocatalysed
rate constant, suggesting that this reaction occurs at a much higher rate than the non-
autocatalysed reaction. The rate constants for the 33’'DDS formulations are approximately
double that of the 44’DDS formulations in the 130 and 160 °C isotherm. In contrast, in the 200
°C isotherm, the 33’DDS autocatalysed rate constants are similar to the 44’DDS formulations,
although still slightly higher, suggesting the reaction occurs faster for reasons discussed

throughout.
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Table 5.6 - Kinetic parameters for the four formulations of TGAP/DDS using the autocatalytic model in

equation (5-30) at three different isotherm temperatures (130, 160 and 200 °C).

TGpAP 44'DDS TGpAP 33'DDS TGmAP 44'DDS TGmAP 33'DDS
ki / ka / ki / ka / ki / ka / ke / ka /

x104s1 x10%s! x10%s! x10%s! x10%s! x10%s! x10%s! x10*st

Temperature / °C

130 0.158 3.63 0.341 6.74 0.169 4.48 0.382 9.79
160 0.890 12.6 1.79 26.1 1.05 11.6 2.06 23.8
200 5.80 60.3 13.4 64.3 6.57 55.4 14.3 77.8

The respective rate constants' activation energy and pre-exponential factors can be obtained

using the Arrhenius relationship shown in equation (5-32).

E
In(k,) = In(4,) — =2 (5-32)
n n RT

The linear relationship between the two rate constants and isotherm temperature is shown in
Figure 5.38. Without analysing the activation values, there are apparent similarities based on

the hardener.
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Figure 5.38 - Natural log of rate constant against the reciprocal of isotherm temperature for the four

structural isomers of TGAP/DDS after fitting the autocatalytic model in equation (5-30) at three different

isotherm temperatures (130, 160 and 200 °C). Where the non-autocatalysed rate constant is k; and the

autocatalysed rate constant is k,.

Activation energies and pre-exponential factors are given in Table 5.7 for the four structural

isomers of TGAP/DDS from the kinetic parameters obtained from fitting the autocatalytic model

in equation (5-30) using the Arrhenius relationship in equation (5-32). It is important to

remember that the activation energies are not of specific reactions. Instead, the general

reactions catalysed by either impurities (non-autocatalysed) or by catalysis from reaction

products (autocatalysis).
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Table 5.7 - Activation energies and pre-exponential factors for the four structural isomers of TGAP/DDS using
kinetic rate constants obtained from the autocatalytic model in equation (5-30) as calculated using the Arrhenius

relationship in equation (5-32).

TGpAP 44'DDS  TGpAP 33'DDS TGmAP 44’'DDS TGmAP 33’DDS

£/ k 81.5 83.2 82.8 82.0

K molt . 63.7 50.8 57.1 47.0
A/ k, 595,000 202,0000 946,000 162,0000
st k, 64100 2850 10600 1180

The activation energy for k;, the non-autocatalysed reaction is similar between formulations,
whereas the activation energy for the autocatalysed reaction is lower in the 33’DDS
formulations. The pre-exponential factor is a magnitude higher in the 33’DDS formulations,
suggesting that the number of collisions that occur with the required activation energy is much
higher. Therefore, the number of species capable of catalysing the epoxide group is higher.
However, this number of successful collisions is lower for the autocatalysed reaction, as shown
by the much lower pre-exponential factor in the 33’'DDS formulations. TGmAP/44’DDS has
slightly lower autocatalysed activation energy than TGpAP/44’DDS, owing to its non-linear
epoxy structure. Still, the frequency factor shows the number of collisions with the required
activation energy is lower.

The activation energies for TGpAP/44’DDS are similar to that obtained by Varley et al. despite
the difference in the m and n values, they obtained 79.6 k] mol-! for the non-autocatalysed
reaction and 62 k] mol-! for the autocatalysed reaction [102].

This analysis has shown that the autocatalytic model can easily describe the kinetics of the
cure of the four structural isomers of TGAP/DDS while obtaining activation energies
comparable to those in the literature. It is possible to use more accurate models such as ones
that account for diffusion control when epoxy vitrifies, such as those by Barton or Chern and
Poehlein [126,127,147]. However, in this case, these models only slightly improve the fit, most
probably due to the excess of epoxy used in the formulations; therefore, they will not be
analysed here. An example of the Barton diffusion control model fitted to experimental data is
shown in Appendix 4. Cole et al. also developed a model for accounting for etherification during

the cure by analysing the seven different etherification reactions possible, but this didn’t
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improve the fit as well as expected because it still had to make assumptions about the relative
reactivities of the primary and secondary amines which incorporated significant error
[104,224,226]. Kinetic modelling would only be improved by moving to a mechanistic model
rather than an empirical one, which essentially defeats the point that an empirical model should

be able to be implemented with minimal data and be easy.

5.4.3. CURE CYCLE MEASUREMENTS

The previous sections have highlighted how dynamic and isothermal measurements can be
used to investigate the cure mechanism of epoxy resins by making predictions about the kinetic
parameters and being able to calculate the activation energies. While this is very useful as it can
allow predictions about the cure of epoxy resins, it doesn’t give information about the multi-
dwell cure cycles commonly used in curing composite parts. In the isothermal DSC
measurements section 5.4.2, the isotherm temperatures used are also included in the standard
cure cycle, but what happens in the ramp is not predicted, and when each isotherm starts, the
resin is at different degrees of cure. The following section will analyse the thermal events of the
four structural isomers of TGAP/DDS during the standard multi-dwell cure cycle.

It is possible to program the multi-dwell cure cycle into the DSC and measure the heat flow
as if the resin were in the oven. The heat flow plot looks odd, but if the dwells and ramps are
treated separately as isotherms and dynamic measurements, sense can be made of it.

One of the difficulties with this measurement is calculating the baseline to analyse the data.
For dynamic measurements, the baseline was calculated as sigmoid from the start to the end of
the cure. In contrast, for isothermal measurements, the baseline is taken as a straight line from
the horizontal section where no more curing occurs. For a multi-dwell cure cycle, the baseline
is calculated by curing the sample following the cure cycle and then repeating the procedure on
the cured sample. It was determined that the samples are effectively 100 % cured after the cure
cycle (no discernible residual exotherm peak in the dynamic scan); therefore, the baseline
should be that of the cured sample. This method was taken from “Differential Scanning
Calorimetry” by Hohne et al.. While not perfect, as the heat capacity of the cured sample and
sample during cure differs significantly, it is the most accurate way possible with the equipment
available [227]. An example of the baseline determination is shown in for the cure of

TGmAP/33'DDS is shown in Figure 5.39.
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Figure 5.39 - An example of DSC heat flow baseline determination when taking a combination of dynamic and

isothermal DSC measurements for TGmAP/33’DDS using the standard cure cycle. Red line indicates baseline

determined from cured TGmAP/33’'DDS DSC measurements.

The DSC heat flow plot for the four structural isomers of TGAP/DDS using the standard cure

cycle is shown in Figure 5.40. As seen in section 5.3.1, when temperature measurements of the

resin are taken during the cure, the same behaviour is seen. In the first dwell, the 33’DDS

formulations are more exothermic. In the second dwell, the 44’DDS formulations are more

exothermic, and finally, in the third dwell, the TGmAP formulations are more exothermic, but

this final trend is not as clear cut as it was when directly measuring the temperature of the

resins.
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Figure 5.40 - DSC heat flow plot as a function of time for the four structural isomers of TGAP/DDS using the

standard cure cycle. Exothermic is up.

Figure 5.40 will be separated into ramps and dwell to make analysing the different stages easier.
Two plots will be shown, one to show the dwell and one to show the ramp up to the dwell where
the x-axis is different, time and temperature, respectively.

For parts A and B of the cure (as defined in Figure 5.3), the heat plots are shown in Figure
5.41. (a) shows the temperature ramp up to 130 °Cat 2 °C min-1. Due to the significant difference
in heat capacity between the uncured and cured samples, the baseline is not properly
normalised compared to a standard dynamic plot. As it is over such a small temperature range,
it would be foolish to do it by eye as well; therefore, rather than calculate enthalpy from this
section, it is better qualitatively analysed. The gradient of the heat flow plots is similar based on
the hardener initially However, the 33’'DDS formulations deviate from linearity in the
exothermic direction at approximately 120 °C, whereas the 44'DDS formulations do not,
suggesting a small amount of curing occurs during the ramp. Figure 5.41 (b) shows the 130 °C
dwell where the plots are similar to the 130 °C isotherm measurements. The 33’DDS
formulations peak earlier and to a higher heat flow value than the 44’DDS formulations and the
TGpAP formulations peak slightly later than TGmAP formulations. The reason behind the

delayed response of TGpAP is related to its linear structure, where the number of geometrical
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configurations is lower; therefore, TGmAP has a higher probability of reacting, thus, a greater

rate of reaction.
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Figure 5.41 - DSC heat flow plots for the four structural isomers of TGAP/DDS: (a) as a function of
temperature for the 100 to 130 °C temperature ramp (2 °C min'1) and (b) as a function of time for the 130 °C

dwell. Exothermic is up.

The heat flow plots in Figure 5.41 are for parts C and D of the cure. (a) shows the temperature
ramp from 130 to 160 °C at 2 °C min-1. The opposite is seen when compared to the 100 to 130
°C temperature ramp. The 44’DDS formulations are more exothermic during this ramp. This
was seen when temperature measurements were taken for TGpAP/44'DDS but not for
TGmAP/44'DDS, which behaved similarly to the 33’'DDS formulations. TGmAP/44'DDS does
show less exothermic behaviour but still more than the 33’'DDS formulations. In the 44’DDS
formulations, fewer reactions have occurred at this point, as shown in comparing the size of the
130 °C dwell peaks; therefore, there is a greater possibility of reactions occurring when the
temperature increases. This follows on to the 160 °C dwell. The area of the exotherm is greater
in the 44’DDS formulations than in the 33’DDS. The peak overall heat flow value is reached in
the 160 °C dwell for the TGpAP formulations, suggesting the reaction rate is the greatest in the
160 °C dwell. However, the rate of reaction immediately starts to decrease after the peak value

at 150 minutes.
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Figure 5.42 - DSC heat flow plots for the four structural isomers of TGAP/DDS: (a) as a function of
temperature for the 130 to 160 °C temperature ramp (2 °C min'1) and (b) as a function of time for the 160 °C

dwell. Exothermic is up.

For parts E and F, the heat flow plots are shown in Figure 5.43. (a) shows the temperature ramp
from 160 to 200 °C at 1 °C min-1. The hardener formulations are paired initially, and then at
higher temperatures, the TGmAP formulations show more exothermic behaviour in the ramp
than the TGpAP formulations. Towards the end of the ramp, the rate of reaction in
TGpAP/33’'DDS increases, whereas in TGpAP/44’DDS, the rate of reaction decreases. The ramp
provides additional energy and results in an increase in the rate of reaction as the effective free
volume space increases, resulting in more space for diffusion, and as TGmAP and 33’DDS have
non-linear components, this results in increased levels of curing, this doesn’t seem to have the
same effect on TGpAP/44’DDS due to its linear components. The 200 °C dwell sees the TGmAP
formulations reach their highest rate of reaction point. The rate at which the heat flow
decreases is greater in the 44’DDS formulations than the 33’'DDS formulations, which is most
likely related to diffusion control at this point; therefore, the probability of reactions is based
on proximity and as 33’'DDS has more possible geometrical configurations the probability of
reacting should be higher. The 33’'DDS formulations are fully cured by approximately 320
minutes, whereas the 44’DDS formulations don’t show that they are fully cured. Towards the
end, the heat flow plot is not entirely horizontal, suggesting some residual enthalpy, but this

was not the case. This is, therefore, most likely related to baseline calculation.

175



Chapter 5. Thermal Matt Whittaker

0.16 . 016
—— TGpAP 44'DDS (a] 160 — 200 °C Ramp exn (b) 200 oC Isotherm — TGpAP 44'DDS
exo ———TGpAP 33'DDS —— TGpAP 33'DDS
TGmAP 44'DDS TGmAP 44'DDS
—— TGmAP 33'DDS —— TGmAP 33'DDS
0.12 4 0.12 4
ﬁm '_“DD
= =
~ ~
E 0.08 E 0.08
29 29
= =
5] 3]
L5} L5}
T T
0.04 A\ 0.04 -
Tttt |
0.00 L L R I 0.00 T T T T T T T 1 T
160 165 170 175 180 185 190 195 200 260 280 300 320 340 360
Temperature / °C Time / Minutes

Figure 5.43 - DSC heat flow plots for the four structural isomers of TGAP/DDS: (a) as a function of
temperature for the 160 to 200 °C temperature ramp (1 °C min-1) and (b) as a function of time for the 200 °C

dwell. Exothermic is up.

The degree of cure can be calculated using the equations in (5-2) for temperature ramps and
(5-22) for dwells. Using the same method as above, the average enthalpy of cure obtained from
dynamic scans will be used rather than assuming that the formulations are fully cured as no
residual exotherm was shown. The enthalpy of reaction for the first temperature ramp from
100 to 130 °C will be assumed to be zero as the baseline calculation is not accurate at the very
start of the reaction. The total enthalpy of reaction values are shown in Table 5.8 for each
formulation compared to the average enthalpy of cure. TGpAP/44'DDS and TGmAP/33’DDS are
effectively 100 % cured, with TGmAP/44’DDS slightly less cured, and then TGpAP/33’DDS is
significantly less cured. This is unexpected as there was no exothermic peak in the residual
dynamic scan, but this could be related to inaccuracies in the baseline determination.
Accounting for this error, the values agree with the average values obtained from dynamic scans
and confirm that the odd trends observed when undertaking isothermal measurements on

TGmAP/33'DDS where the degree of cure decreased with isotherm temperature past 200 °C are

correct.
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Table 5.8 - Enthalpy of reaction and degree of cure values for the four structural isomers of TGAP/DDS cured

using the standard cure cycles compared to the enthalpy of cure values obtained from five dynamic scans.

TGpAP 44'DDS  TGpAP 33'DDS TGmAP 44’'DDS TGmAP 33’DDS

AH, /]g1 804.37 789.52 873.93 837.07
AH, /] gt 806.78 829.68 887.74 838.44
a/% 99.70 95.16 98.44 99.84

The evolution of degree of cure for the four structural isomers of TGAP/DDS is shown as a
function of time in Figure 5.44. As seen throughout, the degree of cure behaviour initially pairs
up according to the hardener. During the 160 °C dwell, TGpAP/44’DDS increases greater than
TGmAP/44'DDS, where it then slows in the 160 to 200 °C temperature ramp and
TGmAP/44’'DDS significantly increases. Degree of cure stabilises early in the 200 °C dwell for
the 33’DDS formulations, whereas the 44’DDS continue to cure until the cure cycle finishes. In
all formulations, the rate at which the degree of cure increases, the rate of reaction, slows
towards the end of each dwell and then increases at the start of a new dwell at a higher
temperature. Through a temperature increase, the input of additional energy promotes

reactions that may not have been possible at lower temperatures due to steric hindrance.
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Figure 5.44 - Degree of cure for the four structural isomers of TGAP/DDS determined from DSC

measurements of the standard multi-dwell cure cycle.

Having obtained the degree of cure, it is possible to obtain the rate of reaction and compare it

to the rate of reaction values obtained in the earlier sections. It will not be done for the whole

cure cycle as the ramps use a heating rate that was not tested in the dynamic measurements,

and due to the baseline determination difficulties, they would not show good agreement. A

comparison between the rate of reaction obtained for isothermal and cure cycle measurements

at the same degree of cure values are made for the four structural isomers of TGAP/DDS in

Figure 5.45. Note that the isothermal data overlaps with the cure cycle data, where the degree

of cure values are at the same level. For some isothermal data, such as the 200 °C isotherm for

TGpAP/44’DDS and TGpAP/33’DDS, the reaction did not cure to as high an extent as the cure

cycle did; therefore, there is no or very little data to compare.
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Figure 5.45 - Rate of reaction comparison between the measurements taken from the standard cure cycle and
isothermal heating regimes for the four structural isomers of TGAP/DDS: (a) TGpAP/44’DDS, (b) TGpAP/33’'DDS,
(c) TGmAP/44’'DDS and (d) TGmAP/33’DDS.

Generally, good agreement is seen at lower temperatures. The 130 °C agreement is excellent,
mainly because this is at the start of the reaction. The curing mechanism will proceed similarly,
which essentially shows good repeatability. The agreement for the 160 °C isotherm is also good
but with some explainable disagreements. The TGpAP/44’DDS isotherm data shows lower rate
of reaction values compared to the cure cycle data because the resin has undergone reactions
at 130 °C, which are mainly epoxy primary amine reactions forming a linear structure. In
contrast, in the isotherm measurements, the initial temperature is higher, 160 °C, the reactions
are a combination of epoxy primary amine and epoxy secondary amine, the resin is more
crosslinked. Therefore, in the cure cycle, when the temperature is increased to 160 °C, the rate

of reaction is slightly higher as the network is less crosslinked and more mobile. The opposite
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trend is seen for the 33’DDS formulations. The rate of reaction is shifted to lower values in the
cure cycle measurements. As seen in the Chapter 4. NIR, epoxy primary amine and epoxy
secondary amine reactions can occur at 130 °C; therefore, it could be expected that at those
levels of cure, the amount of crosslinking is similar. When the temperature is constant in the
isotherm, the reaction effectively self-heats, allowing further reactions to occur consistently.
However, in the cure cycle, the 130 °C dwell causes the rate of reaction to drop and as the ramp
is short and only goes up to 160 °C, there isn’t sufficient enough energy in the system to react
as fast as the 160 °C isotherm as the crosslinked network has slowed down and to get started
again requires more energy than what the 130 to 160 °C ramp provides.

The comparison with the 200 °C isotherm and cure data is poor mainly due to the isotherms
not achieving that level of cure as the reaction becomes diffusion controlled once the resin has
vitrified. As the temperature is constant in an isotherm when curing reactions occur, the
effective free volume decreases and the mobility of reactive species is hindered, reducing the
ability of the network to achieve 100 % cure. In the case of the cure cycle, when the temperature
ramp occurs, the effective free volume increases [17]. This allows for increased mobility and the
reaction to go to higher levels of cure.

The good agreement between the 130 and 160 °C isotherms and cure cycle data suggests
that even if the heating regime is different, similar reactions will occur at the same cure and

temperature levels. The curing of epoxy resins can be effectively predicted using DSC.

5.5. CONCLUSION

While this has been an extensive chapter with large amounts of data, it has shown that the
thermal response of epoxies can be measured and analysed to gain insight into the different
network development that occurs. A simple technique such as measuring the resin temperature
against oven temperature has shown that despite being rudimentary, the insight gained, while
qualitative, gives a good understanding of what differences occur when different isomers of
TGAP and DDS are used. It has confirmed the findings from Chapter 4. NIR that the 33’DDS
formulations are initially more reactive than the 44’DDS formulations. The additional
exothermic behaviour of 33’DDS initially suggests that more reactions occur in the 130 °C dwell
than in 44'DDS, leading to the confirmation that not only epoxy primary amine reactions occur

in this part of the cure, resulting in areas of localised crosslink density.
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DSC, a significantly more sensitive method, has allowed for kinetic calculations of the curing
process under isothermal and dynamic heating conditions. Obtaining activation energies and
rate constants that agreed with literature for all formulations, the reaction was confirmed to be
autocatalytic, with the effect being more significant in the 44’DDS formulations than in the
33’DDS formulations as shown by the high-frequency factor calculated in the isothermal data.
Despite DSC not giving information on the types of reactions occurring, the poor agreement
with the autocatalytic model at high degrees of cure suggested that etherification plays a
prominent role in the cure of the four TGAP/DDS formulations, with the reaction occurring at
lower temperatures for TGpAP formulations confirming the tertiary amine catalysis behaviour
suggested in Chapter 4. NIR.

From this, DSC was applied to the multi-dwell cure cycle, which has not been seen before,
and a comparison between the isothermal and cure cycle data resulted in good agreement. This
suggests that the same mechanism occurs in the system at the same temperatures and degrees
of cure.

This is only a basic application of kinetic analysis to these TGAP/DDS systems. There is
considerably more work to be done and more insight that can be gained, ultimately allowing for
predictions about structure properties and curing characteristics without lab experiments.
However, the downside to DSC, unlike temperature measurements, these cure monitoring
measurements cannot be taken while curing in the oven. The application to the manufacturing
industry is limited as it would require downtime and lab space. A technique that can be run
online, like near-infrared spectroscopy, is needed. This leads to the next chapter, where the

findings from this and previous chapters will be applied to dielectric cure monitoring.
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6. INVESTIGATING THE NETWORK DEVELOPMENT IN STRUCTURAL
ISOMERS OF TGAP/DDS BY THEIR DIELECTRIC BEHAVIOUR

6.1. INTRODUCTION

In previous chapters of this study, epoxy resin's cure was monitored using optical and thermal
behaviour. Another property that can be monitored is the electrical behaviour. Cured epoxy
resins are poor conductors but can store charge because of their crosslinked structure. As a
result, they are known as a dielectric material [150]. However, the starting materials are not
due to the lack of crosslinking. They are ‘good’ conductors or at least better conductors than
cured resin. The evolution of how conductivity changes during the cure can be monitored, and
if the network formation is different, differences in the conductivity change can be seen. This
method is known as dielectric analysis or dielectric cure monitoring.

It is a widely used technique in manufacturing due to its ability to determine whether a part
is suitably cured [153]. Generally, industry is not interested in how conductivity changes in the
cure, only the final value. The measurements are difficult to analyse, as suggested by Skordos
and Partridge [151]. Still, most dielectric electric cure monitoring equipment is provided by a
supplier that has developed its own software that can indicate the cure state directly from the
obtained measurements, removing the need for expert analysis. In this study, the dielectric
measurements will be obtained and then further analysed.

One of the benefits of dielectric analysis is that it can be run online while the resin or
composite part is curing, unlike differential scanning calorimetry, where aliquots of the sample
are removed to run tests. The sensors used in this study are single-use sensors, but it is possible
to use reusable sensors. It is important to note that this study has not tested composites. Still,
the results should be very similar as long as precautions are taken to account for the
conductivity of the fibres if carbon fibre is used.

Researchers have studied the dielectric relaxations of different cured epoxy resins to
investigate the differences in network morphologies. This can be very complicated. However,
this will not be done in this chapter. Instead, a dielectric cure monitor manufactured by
Lambient Technologies for use in industry will be used to investigate the differences in cure of
the structural isomers of TGAP/DDS using a simple metric known as ion viscosity. A lot of the

analysis techniques will be derived from a handbook written by Lee on behalf of Lambient
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Technologies [153]. The idea is to see if similar behaviours seen in Chapter 4. NIR and Chapter
5. Thermal can be seen using this simple technique and to gain additional insights into the
differences in network formation. If so, the technique can be used online to fine-tune the

thermomechanical and mechanical properties of the resin while the part is being manufactured.

6.2. CHAPTER OVERVIEW

This chapter of the study will monitor the dielectric behaviour of the structural isomers of TGAP
(triglycidyl-para-aminophenol and triglycidyl-para-aminophenol) and DDS (4,4'-
diaminodiphenyl sulphone and 3,3’-diaminodiphenyl sulphone) during network formation
using dielectric cure monitoring equipment. The dielectric behaviour will allow the
identification of the critical points during the standard multi-dwell cure cycle, something that
has not been widely studied in the literature. A comparison of when linear chain and
crosslinking reactions occur during the standard cure cycle will be made possible. Following
the theme of DSC, an analysis of the dielectric behaviour during isothermal and dynamic heating
will also be made. The reliability of calculating cure state from dielectric measurements will
also be investigated. Using dielectric analysis will give further information into the differences
in network formation in the four structural isomers of TGAP/DDS and allow an understanding
of how the curing process can be changed to fine-tune the epoxy resins' resultant properties.
The methods used have been outlined in Chapter 3. Materials and Methods. Any changes or

additional equations will be provided in this chapter.

6.3. DIELECTRIC CURE MONITORING
6.3.1. ISOTHERMAL MEASUREMENTS

Like with DSC and resin temperature measurements, different heating regimes have been used
to understand the differences in the network formation in the four structural isomers of
TGAP/DDS. The first type is isothermal heating, holding the samples at a constant temperature.
However, unlike DSC isothermal measurements, it is not possible to heat the samples in the oven
at a heating rate where no curing occurs, as this results in an exotherm. Two isotherms will be

used, 130 °C and 160 °C, where the heating rate is 1 °C min-1 and 0.5 °C min-! respectively, and
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each will hold the samples at the respective temperatures for 12 hours. The two heating regimes

will be named “130 °C dwell” and “160 °C dwell”.

6.3.1.1. 130 °C DWELL

As outlined in the Chapter 3. Materials and Methods, an alternating voltage is applied to the
material, and the response current allows calculation of the relative permittivity and dielectric

loss factor. Loss factor is given in the form of equation (6-1).

gl =— (6-1)

Where ¢ is dielectric loss factor, o is conductivity, w is angular frequency, and ¢, is the

permittivity of free space. From this, ion viscosity can be obtained, as shown in equation (6-2).

log (1V) = log (> = log(p) (6-2)

Where log(IV) is ion viscosity, and p is resistivity. Throughout this study, IV will be referred to
as ion viscosity when it is actually log(/V). However, equation (6-1) only accounts for the
component unaffected by frequency. There is a frequency-dependent component that must be

considered, despite the assumption that it is negligible and is shown in equation (6-3).

. (& — )T ©
f T e we (6-3)

Where ¢, is the relaxed permittivity, ¢, is the unrelaxed permittivity, and 7 is the relaxation time.
If the frequency-independent component is negligible, the IV data should be the same across
all frequencies, which it is often not. Therefore, conductivity has to be considered as having both
a frequency-dependent component (og,c) and frequency-independent component (opc).

Therefore, true IV is actually equation (6-4).
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1
log (1V) = log () = log(pc)

(6-4)

Where DC refers to direct current rather than AC, alternating current. Figure 6.1 shows IV as

function of time for the 130 °C dwell cure of the four structural isomers of TGAP/DDS. The

different frequencies show different values and also different trends.
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Figure 6.1 - Dielectric analysis of TGpAP/44’DDS using the 130 °C dwell cure at six different testing

frequencies (1, 10, 100, 1000, 10,000 and 100,000 Hz). IV is given as an average of two separate tests where the

shaded region is standard deviation.

The difference in IV between the frequencies is shown as the values consist of two components.

One, the dielectric loss from ion flow, the component of interest, and two, the the dielectric loss

due to dipole motion. Dipole motion is affected by frequency, whereas ion flow is not. Where

there is a disagreement between frequencies, the values are not true IV values. Literature does

not often account for this and generally uses a single test frequency [99,138].

If a single-frequency technique is used, incorrect trends would be seen. The expanded view

of the 10,000 and 100,000 Hz dielectric measurements and resin temperature measurements

are shown in Figure 6.2. A kink in the curve suggests that the rate at which IV is increasing has

185



Chapter 6. Dielectric Analysis Matt Whittaker

slowed but then increases. It is sensible to suggest that the rate at which IV increases slows as
the number of reactions taking place reduces, as shown by the decrease in the difference
between resin temperature and oven temperature. However, there is no explanation why the
rate of IV change increases as there is no increase in temperature. This kink is not accountable
for when considering ion flow alone. It must be related to a change in dipole motion. That
change in dipole motion is not confirmed, but it could be potentially related to the point at which
the resin gels and dipoles are bonded into a larger network. As these are high frequencies, if the
crosslinked structure has started to form, the components of the structures that are most
affected by this quick alternating voltage will be dipoles rather than ions or reactive species.
Note the significant error for both 10,000 and 100,000 Hz, whereas the error shown in Figure
6.1 is small for the lower frequencies. The error originates in the dipole motion behaviour

rather than the ion flow behaviour. True ion flow is more reproducible.
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Figure 6.2 - Dielectric analysis of TGpAP/44’DDS using the 130 °C dwell cure at two testing frequencies
(10,000 and 100,000 Hz) with resin and oven temperature measurements. IV is given as an average of two

separate tests where the shaded region is standard deviation.

Due to this effect, a multi-frequency technique must be used to observe the ‘true’ IV values.

Snippets of each frequency, where there is agreement, are used to obtain the true IV plot. The
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frequency combined dielectric analysis plot of TGpAP/44’DDS when cured using the 130 °C
dwell cure cycle is shown in Figure 6.3. This looks very similar to 1 Hz plot in Figure 6.1,
however, the 1 Hz data does not start recording till approximately 250 minutes, see Appendix

5. This is related to the Lambient equipment being programmed to remove erroneous data at

low frequencies at the start of the cure.
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Figure 6.3 - Dielectric analysis of TGpAP/44’DDS cured with the 130 °C dwell cure using a combination of six
different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000 Hz). IV is given as an average of

two separate tests where the shaded region is standard deviation.

This technique will be used for all of the following plots. Multiple other influences affect the
data; therefore, errors due to the measurement technique must be minimised. This effect is also
not only limited to the TGAP/DDS formulations. Itis an issue seen in other resins such as DGEBA
and TGDDM, as shown in Appendix 6 and Appendix 7 respectively.

The dielectric analysis plots for the four structural isomers of TGAP/DDS cured with the 130
°C dwell cure using the multi-frequency approach are shown in Figure 6.4. There are five critical
points to each of these individual plots. Firstly, the initial IV value, secondly, the minimum IV

value, thirdly, the rate at which IV increases, fourthly, the trend of IV towards the end of the

187



Chapter 6. Dielectric Analysis Matt Whittaker

dwell; and finally, the increase in IV during the cool. Figure 6.4 will be split into sections and
presented below to aid analysis.
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Figure 6.4 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the 130 °C dwell cure
using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000 Hz). IV

is given as an average of two separate tests where the shaded region is standard deviation.

One of the downsides of dielectric analysis (DEA) is the competing effects that can effect IV.
Understanding how DEA works is essential, but a general understanding of what happens in the
curing reaction is also needed. Having undertaken DSC and temperature measurements in

Chapter 5. Thermal is a good starting point. The temperatures at which reactions start, which

are most reactive and when reactions end are generally known.

6.3.1.1.1. CRITICAL POINT 1 AND 2

The first two critical points of Figure 6.4 can be visualised on the dielectric analysis plot shown
in Figure 6.5. The first critical point (CP1) refers to the initial IV value and the second critical
point (CP2) refers to the minimum /V value. CP1 pair up based upon epoxy with the 33’'DDS
formulations slightly higher by 0.05 IV. CP2 occurs when the cure cycle has reached the 130 °C
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dwell temperature, with 33'DDS formulations occurring at approximately 35 minutes,

TGpAP/44'DDS occurring at 40 minutes and TGmAP/44’DDS at 45 minutes.

130
| )]
o
S~
<)
S 120 ;5
—y +
&0 2
o 5]
- Q.
g
[«5]
—~
110
51+  ——TGpAP 44'DDS
7—— TGpAP 33'DDS
, —— TGmAP 44'DDS
;, ——TGmAP 33'DDS
4.8 - —I0vchcnul)craturc . | ' : . 100
0 20 40 60 80

Time / Minutes

Figure 6.5 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the 130 °C dwell cure
using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000 Hz)
highlighting critical points one (CP1) and two (CP2). [V is given as an average of two separate tests where the

shaded region is standard deviation.

CP1 relates to the initial mechanical viscosity of the epoxy amine mixtures, as minimal curing
reactions have occurred. IV can be related to mechanical viscosity through the following

equations. First, ionic conductivity can be related to IV by equation (6-5).

V=-—=— (6-5)

Where u is free ion mobility, q is magnitude of electronic charge, and n is free ion concentration.
Free ion mobility is related to diffusion using the Einstein-Smoluchowski equation in equation

(6-6).
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(6-6)

Where D is the diffusion coefficient, kg is the Boltzmann constant, and T is temperature. Then
diffusion can be related to mechanical viscosity when the reactants are modelled as spherical

particles with low Reynolds numbers using the Stokes-Einstein equation in equation (6-7).

_ kpT
e6mnr

(6-7)

Where 1 is mechanical viscosity, and r is the radius of the spherical particle. Combining
equations (6-5), (6-6) and (6-7) gives equation (6-8). Ultimately showing that the relationship

between IV and mechanical viscosity is proportional.

1 6nnr
W=—=—
Opc q-n

(6-8)

This highlights a benefit of DEA as when taking mechanical viscosity measurements using a
rheometer, mechanical viscosity will tend towards infinity once the material is vitrified.
However, DEA will continue to give IV data as it utilises the electrical properties of the material
to determine both the mechanical viscosity and ionic viscosity [153].

Referring to Figure 6.5 and considering the proportional relationship between IV and
mechanical viscosity. The initial IV values show that initial mechanical viscosity of TGmAP
formulations is higher than that of the TGpAP formulations. This can be explained through
chemical structure. TGmAP has an epoxide group in the meta position, resulting in a bent shape,
whereas in TGpAP, the epoxide group is in the para position; the shape is more linear, resulting
in less resistance to flow, resulting in a lower initial mechanical viscosity.

The same logic can be applied to the type of hardener used. However, there is a less
significant difference between the 44’DDS and 33’DDS formulations, which could result from
error within the testing method. Still, due to the less linear chemical structure in 33’DDS, the

resistance to flow is greater, resulting in a higher initial mechanical viscosity. As the molar ratio
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of epoxy to amine in the formulations is 1.72:1, the hardener will have a smaller effect on
mechanical viscosity than the epoxy component.

The second critical point, CP2, refers to the minimum IV value, the minimum viscosity point.
At this point, the oven temperature has increased from 100 to 130 °C, and the dwell has started.
Two things will impact this point. One is the start of curing reactions. From Chapter 5. Thermal,
it is known that curing reactions begin during the ramp-up to 130 °C. Therefore, the formation
of chemical bonds will result in an increase in both ion and mechanical viscosity. This is why
the minimum viscosity points for the 44’DDS formulations are lower and occur later than in the
33’DDS formulations. The reactions begin at lower temperatures and earlier for the 33'DDS
formulations, indicating that the they are initially more reactive and TGpAP/44’DDS is slightly
more reactive than TGmAP/44’DDS.

Although the mechanical viscosity is expected to drop upon application of heat, it may not
drop as dramatically as shown in Figure 6.5. The viscosity of the mobile ions is also influenced
by a change in temperature. Referring back to the Einstein-Smoluchowski equation in equation
(6-6), the diffusion coefficient is exponentially temperature dependent through the Arrhenius

equation as shown in equation (6-9).

Eq
D = Dy exp (— ﬁ) (6-9)

Where D, is the maximum diffusion coefficient, E, is activation energy, R is the molar gas
constant, and T is temperature. Substituting equation (6-9) into equations (6-5) and (6-6) gives

equation (6-10).

1 k E
IV=—=—2 ‘

- T exp (72 _
Opc q*nDy P ART (6-10)

Applying logs to this gives equation (6-11).
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kg
n D,

E, 1
log(IV) = log (qz ) +log (T) + m T (6-11)

When everything else remains the same, IV has an inverse relationship with temperature [153].
There is a log(T) function but % will vary more. Using a cure cycle that uses a single temperature

dwell while taking dieletric analysis simplifies the analysis process which explains why this is

the main focus of the literature available [138,165,171].

6.3.1.1.2. CRITICAL POINT 3 AND 4

CP3 and CP4 are best described using the derivative of the IV plot, as these two points relate to
the rate of reaction. IV is the ion viscosity, and as bonds are formed, the mobility of the ions or
mobile species will become restricted. An increase in IV suggests that curing reactions are
taking place. The greater the rate of change of IV, the greater the rate of reaction.

The derivative plots of the dielectric analysis plots for the structural isomers of TGAP/DDS
cured using the 130 °C dwell cure are shown in Figure 6.6. CP3 is identified as the maximum
rate of change in IV. As this is an isothermal cure, there should be one single peak. Referring
back to Chapter 5. Thermal, these plots look very similar to heat flow plots for the 130 °C
isotherm measurements using DSC. The 33’DDS formulations peak significantly earlier than the
44’DDS formulations, and the rate slows dramatically, whereas in the 44’DS formulations, there

is a more gradual decrease.

192



Chapter 6. Dielectric Analysis Matt Whittaker

0.08 140
0.06 4 1 :‘7 CP3 —— TGpAP 44'DDS
- ! ——TGpAP 33'DDS
£ 1| TGmAP 44'DDS 120 ©
E 0.04 ——TGmAP 33'DDS ~
~ . 1 5]
= | — — Oven Temperature 55
= £
— =
S 2
= 0.024 =
g %
= 100 2
=]
0.00

.

|

\

-0.02 . . . . . . . 1 80
0 200 400 600 800

Time / Minutes

Figure 6.6 - First derivative of the dielectric analysis of the four structural isomers of TGAP/DDS cured with
the 130 °C dwell cure using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and
10,000 and 100,000 Hz) highlighting critical point three (CP3). Smoothed.

Like with DSC, it is not possible to identify the reactions occurring using DEA. TGpAP/33'DDS
and TGmAP/33’'DDS behave very similarly. However, TGpAP/44'DDS and TGmAP/44’DDS
behave differently despite the rate of reaction occurring at similar points in the cure. The rate
in TGpAP/44’DDS stays constant for approximately 100 minutes and then decreases. This
suggests that TGpAP/44’DDS can undergo more reactions than TGmAP/44’DDS at 130 °C. This
is more evidence of TGpAP's ability to undergo etherification reactions at low temperatures
than TGmAP due to its greater ability to behave as a tertiary amine catalyst.

Despite DEA not being able to identify the type of reactions taking place, the greater rate of
IV change in the 33’'DDS formulations suggests that more significant crosslinking reactions are
taking place initially, which restrict the flow of mobile ions more than the more linear (epoxy
primary amine) reactions that take place in the 44’DDS formulations.

CP4 is the point at which the curing reactions stop; this should be shown by a horizontal line
in the IV plot, or the derivative value should be zero. However, this doesn’t often occur. It is
difficult to distinguish. The 33’'DDS formulations slow earlier but the 44’DDS formulations do
not behave the same. The curing reactions in the 33’'DDS formulations and TGpAP/44’DDS stop

at approximately 600 minutes compared to TGmAP/44’DDS, where curing reactions take place
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till nearly the end of the cure at approximately 700 minutes. The curing reactions have stopped,
but this does not mean the resin is fully cured.

The IV values at the end of dwell may indicate the cure state. Qualitatively, only the
formulations with similar initial /V values can be compared. Referring back to Figure 6.4, the
final IV values are higher in the 33’DDS formulations than the 44'DDS formulations, suggesting
that these have a higher final degree of cure value. However, it is difficult to suggest that
TGmAP/44’DDS has a higher degree of cure than TGpAP/44’DDS as the initial IV values are
different.

6.3.1.1.3. CRITICAL POINT 5

The final critical point, CP5, is the increase in IV upon cooling. As temperature decreases, from
the relationship shown in equation (6-11), IV increases. This relates to the previously defined
theory and also what is happening to the network when cooled. Upon cooling, the specific
volume decreases, which restricts the flow of any remaining ions (impurities from synthesis or
any remaining mobile species), resulting in an increase in IV. The ions also have less kinetic
energy as the energy applied to the system is lower, so their ability to move is also restricted.
Using the multi-frequency approach gives poor data or no data at this stage as the equipment
perceives the high IV values as error and cuts out at low frequencies. However, using a single
frequency to observe the change in IV is also not suitable, as the frequency-dependent data will
impact the final results and give misleading trends. If it did work, it could give information about

network morphology, but there are perhaps more reliable techniques to do this.

6.3.1.2. 160 °C DWELL

The dielectric analysis plot for the four structural isomers of TGAP/DDS using the 160 °C dwell
cure cycle is shown in Figure 6.7. The four different formulations show less separated behaviour
as they did when cured using the 130 °C dwell cure cycle. The same similar initial IV values
based upon epoxy and then the pairing up based on hardener once curing reactions have begun
is seen. Final IV values indicate the 33’DDS formulations reach a higher degree of cure than the

44’DDS formulations when considering the TGpAP and TGmAP separately.
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Figure 6.7 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the 160 °C dwell cure
using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000 Hz). IV

is given as an average of two separate tests where the shaded region is standard deviation.

6.3.1.2.1. CRITICAL POINT 1 AND 2

Highlighting the first 150 minutes in Figure 6.8, where the 160 °C dwell temperature is reached
after a 0.5 °C min-1 ramp from 100 °C, shows a clearer view of the initial IV (CP1) and minimum
viscosity point (CP2). Once again, the 33’DDS formulations for the respective epoxies have a
slightly higher initial IV value in CP1. A slower heating rate is used compared to the 130 °C dwell
cure. Therefore, the CP2 occur at lower temperatures as the onset of curing begins at lower
temperatures. CP2 occurs at approximately 40 minutes for TGpAP/33’'DDS, 45 minutes for
TGmAP/44’'DDS, 60 minutes for TGpAP/44’DDS and 65 minutes for TGmAP/44’DDS.
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Figure 6.8 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the 160 °C dwell cure
using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000 Hz)
highlighting critical points one (CP1) and two (CP2). IV is given as an average of two separate tests where the

shaded region is standard deviation.

The rate at which the IV decreases in the 33’'DDS formulations is faster than in the 44’DDS

formulations. This can’t be fully explained at this point.

6.3.1.2.2. CRITICAL POINT 3 AND 4

All formulations begin curing during the ramp, as shown by the increase in IV, and pair up based
on hardener. The rate of change of IV as a function of time for the four structural isomers of
TGAP/DDS cured using the 160 °C dwell cure is shown in Figure 6.9. CP3 occurs earlier for the
33’'DDS formulations than the 44’DDS formulations. Approximately 100 minutes for the 33’'DDS
formulations, 130 minutes for TGpAP/44’DDS and 145 minutes for TGmAP/44’DDS. For each
curve other than TGpAP/44’DDS, a shoulder is seen. This is not part of the curing behaviour but
rather an artefact of the multi-frequency technique. The 44'DDS formulations behave similarly,

unlike in the 130 °C dwell where the rate of IV change TGmAP/44’DDS was generally slower.
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Figure 6.9 - First derivative of the dielectric analysis of the four structural isomers of TGAP/DDS cured with
the 160 °C dwell cure using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and
10,000 and 100,000 Hz) highlighting critical point three (CP3). Smoothed.

It’s important to remember that the rate of IV change is not as reliable as heat flow or rate of
reaction obtained from DSC as one measures the electrical response and the other the thermal
response. However, it is expected that they may be similar and that any differences can be
accounted for. Referring back to the Figure 5.21, the difference in the maximum heat flow values
of the 33'DDS and 44’DDS is significant, the peak height for the 44’DDS formulations is that of
50 % of 33'DDS indicating that fewer reactions are taking place in 44’DDS formulations. The
rate of change of IV is similar here and indicates the restriction to flow of mobile species. If it is
similar between the formulations, it suggests that crosslinking occurs in all formulations in the
160 °C dwell whereas crosslinking occurs more prominently in the 33’DDS formulations in the
130 °C.

Unlike the 130 °C dwell cure, all formulations have a clear point where curing reactions stop,
CP4. This is approximately 500 minutes. A higher temperature requires less time to cure. Once
again, there is no guarantee that any of the formulations are 100 % cured, just that no more

reactions are occurring that result in an increase in IV.
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6.3.2. DYNAMIC HEATING

Ideally, a dwell temperature of 200 °C would be used, but no ramp is possible that would not
result in a runaway reaction with thermal degradation occurring. Instead, a dynamic cure can
be used where the heating rate is slow enough (0.25 °C min-1) that all the curing occurs during
the ramp, as seen in Chapter 5. Thermal when taking resin temperature measurements. The
dielectric analysis plot for the four structural isomers of TGAP/DDS using the 0.25 °C min-!

dynamic cure cycle is shown in Figure 6.10. Pairing up based on hardener is seen, although the

behaviour is different.
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Figure 6.10 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the 0.25 °C min-!
dynamic cure using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and

100,000 Hz). IV is given as an average of two separate tests where the shaded region is standard deviation.

6.3.2.1. CRITICAL POINT 1 AND 2

The first 200 minutes, where the IV drop occurs, is shown in Figure 6.11. The initial IV values,
CP1, show similar values based on epoxy, but instead of the 33'DDS formulations having a
slightly higher value, the TGmAP IV values are the same and TGpAP/44’'DDS higher than

TGpAP/33’'DDS. This value depends on the temperature of the resin; the resin temperatures are
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never precisely the same due to subtle variances in the mixing process. The differences in IV
are small, therefore the comment earlier that 33’'DDS formulations should be higher than the
44’DDS formulations is a coincidence rather than fact. The possible sources of variance are too

great to comment on conclusively.
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Figure 6.11 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the 0.25 °C min-!
dynamic cure using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and
100,000 Hz) highlighting critical points one (CP1) and two (CP2). IV is given as an average of two separate tests

where the shaded region is standard deviation.

The 33’DDS formulations reach minimum viscosity, CP2, at approximately 40 minutes when the
oven temperature is 110 °C, and the 44'DDS formulations at 70 minutes when the oven
temperature is 118 °C indicating that curing reactions begin earlier in the 33’'DDS formulations
than the 44'DDS formulations. The drop in IV is smaller than in the previous heating regimes,
which could suggest that the extent of curing is higher when mechanical viscosity is dropping.
However, it must also be noted that the heating rate is slower, so the inverse relationship with
IV has less effect.

As this cure cycle uses a constant heating rate, problems arise from the inverse dependence

on IV with temperature. There will be a constant competing effect between IV rising due to
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curing reactions and IV decreasing due to temperature increase. Curing reactions will dominate

when they are significant, but when they start to slow and stop, IV will decrease.

6.3.2.2. CRITICAL POINTS 3 AND 4

The rate of change of IV as a function of time for the four structural isomers of TGAP/DDS for
the 0.25 °C min-! dynamic cure is shown in Figure 6.12. The maximum rate, CP3, occurs at a
lower temperature for the 33’'DDS formulations than the 44’DDS formulations. A sharp peak is
seen, whereas the 44’DDS formulations show a broad peak for TGpAP/44’DDS and a double
peak for TGmAP/44'DDS.
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Figure 6.12 - First derivative of the dielectric analysis of the four structural isomers of TGAP/DDS cured with
the 0.25 °C min'! dynamic cure using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000
and 10,000 and 100,000 Hz) highlighting critical point three (CP3). Smoothed.

The double peak shown for TGmAP is unexpected. However, when the same cure cycle is
considered when taking temperature measurements from Chapter 5. Thermal, similar results
are shown in Figure 6.13 (a duplication of Figure 5.8). Sharp, distinct peaks are shown for the
33'DDS formulations, whereas broad peaks are shown for the 44’DDS formulations.

TGmAP/44'DDs shows a shoulder at a similar temperature/time to DEA results. This suggests

200



Chapter 6. Dielectric Analysis Matt Whittaker

it is not an anomaly. Instead, the IV decrease due to temperature increase causes the peak rate

to drop between the two peaks as the curing reactions slows, just not as significant as the DEA

results indicate.
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Figure 6.13 - Temperature profiles for the four structural isomers of TGAP/DDS during the 0.25 °C min-!
dynamic heat as a function of time measured by thermocouples for resin and oven temperatures, where the
shaded region is the standard deviation. The temperature difference between resin and oven temperature is

shown on the inset graph as a function of oven temperature. A duplication of Figure 5.8.

Referring back to Figure 6.12, the rate becomes negative during the ramp. This does not suggest
that the resin becomes less viscous; it is just that the curing reactions have slowed down or
stopped. This results in IV dropping as the ions, or remaining mobile species, become less
viscous as they have greater energy or free volume space due to the temperature increase. The
rate at which IV decreases is greater in the TGmAP formulations, suggesting that curing
reactions are less dominant at higher temperatures.

According to the rate and Figure 6.10, the IV plot doesn’t show a horizontal trend, CP4, for
any formulations once the temperature reaches 200 °C and remains at that for 200 minutes. It

suggests that in all of the networks, the formulations’ IV drops. This was not seen in any of the
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lower temperature heating regimes, indicating that the resins are not curing but something else.
What this is is not clear. One possible cause is thermal degradation. Breaking chemical bonds in
the network allows for increased flow of mobile ions. Another could be network relaxation or
annealing, which causes mobile ions to flow.

The final feature is the IV value at the end of the dwell. These are less clear than the dwells.
These values can only be compared between formulations containing the same epoxy. For both,
the 44'DDS formulations have the highest IV value. TGmAP/44’DDS is significantly higher than
TGmAP/33'DDS, whereas the TGpAP/44'DDS [V value is only slightly higher than
TGpAP/33’'DDS. This may show that the 44'DDS formulations are more cured than the 33’DDS
counterparts. Or, if not cured, a higher crosslink density, restricting the flow of mobile ions

greater.

6.3.3. CURE SCHEDULE

Having introduced all the potential problems faced when taking dielectric measurements of
epoxy resins, the standard multi-dwell cure cycle can be analysed. This is shown in the dielectric
analysis plots of the four structural isomers of TGAP/DDS in Figure 6.14. This plot is more
complex because it contains a mixture of temperature ramps and dwells. However, similar

trends are seen to the ones discussed above.
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Figure 6.14 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the standard cure
cycle using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000

Hz). IV is given as an average of two separate tests where the shaded region is standard deviation.

6.3.3.1. CRITICAL POINT 1 AND 2

Highlighting the first 80 minutes where the first 2 °C min-! ramp up to 130 °C occurs in Figure
6.15. The initial IV, CP1, TGmAP is higher than TGpAP. The minor differences between 44’'DDS
and 33’'DDS differ from what was seen in both the dwells and the dynamic cure cycles.
TGmAP/44’'DDS initial IV value is higher than TGmAP/33'DDS, and TGpAP/33’DDS is higher
than TGpAP/44’DDS.

All formulations do not begin significant curing reactions until after the 130 °C dwell
temperature is reached, 15 minutes. IV continues to decrease even after the temperature dwell
is reached, suggesting that few curing reactions are occurring, and the resin is undergoing flow
as mechanical viscosity is dropping. The minimum viscosity, CP2, occurs at approximately 27
minutes for both TGpAP/33’'DDS and TGmAP/33’DDS. In comparison, CP2 occurs at 30 minutes
for TGpAP/44’DDS and 35 minutes for TGmAP/44’DDS. This indicates that curing reactions
occur earliest in the 33’DDS formulations, then TGpAP/44’DDS, and then in TGmAP/44’DDS.
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Figure 6.15 - Dielectric analysis of the four structural isomers of TGAP/DDS cured with the standard cure
cycle using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and 10,000 and 100,000
Hz) highlighting critical points one (CP1) and two (CP2). IV is given as an average of two separate tests where the

shaded region is standard deviation.

6.3.3.2. CRITICAL POINT 3 AND 4

The rate of change of IV as a function of time for the four structural isomers of TGAP/DDS cured
using the standard cure cycle is shown in Figure 6.16. Due to the combination of temperature
ramps and dwells, the findings are slightly different. The maximum rate of IV change, CP3, will
occur at different dwells for the different formulations, similar to what was seen in the DSC rate
of reaction plots in Chapter 5. Thermal. The highest rate of change in the first dwell is seen for
TGmAP/33’DDS at 70 minutes, indicating that curing reactions are fastest for this formulation.
TGpAP/33’'DDS occurs at a slightly lower rate and later at 75 minutes. The rate slows towards
the end of dwell, indicating curing reactions are still occurring and faster than the 44’DDS. Both
44’DDS formulations show similar behaviour, but TGmAP/44’DDS reaches its highest rate in
130 °C dwell before the end of the dwell at 110 minutes, whereas TGpAP/44’DDS reaches its
highest rate at the end of the dwell.
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Figure 6.16 - First derivative of the dielectric analysis of the four structural isomers of TGAP/DDS cured with
the standard cure cycle using a combination of six different testing frequencies (1, 10, 100, 1000, 10,000 and
10,000 and 100,000 Hz). Smoothed.

Referring back to Figure 6.14, the difference in the absolute IV values indicate the amount of
reactions that have taken place, which have reduced the mobility of reactive species or ions. The
difference between the 33’'DDS and 44’DDS indicates that more crosslinks have been formed in
the 33’DDS formulations during the first 130 °C dwell.

The next feature is the IV drop during the temperature ramp. If no curing reactions occurred
during the ramp for each formulation, the rate of IV should be similar. This is not the case.
TGpAP/44’DDS does not achieve a negative rate of IV change, suggesting that curing reactions
are more significant than the inverse relationship between IV and temperature increase. The
other formulations show a decrease in IV, and a negative rate of IV change, suggesting curing
reactions are not as significant during the ramp. The 33’DDS formulations show a more
significant drop as more reactions have occurred during the 130 °C dwell.

In the 160 °C dwell, the positive rate of IV change is more significant in the 44’DDS
formulations, with the maximum occurring for TGpAP/44'DDS at 175 minutes and 200 minutes
for TGmAP/44’DDS. The maximum rate change, CP3, occurs at 180 minutes for the 33'DDS
formulations. However, a lower value than that of the 44’DDS formulations indicating

crosslinking reactions are more dominant in the 44’DDS formulations. The rate slows towards
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the end of the 160 °C dwell for all formulations other than TGmAP/44’DDS, where the maximum
rate occurs towards the end.

In the next temperature ramp up to 200 °C, a similar drop and rate of change occur in the
33’DDS formulations, suggesting that few curing reactions occur here. Whereas, in the 44’'DDS
formulations, there is a less significant negative rate of IV change, suggesting that curing
reactions occur in the ramp.

In the final 200 °C dwell, a similar rate of IV change is observed in all formulations apart from
TGmAP/33’'DDS, where the rate of change is significantly higher. Suggesting more curing
reactions occur than in the other formulations. However, this might not be true. At the end of
the cure, it is difficult to say if it is significant curing reactions or just small amounts of
crosslinking that cause a significant reduction in the mobility of ions or mobile reactive species.
[t is known from both DSC and NIR that etherification reactions mainly occur at this point.

TGmAP/33’'DDS perhaps results in a more significant reduction in ion mobility due to its
morphology. It was suggested in Chapter 4. NIR that TGmAP/33’DDS forms a less homogeneous
network than TGpAP/44'DDS due to the increased reactivity of 33’'DDS which forms areas of
high crosslink density connected by areas of low crosslink density. These areas of low crosslink
density will allow for greater ion mobility in the 200 °C dwell. When etherification reactions
occur, the ‘dangling chains’ crosslink and the IV values will increase at a greater rate than those
formulations with a more homogenous network.

All formulations finish curing reactions, or IV stops increasing, CP4, at approximately 300
minutes, 70 minutes before the end of the cure cycle. A constant, small decrease in IV is
observed. The rate at which IV drops is similar for the TGmAP/44’DDS, TGmAP/33’'DDS and
TGpAP/33’DDS formulations. The rate at which TGpAP/44’DDS drops is less. One of the causes
of this was speculated to be thermal degradation. Thermogravimetric analysis was run while
curing the four different TGAP/DDS formulations to investigate whether there was significant
thermal degradation during the final dwell. Table 6.1 shows the % mass change during the 200
oC dwell for the four structural isomers of TGAP/DDS calculated using thermogravimetric
analysis. There are small amounts of thermal degradation, less than 0.3 % for all formulations.
This is minimal and most probably not the cause of the decreasing IV values once significant

curing reactions have finished.
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Table 6.1 - % mass change during the 200 °C temperature dwell of the standard cure cycle for the four

structural isomers of TGAP/DDS found using thermogravimetric analysis.

TGpAP TGpAP TGmAP TGmAP
44’DDS 33’DDS 44’DDS 33’'DDS
Starting Mass /
20.77 17.52 7.16 6.71
mg
Finishing Mass /
20.73 17.49 7.14 6.70
mg
% Mass Change 0.19 0.17 0.28 0.15

The cause of the IV decrease must be something else. The cured properties must be considered,
most importantly the glass transition temperature, T;. This is the temperature at which there is
an onset of significant chain mobility, and the network transitions from a glassy state to a
rubbery state [17]. The more crosslinked a network is, the higher the T, is. During the cure, the
network forms and the number of crosslinks increase, thus resulting in an increase in IV.
However, in the latter part of the cure, fewer reactions occur, the near-maximum T, will have
been reached at 300 minutes when the IV values stop increasing for all formulations. The resin
will have vitrified and become glassy, although not determined experimentally, during the ramp
from 160 to 200 °C. The network morphology dictates what happens to the IV values in the final
dwell. If the T is lower than the final dwell temperature, flow can occur due to the increased
chain mobility and will result in IV decreasing.

The Ty values of the four cured resins obtained using dynamic mechanical analysis are given
in Table 6.2. The values for TGpAP/44’DDS, TGpAP/33'DDS and TGmAP/44’DDS are above the
final dwell temperature. TGmAP/33’DDS has a T, below the final dwell temperature. Going off
these values, it could be expected that TGmAP/33’DDS would show a reduction in IV but the
other three formulations would not. This is not the case and is related to how T} is defined. The
values in Table 6.2 are the peak centre of the tan & peak observed at high temperatures.
However, the change from a glassy to a rubbery state does not occur at one set temperature. It
is a temperature range. Parts of the network will become rubbery before other parts. However,

the peak temperature defines the temperature at which most of the network has transitioned.
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Table 6.2 - Glass transition temperatures (T ) of the four structural isomer formulations of TGAP/DDS

obtained using dynamic mechanical analysis in single cantilever configuration at 1 Hz.

TGpAP 44'DDS TGpAP 33'DDS TGmAP 44'DDS TGmAP 33’'DDS

T, /°C 253.7+0.3 216.2+0.8 226.2+0.1 198.6 £ 0.5

The tan & against temperature plot obtained from DMA for the four structural isomers of
TGAP/DDS is shown in Figure 6.17. The dashed line at 200 °C indicates the oven temperature
in the final dwell. The temperature occurs when TGmAP/33’DDS has reached its peak T, value
and when TGpAP/33’DDS and TGmAP/44’DDS have started to undergo the transition. However,
TGpAP/44’DDS does not undergo any transition at this point; the material is glassy, and the

chains have restricted mobility.

1.0 .
——TGpAP 44'DDS !
1——TGpAP 33'DDS !
08 TGmAP 44'DDS :
© | ——TGmAP33'DDS /1
0.6 -
w
=
]
+~
0.4 -
0.2 -
0.0

140 160 180 200 220 240 260
Temperature / °C

Figure 6.17 - tan 6 against temperature plot for the four structural isomers of TGAP/DDS obtained using
dynamic mechanical analysis in single cantilever configuration at 1 Hz. Plots are given as an average of two
separate tests where the shaded region is standard deviation. The dashed line indicates the oven temperature in

the final dwell.
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This explains why different rates of change in the IV values in the final dwell are seen. The rate
is more negative initially for TGmAP/33’'DDS as a large proportion of the network is rubbery
and can flow. The rate of decrease in TGpAP/33’DDS and TGmAP/44’DDS is similar and less, but
the crosslinked networks still undergo flow. TGpAP/44’DDS sees very little increased flow as
the final dwell temperature is much lower than the onset of Ty, resulting in a much more
horizontal IV trend.

When flow occurs, the network is essentially annealing or relaxing. The network becomes
denser. The different formulations have different configurational entropy. The configurational
entropy in TGmAP/33’DDS is greater than that of TGpAP/44’DDS [47,192,193]. Therefore,
density would be expected to be higher for TGmAP/33’DDS, but how much of an increase in
density the annealing accounts for in the final dwell is difficult to say. Investigation using
positron annihilation lifetime spectroscopy (PALS) can help here. This technique can give

information regarding the pore size and % free volume space, as shown in Table 6.3.

Table 6.3 - Average pore volume and % free volume space for the four structural isomers of TGAP/DDS

determined using positron annihilation lifetime spectroscopy.

TGpAP 44'DDS  TGpAP 33'DDS TGmAP 44’'DDS TGmAP 33’DDS

Average pore
. 60.7 £ 0.5 59.1+0.5 55.3+0.5 559 0.5
volume / A3

Fractional free
10.67 = 0.09 10.45 +0.09 10.30 + 0.09 9.76 + 0.09
volume / %

The first value, average pore volume, appears to depend on the type of epoxy in the formulation.
TGpAP-containing formulations have a higher value than the TGmAP-containing formulations.
The second value, % fractional free volume, appears to follow a similar trend; however, instead
of the TGmAP values being similar, TGmAP/33’DDS is lower than TGmAP/44’DDS.
TGpAP/44'DDS has the highest % fractional free volume, followed by TGpAP/33'DDS,
TGmAP/44'DDS, and TGmAP/33’DDS. If the resins can anneal during the final dwell, the cured
free volume is lower, but the average pore size is not affected as significantly. This shows further
proof that when the final dwell temperature lies in the T, temperature range, the resins can

further anneal and achieve a denser network.
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6.3.3.3. CRITICAL POINT 5

The final feature of Figure 6.14 is the increase of IV upon cooling. Dipole motion impacts the
results here, and 1 Hz is not a low enough testing frequency to obtain true ion viscosity data. If
lower frequencies were used it may be possible to obtain information about how the networks
changed during cooling if the resin were at the same cure state. However, this is not the case.

A study by Hussain et al. suggested that the T; could be obtained by identifying the
temperature at which IV stabilised during the cooling [163]. If this technique was applied to the
results, the T; values would be over 100 °C lower than those determined by DMA. However, their
cure cycle cured at temperatures higher than the resins’ final Ty, so it may be possible but still

Hussain et al. only observed one testing frequency. The higher testing frequency, the lower the

Tg will be.

6.3.4. CURE INDEX

In the previous two chapters, Chapter 4. NIRand Chapter 5. Thermal, the degree of cure could
be used to describe how cured each resin was as a function of cure. Degree of cure derived by
either method has been compared interchangeably by literature, and good agreement has been
found despite NIR and DSC measuring different phenomena. The method of calculating degree

of cure using NIR is given in equation (6-12).

[EP], — [EP],
a(t) = [(}ET (6-12)

Where « is degree of cure, [EP], is the initial epoxide group concentration, and [EP]; is the
epoxide group concentration at time, t. The method of calculating degree of cure using DSC is

given in equation (6-13).

_AH()
“(®) = (6-13)
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Where AH (t) is the enthalpy of reaction at time, t, and AH, is the total enthalpy of cure. The NIR
method is based on the concentration of epoxide groups as determined by their optical
properties, which decrease as curing reactions occur. Whereas the DSC method is based on the
exothermic behaviour curing reactions, the enthalpy of reaction increases as curing reactions
take place.

Both these techniques normalise the values to a completely cured resin. Therefore, the final
values should be very similar. Still, it could be possible that during the cure, the evolution of
degree of cure could be different due to measuring different phenomena. This study has not
investigated it, but there is discussion surrounding the difference in exothermic behaviour
between epoxy amine and etherification reactions [104,208]. If the epoxy amine reactions are
more exothermic than etherification reactions, degree of cure may be higher when using NIR
when compared to the DSC method and vice versa. Either technique is not perfect.

While the resin cures, a crosslinked network forms. The increasing crosslink density results

in an increase in T, as discussed by Nielsen [55] and shown by the relationship in equation (6-

14).

3.9 x 10*
Ty —Tg, = M, (6-14)

Where Tg0 is the glass transition temperature of the uncured resin and M, is the molecular

weight between crosslinks. This relationship led their group to develop the DiBenedetto

equation, first reported as equation (6-15) [137].

Tg_Tgo= (E—;—g—;)a o1
Tgg 1—( —g—;)a (6-15)

Where :—X is the ratio of lattice energies of a crosslinked polymer network, X, and uncrosslinked
M

polymer network, M and ::—X is the ratio of segmental mobilities of the crosslinked network and
M

the uncrosslinked network. Studies found that E—X = 1 whereas ﬁ—Xvaried between 0 and 1 based
M M
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on the polymer network in question. It was found that the ratio of the two parameters is given

by equation (6-16) [228].

£x

fm _ 71"_00

Fy Ty, (6-16)
Fy

Where T, __is the glass transition of an infinitely crosslinked polymer network. Applying this to

epoxy amine systems, Pascault and Williams gave the equation (6-17) [228].

Tg — T‘gO B Ao
Tyy— Ty, 1—(1-MDa (6-17)

Where A is an adjustable convexity parameter that is equal to ::—X By considering the entropy,
M

Pascault and Williams found the adjustable convexity parameter is also given by equation (6-

18) [228,229].

3= To
ACPO Tgo0 (6-18)

Where AC, is heat capacity. Equation (6-17) has been used to predict T, values of epoxy systems
at different degree of cure values [111,154,230]. However, if T, were obtained, the degree of
cure could also be predicted. T, indicates the cure state of the resin, the closer the value to T, o’
the more cured the resin is.

IV also indicates the cure state. The uncured and infinitely cured IV values can be obtained,

allowing for a calculation of the cure state using equation (6-19).

Ty —Tg,  log(V),—log(IV), _ Aa

Tyo — Ty, Clog (V) —log (IV)ee 1—(1—NDa

= cure index (6-19)
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This equation is not perfect as it cannot give degree of cure values without a value of 4, which
cannot be obtained without data from a direct technique such as NIR or DSC to either fit the
data or experimentally determine the heat capacity ratios. Therefore, instead of using the term
‘degree of cure’ to indicate the cure state, it is indicated using the term ‘cure index’ [153]. The
downside to this is that it assumes a linear dependence between the cure index, T, and IV but
it can be a good indicator which can be obtained directly from IV measurements in
manufacturing conditions without the need for additional DSC measurements.

Using this technique in a multi-dwell cure cycle adds complexity as assumptions must be
made. Firstly, in the ramp, as temperature increases, the cure index cannot be calculated as the
temperature increase results in a drop in IV, so a gap is shown instead. The second is that the
maximum [V before the horizontal trend is log(IV)., and the minimum viscosity IV value is
log(IV),. It should also be stated that when the temperature changes, normalising values should
be collected at those temperatures. However, this method only supports simple epoxy amine
networks, not complex network formation like in TGAP/DDS. This makes it challenging to
collect values where the value is true IV for two reasons. One due to the dipole motion effect
and secondly due to the uncured state behaving like an ionic liquid. When ionic liquid behaviour
occurs IV values at low frequencies cannot be obtained at high temperatures as the change in
conductivity is effectively zero [152,231]. Therefore, the IV values will be directly obtained from
the dielectric measurements using standard cure cycle.

The cure index as a function of time for the four structural isomers of TGAP/DDS cured using
the standard multi-dwell cure cycle is shown in Figure 6.18. As should be expected, the plot
looks very similar to the IV plot shown in Figure 6.14, only normalised to one and gaps in the
data where IV decreases during the temperature ramps. It is also worth noting that the cure

index decreases in the final 200 °C dwell due to the T, effect discussed above. This is not seen

when calculating degree of cure using either DSC or NIR.
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Figure 6.18 - Cure index for the four structural isomers of TGAP/DDS when cured using the standard cure

cycle as determined by dielectric analysis and equation (6-19).

Cure index increases dramatically in the first dwell for the 33’'DDS formulations, whereas in the
second dwell, the 44'DDS cure index increases dramatically. The cure index is lower at the start
of the final dwell for TGmAP/33’DDS than the other formulations, which is contrary to what was
seen in both NIR and DSC, but this is caused by TGmAP/33'DDS’s T; being lower than the oven
temperature, resulting in lower than expected cure index values.

These different behaviours indicate the points at which flow is restricted. Where flow is
restricted, the cure index will be higher. Different types of reactions will restrict flow differently.
Epoxy primary amine reactions form linear sections of the network and small amounts of
crosslinking in TGAP as it is trifunctional. In contrast, epoxy secondary amine and etherification
reactions will form crosslinks between the linear sections. This will restrict flow greater.
Therefore, when the cure index increases dramatically, it can be assumed that this is where
significant crosslinking occurs. For the 33’DDS formulations, this begins in the 130 °C dwell as
found by NIR. For the 44’DDS formulations, significant crosslinking occurs in the 160 °C dwell,
also found by NIR.

The dielectric analysis presented for the other heating regimes could be analysed using the
same technique, but the downside is that DSC data would also have to be used. The maximum

IV value for the different TGAP/DDS formulations in the standard cure cycle cannot be used as
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the log(IV),, value as the heating regime is different. The change in temperature in the standard
cure cycle lowers the final IV, and it effectively remains in its ‘history’, so calculating the cure
index of the 130 and 160 °C dwell would result in a value of over 1, which is impossible. The
degree of cure obtained from DSC would have to be used to normalise the values, which means
that the reliability of the technique for calculating undercured samples is not good, and DEA
cannot be used as a standalone technique. However, a valid comparison can be obtained for
nearly 100 % cured samples using the same heating regimes.

Only one study has been found to have done a similar technique for calculating the cure index
for multi-dwell cure cycles [99]. However, DSC was used to aid the results, and unsurprisingly,
a good agreement was found between the cure index obtained by DEA and the degree of cure
obtained by DSC. Raponi et al. and Hardis et al. also used equation (6-19) to calculate cure index.
However, isothermal heating regimes were used; therefore, the complexity was reduced, and

excellent agreement was seen with DSC and IR methods [138,171].

6.4. CONCLUSION

The dielectric analysis presented in this chapter has shown that the different structural isomers
of TGAP/DDS form their crosslinked network differently, as shown by the difference in their IV
values. Previously, dielectric measurements on cured samples could describe the relaxations
that the networks undergo, but this technique analyses the mobility of ions, or reactive species,
during the cure. Commercially available equipment has been used as a minimal sample prep
and online technique widely used in industry.

Dielectric analysis has shown that the initial mechanical viscosity of TGmAP is higher than
that of TGpAP due to the bent structure, which restricts flow more than the more linear
structure of TGpAP. However, whether the 33’'DDS or 44’DDS formulations have greater
viscosity has not been confirmed, as the results have varied between the different heating
regimes.

Understanding the principles behind dielectric analysis has been key to understanding what
happens in the cure due to the competing effects between curing and change in temperature.
Temperature ramps have been challenging to understand independently, but comparisons
between the formulations have allowed for excellent insight. In all heating regimes, the 33’'DDS

formulations are initially more reactive than the 44'DDS formulations, as found in Chapter 4.
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Thermal and Chapter 5. Thermal. The greater the restriction in ion flow, suggests that more
reactions occur.

Like DSC, DEA cannot identify the reactions occurring during the cure, but subtle differences
can give an idea of the type of reactions. Where there is a significant increase in IV, linear and
crosslinking reactions are taking place, and where there is a controlled increase in IV it can be
thought that linear (epoxy primary amine) reactions are taking place.

When there is little change, a horizontal trend, in IV, curing reactions have finished. A clear
horizontal line was obtained in both the 130 and 160 °C dwells after the curing reactions had
finished. However, in the dynamic heat to 200 °C and the standard multi-dwell cure cycle, all
formulations, but less so in TGpAP/44'DDS, showed a small decrease in IV. This was attributed
to the cure temperature being in the glass transition temperature range where the flow of the
polymer chains could occur, indicating network relaxation was occurring.

DEA can be used to indicate the cure state using the DiBenedetto equation to obtain the cure
index. Despite the need to make some assumptions, good comparison could be made between
the different TGAP/DDS formulations. The cure index values' reliability has not been assessed
in this chapter as this will be done in Chapter 7. Cured Properties, but as discussed, it is not
expected to be perfect. This is not necessarily needed for DEA as its benefits of running
alongside manufacturing processes with minimal sample preparation and impact vastly

outweigh this.
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7. INVESTIGATION OF THE CURED PROPERTIES OF THE STRUCTURAL
ISOMERS OF TGAP/DDS AS A RESULT OF VARYING NETWORK
DEVELOPMENT

7.1. INTRODUCTION

In the previous three chapters, Chapter 4. NIR, Chapter 5. DSC and Chapter 6. DEA, the cure of
the four structural isomers of TGAP/DDS has been monitored. Differences in network formation
have been identified. Each technique has identified subtle variances between the different
isomers due to reactivity and molecular shape. Variation in network formation should affect the

morphology of the cured resins, as will be discussed here using results from various techniques.

7.2. CHAPTER OVERVIEW

This chapter will first compare the evolution of cure with the three different techniques: near-
infrared spectroscopy (NIR), differential scanning calorimetry (DSC), and dielectric analysis
(DEA). The cured properties of the structural isomers of TGAP (triglycidyl-para-aminophenol
and triglycidyl-meta-aminophenol) and DDS (4,4’-diaminodiphenyl sulphone and 3,3’-
diaminodiphenyl sulphone) will then be discussed. The techniques used to characterise the
resins will be dynamic mechanical analysis, gas pycnometry, positron annihilation lifetime
spectroscopy, flexural mechanical testing and thermogravimetric analysis. A good
understanding of how using different structural isomers of TGAP/DDS affects the resultant
resin properties can be gained by characterising the resins, allowing the further tailoring of

high-performance multifunctional epoxy resins.

7.3. EVOLUTION OF CURE

Each cure monitoring technique has given information regarding the cure state of the four
different structural isomers of TGAP/DDS. In theory, there should be very little difference
between the techniques. However, there may be differences as the techniques calculate the cure
state using different properties. The calculation methods for NIR, DSC and DEA are summarised
in Table 7.1. NIR monitors the concentration of epoxide groups, DSC calculates the enthalpy of

reaction, and DEA monitors the evolution of ion viscosity throughout the cure.
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Table 7.1 - Cure state calculation methods for different cure monitoring techniques.

Cure state
Technique Method
nomenclature
Near-infrared [EP]o — [EP];
Degree of cure a(t) =—————
spectroscopy [EP]o
Differential scanning AH(t)
Degree of cure a(t) =
calorimetry AH,
log(IV); — log (IV
Dielectric analysis Cure index cure index = BUV). 8 (IV)o

log (IV), — log (V).

As discussed in the DEA chapter, the degree of cure is not calculated. Instead, the cure index is

calculated and is related to the degree of cure by equation (7-1).

ndex = Aa
cure index = T— A= Da (7-1)

Where A is an adjustable convexity parameter related to the difference in heat capacity between
the uncured and fully cured resin. This can be determined using fitting tools with DSC data or
can be calculated experimentally but has not been done here and has is assumed to be equal to
1 as done so by Lee [153]. Complexity is added to the calculation as a mix of isothermal and
non-isothermal heating regimes are used. Calculating A would improve the results if only one
method of heating is used. Day investigated this for non-isothermal cures when calculating cure
state determined by DEA and comparing to DSC degree of cure values and found very limited

T,
improvement [232]. This has also been the case when A = Jo

Ty,

The comparison of the evolution of cure state as calculated by NIR, DSC and DEA for the four
structural isomers of TGAP/DDS is shown in Figure 7.1. Good agreement can be seen for most
parts. The degree of cure, as calculated by NIR, initially varies more with DEA and DSC for the
44’DDS formulations. NIR indicates the resin is more cured than in DSC and DEA. However, for

the 33'DDS formulations, NIR and DSC show slightly better agreement. The difference in
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agreement could possibly relate to the type of reactions taking place. When the resins are more
reactive initially (33'DDS formulations), the exothermic response is similar to epoxide
concentration change, as when epoxy secondary amine reactions occur directly after epoxy
primary amines, the enthalpy is higher, which is more comparable to the change in
concentration. However, when only epoxy primary amine reactions occur, the enthalpy of
reaction is not as high, resulting in DSC giving lower degree of cure values. Later in the cure,

when primary amines have all been consumed, the agreement between DSC and NIR is much

better for all formulations.
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Figure 7.1 - Comparison of the evolution of cure state for the four structural isomer formulations of

TGAP/DDS cured using the standard cure cycle as calculated by near-infrared spectroscopy (NIR), differential
scanning calorimetry (DSC) and dielectric analysis (DEA): (a) TGpAP/44’DDS, (b) TGpAP/33’'DDS, (c)

Calculating degree of cure from NIR only considers the epoxide concentration change, not the

amine concentration change. In contrast, DSC considers the total enthalpy of reaction. Suppose

TGmAP/44'DDS and (d) TGmAP/33'DDS.
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different epoxide reactions (primary, secondary amine and etherification) occur, the enthalpy
of reaction for each reaction could be different. However, literature and the dynamic DSC
measurements undertaken in Chapter 5. Thermal would disagree with this. Total enthalpy of
reaction values were found to be very similar to the literature value assigned to the epoxide ring
opening reaction. Cole et al. investigated using different ratios of TGDDM:DDS and obtained
similar total enthalpy of reaction values between ratios, suggesting that irrespective of the
functional group reacting with an epoxide ring, the total enthalpy of reaction will be the same
[226]. The difference between NIR and DSC could therefore be related to error in the analysis
method. NIR is not a perfect technique, there are many opportunities to incorporate error, such
as interpretation of the baseline and band overlap.

DEA shows good agreement with DSC data initially in the early stages of the cure for the
44’DDS formulations, as at this point, mainly epoxy primary amine reactions are taking place.
TGmAP/44’DDS deviates slightly towards the end of 130 °C dwell. From NIR, it is known that a
small amount of crosslinking does occur, which could be the reason, but it could also be related
to which part of the TGAP molecule reacts. In Chapter 4. NIR, it was suggested that in TGpAP,
the glycidyl amine portion behaves as a tertiary amine catalyst when reactions are initially
‘slow’ (44'DDS formulations). Therefore, in TGpAP, the reactions initially occur on both ends of
the molecule as the glycidyl amine is sterically hindered by the catalysis interaction, whereas in
TGmAP, the reactions can occur on the both epoxide groups in the glycidyl amine and potentially
result in internal cyclisation [45,190]. If the reactions occur on the glycidyl amine, as shown in
Figure 7.2 (b), rather than on both the glycidyl amine and glycidyl ether of the TGAP molecule,
as shown in Figure 7.2 (a), the ion restriction may be greater as an aromatic branch structure is

formed rather than a free epoxide branch.
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Figure 7.2 - Initial path of reaction in the structural isomers of TGAP molecules: (a) TGpAP reacts on both the
glycidyl amine and glycidyl ether, and (b) TGmAP reacts in the glycidyl amine portion. R and Ri indicate epoxy

amine chain.

These are effectively dangling chains and will restrict the flow of any mobile reactants or
unbonded linear chains. The extent to which either dangling chain will restrict flow depends on
the chemical structure and molecular weight. A glycidyl amine ether branch, can be considered
flexible due to its single carbon-carbon bonds which allow for rotation and movement. Whereas,
the aromatic branch structure in shown in Figure 7.2 (b), has a stiff, planar aromatic ring and
also higher molecular weight. Ion flow restriction will be more apparent when epoxide ring
opening occurs predominantly on the glycidyl amine portion of TGmAP compared that of a
mixture of both glycidyl amine and glycidyl ether in TGpAP. However, this is only a hypothesis,
there has been no additional testing to investigate whether this is actually the case.

Poor agreement is shown with the 33’DDS formulations halfway through the 130 °C
temperature dwell, as this is when significant crosslinking reactions occur. TGmAP /33’DDS cure
index deviates more due to slightly more crosslinking than in TGpAP/33’DDS but also perhaps
due to the positions of the reactions shown in Figure 7.2.

When crosslinking reactions dominate in the 44’DDS formulations in the 160 °C dwell, poor
agreement is also seen as the crosslinking reactions restrict ion mobility greater than linear
reactions, resulting in a higher cure state than calculated by NIR and DSC. This hasn’t been seen
in previous literature as DGEBA resins have been used generally [138,154,163]. DGEBA has an
epoxy functionality of two compared to TGAP’s three, meaning that the rate at which ion
mobility is restricted is much lower in DGEBA.

In the final 200 °C dwell of the cure, good agreement is seen between DSC and NIR, with DEA
being slightly higher due to DEA not being able to detect the subtle etherification reactions

221



Chapter 7. Cured Properties Matt Whittaker

occurring in the final stages. These reactions crosslink already highly restricted chains, and the
annealing effect occurs here, as discussed in the Chapter 6. DEA.

It must also be considered that these formulations use a significant epoxy excess. This will
play a major role in the differences as etherification reactions affect the techniques differently.
Previous literature has not used as significant an excess epoxy in TGAP studies where these
techniques have been compared before. Nor have they used multi-dwell cure cycles.

Temperature changes can heavily influence the results.

7.4. DYNAMIC MECHANICAL ANALYSIS

Dynamic mechanical analysis of the cured four structural isomer formulations of TGAP/DDS
has been extensively investigated in a previous publication by Ramsdale-Capper and Foreman
[32]. The analysis presented here will, therefore, be brief but will link their findings with the
differences in network development. The tan § plots for the four structural isomer formulations
of TGAP/DDS are shown in Figure 7.3. Three secondary phase transitions can be identified by

these plots. The glass transition temperature, T,, at temperatures above 150 °C, the omega

transition, T, at approximately 50 °C and the beta transition, Tg, at approximately -50 °C.
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Figure 7.3 - tan § as a function of temperature for the four structural isomer formulations of TGAP/DDS cured
using the standard cure cycle as obtained by dynamic mechanical analysis in single cantilever mode at 1 Hz. The

plots are an average of two tests where the shaded area is standard deviation.

7.4.1. GLASS TRANSITION

T, is shown by a large peak at high temperature in the tan § plot. As discussed in Chapter 4. NIR
and Chapter 6. DEA, this transition is related to crosslink density and chain stiffness. Polymers
with a higher crosslink density and chain stiffness should have a higher T,,. The T, peak centres
are summarised in Table 7.2. The values here are slightly lower than those given in Ramsdale-
Capper and Foreman, as the temperature calibration of the equipment has recently been
improved [32,233].

Lower Ty indicates that the crosslinking density is lower; therefore, TGpAP/44’DDS can be
said to have the highest crosslink density and TGmAP/33’'DDS the lowest. However, NIR has
determined that TGmAP/33’DDS goes to complete consumption of epoxide groups. Therefore,
it would be thought that the T; of TGmAP/33’DDS would be the highest, but this is not the case.
The chain stiffness must also be considered. More linear molecules, the para isomers (TGpAP
and 44’'DDS) are effectively stiffer as the force transmits through the 1,4 position rather than in

the meta where the force is transmitted through the 1,3 position. Considering the chain stiffness
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alone, the trend shown in Table 7.2 is logical, the more linear starting reagents result in a higher

T,. How the crosslinks form in the network also plays a role in determining the T [23,197].

Table 7.2 - Glass transition temperatures for the four structural isomer formulations of TGAP/DDS as

determined by dynamic mechanical analysis at a testing frequency of 1 Hz.

TGpAP/44'DDS  TGpAP/33'DDS  TGmAP/44'DDS  TGmAP/33'DDS

T, /°C 253.7+0.3 216.2+0.8 226.2+0.1 198.6 £ 0.5

Due to the increased reactivity of 33’DDS, crosslinking reactions occur earlier in the curing
reaction. This results in areas of localised crosslinking connected by areas of low crosslinks. A
less homogenous network forms compared to the 44’DDS counterparts, resulting in a difference
of 20 - 30 °C in T, values. This increased reactivity also potentially increased a side reaction
known as internal cyclisation, as discussed in Chapter 4. NIR, where cyclic structures are formed
on the glycidyl amine due to the proximity of two epoxide groups [45,190]. When analysing the
functional group concentrations through NIR, this may appear as a crosslinking reaction, but
they do not behave like a crosslink [52]. They effectively behave as linear portions of the
network and increase the molecular weight between crosslinks, therefore reducing the T,.
These can form through either epoxy secondary amine or etherification reactions and as
suggested in Chapter 4. NIR, occur less so in the TGpAP/44’DDS formulation.

The T, peak identifies the temperature range at which this transition occurs but can also give
more information regarding the structure of the polymer network. tan § is given by equation

(7-2).

n

tand = 7 (7-2)

Where E" is loss modulus and E’ is storage modulus. Storage modulus refers to the amount of
energy stored in the material upon deformation, whereas loss modulus refers to the amount of
energy lost upon deformation due to friction and internal motions in the network [187]. tan §

is also to referred to as the damping effect and measures how much energy is lost in the material
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due to differences in network structure. If the tan § value is smaller the energy dissipation that
occurs when the T is reached is lower. A small tan § indicates a stiffer network where the
cooperative motions of the network are less. The peak tan § values are given in Table 7.3, with
TGpAP/44'DDS being the lowest and TGmAP/33’DDS being the highest. The area of the T, peak
is also given in Table 7.3, which refers to the amount of energy required for this transition to
take place [234]. A larger area accounts for the peak's height and width. Despite
TGmAP/44’DDS having a lower maximum tan § value, the area is similar to TGmAP/33’DDS,

indicating the temperature range over which the transition occurs is greater.

Table 7.3 - T, tan & values and areas for the four structural isomer formulations of TGAP/DDS obtained from

dynamic mechanical analysis in single cantilever mode using a testing frequency of 1 Hz.

TGpAP/44'DDS  TGpAP/33'DDS  TGmAP/44DDS  TGmAP/33'DDS

T, tan §
0.20 £ 0.02 0.42 £ 0.01 0.58 +0.00 0.79 £ 0.00
peak value
T, tan §
3.31+0.34 9.04 +0.06 14.64 + 0.28 15.15+£0.01
area
T, range /
24 22 38 27
oC

If the number of cooperative motions that occur in TGpAP/44'DDS is less than in
TGmAP/33’'DDS, it could suggest that TGpAP/44’DDS is a more homogenous network. However,
it could also relate to the chemical structure of starting materials. meta starting reagents have
a more significant number of energy dissipation mechanisms. This was discussed in-depth in a
thesis written by Heinz [235]. An adapted figure from their work is shown in Figure 7.4.
TGmAP/33'DDS can undergo the greatest number of energy dissipation mechanisms, followed

by TGmAP/44'DDS and TGpAP/44’DDS; however, TGpAP/44’DDS cannot.
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Figure 7.4 - Energy dissipation motions in (a) triglycidyl-meta-aminophenol (TGmAP) and (b) 3,3’-
diaminodiphenyl sulphone (33’DDS). Adapted from Heinz [235].

Consequently, it is hard to say how much the original starting materials affect the damping of
the cured material and thus relate to its network development. However, DMA does not just

identify the Tj.

7.4.2. BETA TRANSITION

The glass transition region refers to the mobility of the overall network structure. At lower
temperatures, the beta transition refers to local cooperative motions within the network [32].
Different parts of the network can undergo different motions. Tu et al. found that the lower
temperature region of the transition is attributed to the cooperative ring-flipping motion of the
two phenylene rings in DGEBA [35]. Shi et al. found that the middle region was attributed to the
motion of the ether-containing units and the high-temperature region to the ring flipping
(phenylene rotation) in the aromatic hardener [236]. Both these studies used DGEBA/DDS
systems. These differ from the resins used in this study, where some are meta-substituted
(TGmAP and 33’'DDS), and some do not consist of only glycidyl ether groups. However,
Ramsdale-Capper and Foreman were able to apply the findings to the isomers of TGAP/DDS and

make similar conclusions [32].
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The tan 6 plot for the four structural isomer formulations of TGAP/DDS highlighting the beta
transition region between -100 °C and 30 °C is shown in Figure 7.5. Depending on the structural
isomer formulation, the shape of the transition is different. Firstly, the 33’DDS formulations
show a sharper peak at lower temperatures, the middle region attributed to the motion of the
hydroxy propyl groups. The second is that the TGpAP formulations have higher tan § values at
lower temperatures in the region, which is attributed to the aromatic ring flipping in the epoxy
units. Thirdly, the shape of the higher temperature region. This region is attributed to the

phenylene ring flipping in the hardener units. However, there is less of a noticeable trend.

0.05
—— TGpAP 44'DDS

——TGpAP 33'DDS
| TGmAP 44'DDS
———TGmAP 33'DDS

0.04

tan 6

0.03

0.02 T T T T T T T \ T T T T
-100 -80 -60 -40 -20 0 20

Temperature / °C

Figure 7.5 - tan § as a function of temperature between -100 °C and 30 °C showing the beta transition region
for the four structural isomer formulations of TGAP/DDS cured using the standard cure cycle as obtained by
dynamic mechanical analysis in single cantilever mode at 1 Hz. The plots are an average of two tests where the

shaded area is standard deviation.

Like the energy dissipation motions in Figure 7.4, the para or meta positioning determines how
the molecular units can move. Ring flipping, or r flipping, is more prevalent in molecules where
the phenylene ring can flip on its axis, the para isomers, as shown in Figure 7.6 [28]. Compared

to DGEBA, where there is the possibility of two aromatic rings flipping, TGpAP only has one;
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therefore, the intensity of the lower temperature region is lower if compared to DGEBA systems.
However, due to the lack of rotational axis in TGmAP, no ring flipping can occur, resulting in
lower initial tan § values than in TGpAP. Differences in network formation will have minimal
effect on this region as this only relates to the structure of the starting epoxy molecules as far
as the current literature is concerned [32,35,236]. The high-temperature region of the peak
refers to the phenylene ring flipping in the hardener. The 44’DDS formulations can undergo ring
flipping, whereas the 33’'DDS formulations cannot. However, TGpAP/33’DDS and
TGmAP/44’DDS display similar high-temperature region trends. This could suggest that this

region is the cooperative motion of all phenylene rings.
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Figure 7.6 - Ring flipping in the structural isomers TGAP: (a) triglycidyl-para-aminophenol, (b) triglycidyl-

meta-aminophenol, (c) 4,4’diaminodiphenyl sulphone and (d) 3,3’diaminodiphenyl sulphone.
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The mid-temperature region, the peak, is concerned with the local motion of the epoxy
branches, known as the hydroxy propyl groups. Three different types of behaviour can be seen
here. Firstly, the peak temperature, secondly, the intensity, and thirdly, the area. These different
trends are summarised in Table 7.4.

The peak temperature indicates the energy required for these motions to take place. The
33’DDS formulations peak at a lower temperature than the 44’'DDS formulations, suggesting
that hydroxyl propyl groups in the 33’'DDS networks are less restricted than the 44’DDS
networks.

The intensity relates to the number of motions taking place. In this case, the epoxies pair up.
It appears that the number of hydroxy propyl motions is greater in the TGpAP formulations
compared to the TGmAP formulations. This could relate to the position of the TGAP molecule,
where the network is initially formed on the epoxy molecule. However, these values do not
consider the baseline; therefore, like with NIR analysis, the area of the peak is best used. This
shows a slightly different trend. TGpAP/44'DDS gives the largest area, TGpAP/33'DDS and
TGmAP /44'DDS have similar areas, and TGmAP/33'DDS has the smallest area. This trend aligns
with the fact that the amount of potential ring flipping results in higher energy dissipation.
TGmAP/33'DDS can undergo the smallest amount of ring flipping and TGpAP/44’DDS the most.
Whether this gives information into the result of different network formation paths is difficult
to say as there are different influences due to starting molecules. In this case, the peak

temperature gives the best information about how the network differs.

Table 7.4 - § transition peak temperature values and areas for the four structural isomer formulations of

TGAP/DDS obtained from dynamic mechanical analysis in single cantilever mode using a testing frequency of 1

Hz.
TGpAP/44'DDS TGpAP/33'DDS TGmAP/44’DDS TGmAP/33'DDS
beta peak
-30.7 £ 0.7 -43.4+0.4 -36.8 +4.7 -42.2 +2.2
temperature / °C
tan § area 1.75+0.13 1.37 £0.10 1.35+0.10 1.24+0.01
tan § peakvalue 0.047 0.048 0.043 0.044
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If the hydroxy propyl groups in the 33’'DDS formulations undergo motions at lower
temperatures, they are less restricted. TGmAP/33’DDS is the densest network, so the fact that
it undergoes motions at lower temperatures and requires lower energy suggests that density
isn’t playing a huge role here. How the hydroxy propyl group is bonded dominates its ability to
undergo motions. One reason is the increased reactivity of the 33'DDS hardener, which
encouraged the secondary amine reactions to occur quickly after the primary amine reactions,
resulting in localised regions of high crosslink density and low crosslink density and potentially
the formation of internally cyclised structures. Because of this, the hydroxyl propyl motions can
occur at lower temperatures than the more homogenous networks and less internally cyclised
structures.

TGpAP/44’'DDS is considerably higher than the other three formulations. It is expected to be
the highest due to the greatest number of aromatic rings that can undergo ring flipping, but the

existence of another sub-Tj transition that occurs very soon after the beta transition affects this

value, potentially making it falsely high.

7.4.3. OMEGA TRANSITION

The origin of the omega transition is unclear, perhaps even more unclear than the beta
transition, partly because it does not always present itself in all resin formulations. The
transition is not commonly observed in the DGEBA/44’DDS formulations. Ochi et al. observed
the omega transition (calling it the B’ transition) in 3,9-bis[(3-methoxy-4-glycidyl~phenyl]-
2,4,8,10-tetroxaspiro(5,5)undecane = (BMPTU) and 3,9-bis[(4-glycidyl)phenyl]-2,4,8,10-
tetroxaspiro(5,5)undecane (BGPTU) resins cured with 4,4’-diaminodiphenyl methane (DDM)
[237,238]. The structure of these two resins is shown in Figure 7.7. These are bifunctional and
differ from DGEBA by the oxygen-containing spiro ring between the two aromatic rings instead

of two methyl groups.
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Figure 7.7 - Chemical structures of 3,9-bis[(3-methoxy-4-glycidyl~phenyl]-2,4,8,10-
tetroxaspiro(5,5)undecane (BMPTU) and 3,9-bis[(4-glycidyl)phenyl]-2,4,8,10-tetroxaspiro(5,5)undecane
(BGPTU) from Ochi et al. where the omega transition was observed when cured with DDM [238].

Interestingly, the omega transition was not observed in the ortho isomer of BGPTU cured with
DDM. Ochi et al. concluded that the omega transition originated from the phenylene ring
adjacent to the centre spiro structure [237,238]. However, Sasuaga and Udagawa observed the
omega transition in DGEBA when cured with DDM along with TGDDM and DGEBF formulations
[239]. They attributed the omega transition to “internal stress caused by non-uniformity in the
crosslinking structure.” They were also able to reduce the size of or shift the omega transition
peak by irradiating the samples. Brahatheeswaran and Gupta also came to similar conclusions
regarding the omega transition [240]. Rather than irradiating the samples to reduce the omega
transition, they aged the samples at temperatures just below the T, essentially annealing the
sample.

Ramsdale-Capper and Foreman observed the omega transition in the four structural isomers
of TGAP/DDS and suggested that more effective hydrogen bonding prevented the cooperative
motion of the hydroxyl propyl and phenylene ring groups more so in TGmAP/33'DDS than in
TGpAP/44'DDS [32]. This hypothesis makes sense, and the antiplasticised behaviour of
TGmAP/33'DDS would support it [241], but why TGmAP/33’DDS hydrogen bonds more
effectively than TGpAP/44'DDS is challenging to understand.

Figure 7.8 shows the DMA plot highlighting the omega transition for the four structural
isomers of TGAP/DDS between -50 °C and 150 °C. The omega transition peak is far less

prominent than the beta transition, suggesting that it isn’t a dominant transition but is still an

231



Chapter 7. Cured Properties Matt Whittaker

important feature of the cured networks. The omega transition occurs at a lower temperature
compared to the other formulations, followed by TGpAP/33’DDS and TGmAP/44’DDS; however,
TGmAP/44’DDS is less prominent than TGpAP/44’DDS and finally, TGmAP/33'DDS where the

peak isn't as clear as it is less prominent and also overlapping the T, peak. The peak
temperatures are summarised in Table 7.5. Unlike the Ty and beta transition, the peak areas

have not been analysed due to overlapping.
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Figure 7.8 - tan § as a function of temperature between -50 °C and 150 °C showing the omega transition
region for the four structural isomer formulations of TGAP/DDS cured using the standard cure cycle as obtained

by dynamic mechanical analysis in single cantilever mode at 1 Hz. The plots are an average of two tests.

The fact that the TGpAP formulations have a more prominent peak suggests that this transition
is related to the cooperative motions of the phenylene ring and hydroxyl propyl groups on the

epoxy molecule rather than the motion of the DDS molecule.
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Table 7.5 - w transition peak temperature values for the four structural isomer formulations of TGAP/DDS
obtained from dynamic mechanical analysis in single cantilever mode using a testing frequency of 1 Hz. * denotes

an approximate value as this peak was significantly overlapped.

TGpAP/44'DDS  TGpAP/33'DDS  TGmAP/44'DDS  TGmAP/33'DDS

omega peak
temperature / 53.1+0.3 90.0+ 1.6 784 + 1.7 *101.9+ 15
oC

The peak temperature would have been initially thought to be related to the energy required
for these motions. This is partly true, but the cure conditions must also be considered. A similar
study by Heinz into the structural isomers of TGAP/DDS also observed the omega transitions.
A slightly different trend in the omega transition was observed [235]. An obvious peak for the
omega transition was observed at approximately 90 °C for the 44'DDS formulations, 100 °C for
TGpAP/33’DDS and a broad shoulder at 125 °C for TGmAP/33’DDS. The intensities of the peaks
were similar based on the epoxy molecule. TGpAP formulations showed a higher peak than the
TGmAP formulations. They suggested that peak temperature corresponded to the packing
efficiency. A higher packing efficiency in the 33'DDS formulations resulted in an omega
transition peak at a higher temperature.

A stoichiometric ratio of epoxy:amine was used in this study. This may have an impact as
extra crosslinking occurs when an excess epoxy formulation is utilised, but another difference
is the cure schedule. The cure was as follows: 115 °C for 3 hours, 150 °C for 3 hours, 180 °C for
3 hours and 200 °C for 1 hour. This cure was longer than the one used in this study apart from
the final step, which was held for 1 hour at 200 °C compared to the two hours used. From this,
it is apparent that the omega transition is related to internal stress. The extra dwell times at
different parts in the cure allow for relaxation resulting in the TGpAP/44’DDS omega transition
occurring at higher temperatures than the peak in this study (53 °C compared to 90 °C). This is
similar to what was observed in TGmAP/33’DDS in Chapter 6. DEA. Holding at temperatures
just below the T resulted in observable relaxation in the dielectric results.

This correlates with what Sasuaga and Udagawa concluded about the transition. By holding

the resin at a temperature just below its T} it allows for annealing in its crosslinked structure

and reduces the internal stress buildup during the cooling stage, resulting in a shifted omega

233



Chapter 7. Cured Properties Matt Whittaker

transition peak [239]. The more homogenously crosslinked networks cannot anneal at the cure
temperatures as effectively, resulting in a lower-temperature omega transition.

Some additional work has been done to investigate whether it is possible to remove or shift
the omega transition peak by post-curing or annealing the resins at temperatures below their

T,.Figure 7.9 shows the shifting of the omega transition after aging at 210 °C for varying periods

for TGpAP/33’DDS.
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Figure 7.9 - tan § as a function of temperature between -50 °C and 250 °C showing the omega transition
region for TGpAP/33’DDS cured using the standard cure cycle and ageing at 210 °C for various time intervals as

obtained by dynamic mechanical analysis in single cantilever mode at 1 Hz.

7.5. FREE VOLUME SPACE
7.5.1. GAS PYCNOMETRY

The density of the networks was determined using gas pycnometry to measure the volume of
the samples relative to their mass, shown in Table 7.6. The lowest density is TGpAP/44’'DDS,
followed by TGpAP/33’DDS and then TGmAP/44’DDS and TGmAP /33’DDS, which are both very

similar, within 0.0001 g cm-3 of each other. Considering the beta transition area values as
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determined by DMA in Table 7.4, it would be expected that the largest value would have the
lowest density and vice versa. This is the case apart from the TGpAP/33’'DDS and
TGmAP/44’'DDS, where the densities are not as similar as the areas are. If it were just based on
the ability of the local motions of the molecules, then it would be the same trend. However, it is
not. The packing efficiency of the meta TGAP is better than that of the meta-DDS with its para

counterpart.

Table 7.6 - Densities of the four structural isomers of TGAP/DDS determined using gas pycnometry.

TGpAP/44'DDS  TGpAP/33'DDS  TGmAP/44'DDS TGmAP/33'DDS

Density / gcm3  1.3112 £ 0.0007 1.3164 £0.0014 1.3211+0.0005 1.3212 +0.0024

The meta isomers have more conformation states, possibly resulting in denser networks. It was
suggested in Chapter 4. NIR that TGpAP/44’DDS was the most homogenous network due to the
non-simultaneous reactions of the primary amines and then secondary amine compared to the
33’DDS formulations. This results in higher crosslink density and lower density as upon cooling,
the crosslinks prevent efficient packing and leaves unoccupied free volume space [242]. This
may be the case in the TGmAP/44’DDS formulations, but as it contains TGmAP, the number of
conformational states is greater, resulting in more efficient packing. It could be expected that
TGmAP/33'DDS has a significantly higher density than TGmAP/44'DDS like TGpAP/33'DDS
compared to TGpAP/44’DDS, but the potential side reactions, such as internal cyclisation, leave

unoccupied free volume space in the network.

7.5.2. POSITRON ANNIHILATION LIFETIME SPECTROSCOPY

Another technique that can indicate the free volume space in the crosslinked networks of cured
epoxy resin is positron annihilation lifetime spectroscopy (PALS). It can identify the fractional
free volume and average pore volume. Table 7.7 shows both these values for the four structural
isomers of TGAP/DDS. Here, the fractional free volume space follows a similar trend to the beta
transition area values, with TGpAP/44’DDS being the greatest and TGmAP/33'DDS being the
smallest. Unlike the density values, TGmAP/33’DDS has significantly less free volume space

than TGmAP/44’DDS. This is the trend that, based on results from previous chapters, would be

235



Chapter 7. Cured Properties Matt Whittaker

expected. Gas pycnometry is perhaps not sensitive enough to identify these subtle changes,
whereas PALS is an incredibly sensitive technique that penetrates the network.

The average pore volume pairs based on epoxy with the pore volume being greater for the
TGpAP formulations. This is related to the lack of conformational states in the TGpAP epoxies,
potentially leading to larger voids between the different molecular chains. In contrast, TGmAP

can more efficiently fill these gaps, resulting in smaller pores.

Table 7.7 - Average pore volume and % free volume space for the four structural isomers of TGAP/DDS

determined using positron annihilation lifetime spectroscopy.

TGpAP 44’'DDS  TGpAP 33’'DDS TGmAP 44’'DDS TGmAP 33’DDS

Average pore
60.7 £ 0.5 59.1+0.5 55.3+0.5 55905

volume / A3

Fractional free
10.67 + 0.09 10.45 + 0.09 10.30 + 0.09 9.76 + 0.09

volume / %

7.6. FLEXURAL MECHANICAL TESTING

The flexural moduli of the four structural isomers have been investigated. Both Ramsdale-
Capper and Foreman and Heinz have investigated the compressive properties of TGAP/DDS
therefore, it will not be done here [32,233,235]. Flexural modulus, strength and strain at break

values for the four structural isomers of TGAP/DDS are shown in Figure 7.10.
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Figure 7.10 - Flexural properties of the four structural isomers of TGAP/DDS cured using the standard cure:
(a) flexural modulus, (b) flexural strength and (c) strain at break. Each data set was 17 samples and the error

shown is standard deviation.

The flexural modulus was greatest in TGmAP/33'DDS, TGpAP/33'DDS, and TGmAP/44’DDS
were similar, and TGpAP/44’DDS had the lowest flexural modulus. This was similar behaviour
to that observed by Heinz when undertaking compression tests of TGAP/DDS [235]. The trend
relates to the fractional free volume space as determined by PALS. TGmAP/33’DDS has the
lowest free volume space, the most efficient chain packing and, thus, the highest flexural
modulus.

Flexural strength pairs based on the hardener, the 33’DDS formulations achieve a higher
flexural strength compared to their 44’DDS counterparts. This relates to the beta transition in
the 44'DDS case. The ability to undergo ring flipping on the para-substituted DDS provides an
energy dissipation mechanism that reduces the yield stress, as discussed in another publication
by Heinz et al. and Varley et al. [28,243]. Because of this, strain softening did not occur as

prevalently in the 44’DDS formulations as it did in 33’DDS. In the 33’DDS formulations, this
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energy dissipation mechanism was not available, and instead, high energy motions occurred, as
shown in Figure 7.4, resulting in higher flexural strength values.

The strain at break values also paired by hardener with the 33’DDS formulations showing
the greatest strain at break values. The reasons above can be attributed to this trend, but the
network's homogeneity could also influence the strain values. Areas of high crosslink density
connected by areas of low crosslink density will result in greater strain at break values as they
possess greater molecular mobility compared to the more homogeneous TGpAP/44’DDS
network.

NIR determined that residual epoxide groups were present in the final cured specimens of
TGpAP/44'DDS and TGmAP/44’DDS. This will result in reduced modulus and strength as
additional energy dissipation mechanisms exist. However, this should result in greater strain at
break values. The data doesn’t show this, indicating it has no significant effect.

[t is important to note that flexural testing is not a true deformation mode but a combination
of both tensile and compressive modes along with internal shear. It is difficult to determine how
each formulation failed, and this will incorporate some uncertainty into the results, as shown

by the sometimes-significant error.

7.7. THERMOGRAVIMETRIC ANALYSIS
7.7.1. THERMOGRAVIMETRIC CURE MONITORING

The thermal stability of the four structural isomers has been investigated while curing. Figure
7.11 shows the % weight of the uncured structural isomers of TGAP/DDS as a function of the
standard cure schedule. The y-axis only shows a maximum 2 % change, indicating that very
little mass change occurs during the cure. This is highly desirable and expected. However, the
small changes can be attributed to minor differences in network formation. From the safety data
sheets, TGpAP (MY0510) is thermally stable in its pure form over 200 °C, whereas TGmAP
(MY0610) is thermally stable up to 140 °C. That could explain the greater mass loss in the
TGmAP/44’DDS formulation in the first dwell, as the network hasn’t formed large chains at this
point, whereas TGmAP/33'DDS shows very little loss because larger chains or molecules form
quicker in the initial dwell. The TGpAP formulations show similar behaviour as TGpAP is more

thermally stable in its neat form and, therefore, less resistant to degradation at the initial dwell.
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Figure 7.11 - Uncured thermogravimetric analysis of the four structural isomers of TGAP/DDS during the

standard cure.

Once the second dwell is reached, the 44'DDS formulations show greater mass loss than the
33’DDS formulations due to a less developed crosslinked network as indicated by cure extent.
Upon the temperature increase to the third dwell, TGmAP/33’DDS displays a mass increase.
This is the result of the sample pan becoming more buoyant due to the change in the density of
gas in the chamber.

Mass loss is also seen in the final dwell in TGpAP/44'DDS, TGpAP/33’DDS and
TGmAP/44’'DDS, all of which are small. The network is still curing at this point; therefore, the
rate of mass loss slows towards the end of the dwell. Interestingly, TGmAP/33'DDS sees a
minimal mass increase in the final dwell. This could be accounted for by oxidation. Morgan and
Mones reported that internally cyclised glycidyl amine portions can be degraded by oxidation
[44]. This could be evidence of the existence of internally cyclised structures, but without mass
spectrometry, it is not possible to confirm, and the mass change is nearly insignificant.

The cure cycle was rerun on the cured resins to observe thermal degradation within the cure
cycle dwell temperatures. Small amounts are seen in all formulations. Caution must be advised

when analysing this figure as the % mass change is so small.
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7.7.2. THERMOGRAVIMETRIC ANALYSIS OF CURED RESIN

The thermal stability of the cured structural isomers of TGAP/DDS have been analysed using
TGA, as shown in Figure 7.12, between 30 °C and 800 °C at a heating rate of 10 °C min-1. It can
be seen that the onset of degradation occurs at lower temperatures for TGpAP formulations.
The final mass is lowest in TGpAP/33’DDS, then TGpAP/44’DDS, followed by TGmAP/33’DDS
and the highest final mass is TGmAP/44’DDS.

100
80 —
. ]
7
T
= 60
X
40
——TGpAP 44'DDS
——TGpAP 33'DDS
TGmAP 44'DDS
——TGmAP 33'DDS
00— T 1 T 1

100 200 300 400 500 600 700 800
Temperature / °C

Figure 7.12 - Thermogravimetric analysis of the four structural isomers of TGAP/DDS between 30 °C and 800

oC using a heating rate of 10 °C min-1.

Multiple critical points can be identified during degradation, T, is the onset of degradation, T},
is the temperature where 10 % mass is lost, Ty, is the temperature at the maximum rate of
degradation, and finally, the % char yield. These values are summarised in Table 7.8 for the four
structural isomers of TGAP/DDS. Note the onset temperatures are approximate as it was

difficult to accurately determine the point as small amounts of degradation do occur before this
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temperature; therefore T, is a more accurate indicator of thermal degradation onset, much like

the reaction onset and Kick-off method used in Chapter 5. DSC.

Table 7.8 - Thermal degradation characteristic critical points for the four structural isomers of TGAP/DDS

obtained by thermogravimetric analysis between 30 °C and 800 °C using a heating rate of 10 °C min-1.

TGpAP 44’'DDS  TGpAP 33'DDS TGmAP 44’'DDS TGmAP 33’DDS

Ty /°C ~ 265 ~ 265 ~275 ~275
Tyo/°C 355.9 356.8 368.6 366.3
Tnax / °C 394.4 394.8 401.0 397.7
% char yield 25.50 24.34 27.85 26.05

The values of T, indicate that the TGmAP formulations are more thermally stable. The
maximum rate of thermal degradation occurred within 7 °C for all formulations. The thermal
stability appears to be unrelated to the isomer of DDS used. The chemical group that provides
stability is the sulphur group, which, when cured in the network, is not different between the
formulations [244]. Whereas the difference between the isomers of TGAP is apparent. The
mechanism through which TGpAP degrades has a lower activation energy than the mechanism
in TGmAP. It is presently unclear, and future work analysing the degradation products using
mass spectrometry may provide a clear explanation.

It could be expected that the network with the most crosslinking or homogeneously
crosslinked network would have the highest thermal stability; however, it is the reverse in
practice.

% char yield is lower in the TGpAP formulations compared to the TGmAP formulations. It
may be related the type of bonds present in the backbone. It was suggested that TGpAP
formulations could undergo etherification more readily at lower temperatures therefore the C-
0-C bonds could potentially thermally degrade at lower temperatures than C-N-C bonds leading
to a lower final % mass [245]. In the epoxy pairs, the 33’'DDS formulations have a lower char
yield, suggesting that their network allows for more significant thermal degradation. This could
potentially relate to the homogeneity of the networks. The 33’'DDS were more reactive and

resulted in areas of low and high crosslinking density. The reactions which connect these areas

241



Chapter 7. Cured Properties Matt Whittaker

of crosslinking may well be etherification reactions. This may result in poorer thermal stability

at high temperatures compared to the more homogenous networks of the 44’DDS formulations.
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8. CONCLUSIONS AND FUTURE WORKS

The work presented in this thesis has investigated the differences in network development in
the four structural isomers of TGAP/DDS using different cure monitoring techniques. Using
starting reagents with the same chemical make-up but different positions has had an impact on
when reactions occur and the resultant properties.

The cure of the four different isomer combinations was monitored using near-infrared
spectroscopy (NIR). This technique was able to determine the concentration of the epoxide,
primary amine, and secondary amine functional groups throughout the cure, and from there,
conclusions about the reactions could be made. Firstly, the meta hardener, 3,3’-diaminodiphenyl
sulphone (33’DDS), was found to be initially more reactive than the para hardener 4,4’-
diaminodiphenyl sulphone. 44'DDS could undergo delocalisation of the lone pair of electrons
on the amine through the aromatic structure onto the electron-withdrawing sulphone group,
which resulted in 44’DDS being a less effective nucleophile than 33’DDS. As a result,
crosslinking could occur quickly in the 33’'DDS formulations, leading to areas of high and low
crosslink density, whereas the slower reactions in 44’DDS resulted in a more homogeneous
network. Secondly, it was found that etherification occurred at lower temperatures in the
TGpAP formulations due to increased catalytic behaviour of the glycidyl amine in the para
position. The maximum concentration of secondary amines in TGmAP formulations was also
found to be lower suggesting tertiary amines formed earlier than in TGpAP. This led to the
suggestion that internal cyclic structures were able to form more readily in TGmAP than in
TGpAP.

The reactions characterised by NIR have an exothermic response, which was monitored
using two different thermal techniques. Firstly, by using thermocouples to make resin
temperature measurements and secondly by differential scanning calorimetry (DSC). Resin
temperature measurements confirmed that 33’'DDS formulations were more reactive initially,
shown by a greater temperature overshoot in the first dwell, whereas 44’'DDS were more
reactive in the second dwell. However, this technique was not sensitive enough to show what
was happening in the remainder of the dwell, where reactions were still occurring, just not as
high a rate of reaction. DSC was able to monitor the entirety of the cure, even when the rate of
reaction was slow or when curing reactions had finished. DSC also allowed for Kkinetic

calculations to be made, calculating rate constants and activation energies using both
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isothermal and dynamic heating methods. The cure of TGAP/DDS was confirmed to be
autocatalytic, with the effect being more significant in 44’DDS than in 33’DDS. Although
autocatalytic, poor agreement was seen, which gave evidence for etherification playing a role in
the network development, as the model could not account for this reaction. Comparing the
isothermal and dynamic heating measurements to the multi-dwell cure measurements
confirmed that when the degree of cure is the same and temperature is the same, the
mechanism occurring in the network is similar and is independent of the ‘reaction history.

Dielectric cure monitoring was used to monitor the mobility of reactive species throughout
the cure in the different structural isomers. This was completed using equipment that is
commercially available and widely used in industry. This technique gave information regarding
the initial mechanical viscosity, showing that TGmAP had a higher initial mechanical viscosity
than TGpAP. It also confirmed the recurring theme that 33’'DDS was initially more reactive than
44’DDS. The change in ion viscosity (/V) was related to rate of reaction in DSC; however, when
a large increase in IV was observed, this indicated that crosslinking was taking place. As the
change in IV was related to rate of reaction, DEA could also be used to give an indication of cure
state, as done so using the DiBenedetto equation. However, the comparison of the values
obtained to the degree of cure obtained using DSC was not perfect. DEA was able to indicate
that network relaxation was occurring in the TGmAP/33’DDS formulation in the final dwell as
the cure temperature was in the glass transition temperature, as shown by a slight decrease in
IV when a horizontal trend would be seen. Something that was not possible in both DSC and
DEA. This highlighted the level of detail this technique could provide, despite being marketed
as a simple cure monitoring technique for use in industry.

Finally, comparisons of the cure state as calculated by all three methods were made.
Generally, good agreement was seen despite the three techniques measuring different
phenomena. There were points where the techniques disagreed, but these were accounted for
by reasons such as significant crosslinking and etherification reactions taking place.

The cured properties have been characterised, and the differences accounted for by the
difference in starting reagent chemical structure and differences in network development. Most
notably, the glass transition temperatures were found to be higher for TGpAP/44’DDS due to its
para structures, resulting in greater chain stiffness and also its more homogenous network. The
opposite was seen for TGmAP/33’DDS, despite it having the lowest remaining concentration of

reactive groups remaining, indicating the highest crosslink density. An inhomogeneous network
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and potential internally cyclic structures, resulted in a glass transition temperature
approximately 50 °C lower than that of TGpAP/44’DDS. Etherification reactions occurring early
in the cure were identified by the char yield of the TGpAP being lower than TGmAP, as more C-
0-C bonds were present in the backbone, but also the inhomogeneity in the 33'DDS

formulations, as they had lower char yields than the 44’DDS counterparts.

8.1. FUTURE WORKS

This thesis identifies the differences and the reasons behind these differences in network
development of the four structural isomers of TGAP/DDS. However, the work is by no means

finished; there is a significant amount of future work that can be done:

- Further DSC analysis using a model that accounts for diffusion control in the network,
and also one that accounts for the etherification reactions that occur during network
development.

- Mid-infrared spectroscopy to directly monitor the evolution of the ether functional
group during the network formation of the four formulations of TGAP/DDS.

- Investigation of the effect of varying stoichiometry on the reactions to confirm whether
the epoxy excess used in this thesis has had as significant effect as suggested.

- Exploration of different resin systems which do not contain a glycidyl amine group, such
as tris(4-hydroxyphenyl)methane triglycidyl ether, to confirm if the tertiary amine
catalyst behaviour is as significant as suggested.

- Applying the formulations discussed to composite applications and determining
whether the resultant cured properties have the same effect in composite structures.

- Further DMA and PALS to investigate the origin of the omega transition and whether the
‘annealing’ technique works for all formulations.

- Using the DSC and NIR results to further modify the cure cycle to tailor the temperatures
to specific reactions in the different TGAP/DDS isomers and to ultimately create a chart
identifying the different factors which affect different properties, allowing for fine tuning
of the material properties specific to the intended uses.

- Investigate other applications of the epoxies such as uses in adhesives in pure or blend

form.
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Appendix 1 - Temperature profile for TGpAP/44’DDS during a 160 °C dwell where the heating rate was 1 °C

min-! as a function of time as measured by thermocouples for resin and oven temperatures. The overshoot was

substantial - 40 °C over oven temperature.
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(a) 130 °C Isotherm
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Appendix 2 - Natural log of rate of reaction against natural log of (1 — ) for the four structural isomers of

TGAP/DDS under 130 °C isothermal heating.
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Appendix 3 - Natural log of rate of reaction against natural log of (1 — ) for the four structural isomers of

TGAP/DDS under 200 °C isothermal heating.
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Appendix 4 - Rate of reaction against degree of cure for the structural isomers of TGAP/DDS under varying

isothermal heating conditions fitted to the Barton diffusion control model [126] wherem = 1andn = 1:(a) 130

°C isotherm, (b) 160 °C isotherm and (c) 200 °C isotherm.
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Appendix 5 - Dielectric analysis of TGpAP/44’DDS using the 130 °C dwell cure at 1 Hz. IV is given as an

average of two separate tests where the shaded region is standard deviation.
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Appendix 6 - Dielectric analysis of DGEBA/44’DDS using the cure shown at six different testing frequencies (1,
10, 100, 1000, 10,000 and 100,000 Hz). IV is given as an average of two separate tests where the shaded region is

standard deviation.
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Appendix 7 - Dielectric analysis of TGDDM/44’DDS using the standard cure cycle at six different testing
frequencies (1, 10, 100, 1000, 10,000 and 100,000 Hz). IV is given as an average of two separate tests where the

shaded region is standard deviation.
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