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ABSTRACT 

 

Thermosetting resin systems are widely used in fibre-reinforced carbon-fibre 

composites and a range of characterisation techniques are available to monitor the 

cross-linking reaction. However, many of these are completed in laboratory settings 

and cross-correlation between different techniques becomes challenging due to the 

differing thermal environments. A range of optical-fibre based sensing systems have 

been developed which can be embedded within composite structures, to enable  

in-situ cross-linking monitoring. The Fresnel reflection sensor (FRS) is a refractive 

index sensor, which is relatively straightforward to prepare and has been shown to 

track the cross-linking of epoxy resin systems. 

 

In this research, the performance of the FRS to track the cross-linking of epoxy 

resins was investigated by incorporating the sensor into a differential scanning 

calorimeter (DSC). The initial design used a micrometer translation stage to lower 

the FRS through an orifice in the DSC platinum lids and into the pan containing the 

sample. During exothermic cross-linking experiments, the resin refractive index and 

the heat evolved were measured simultaneously, allowing for direct comparison 

between the data. 

 

Combining the two measurement techniques produced a powerful hyphenated 

analytical procedure that demonstrated the feasibility of using the FRS for in-situ 

cross-linking monitoring of epoxy resin systems. During the cross-linking of specified 

resins, the sensor revealed optical phenomena throughout the later stages and was 

shown to be sensitive to the glass transition, nano-particulate movement, nano-
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particulate concentration and phase separation. Therefore, the introduction of the 

FRS to the DSC provided valuable additional cross-linking information. 

 

A second modification to the DSC permitted the accommodation of an optical fibre 

probe, which facilitated simultaneous DSC/FRS/Fourier transform infrared 

spectroscopy (FTIRS) analysis. The DSC platinum lid was drilled out to allow for the 

insertion of the probe into the DSC. A good correlation between the cross-linking 

kinetics of an epoxy resin system was demonstrated using the hyphenated 

techniques and hence alleviated the issues of cross-correlation between individual 

experiments. 

 

Due to the good correlation of the FRS with both the DSC and FTIRS data, it can be 

concluded that the FRS can be used as a low-cost option to provide in-situ cross-

linking information. Additionally, the introduction of the FRS with conventional 

analytical techniques provides valuable data concerning optical phenomena. 
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1. INTRODUCTION 

 

1.1  Background 

 

Epoxy resins are a class of thermosetting materials that are used widely as the 

matrix in fibre-reinforced composites. Epoxy-based resin systems are also used in a 

wide range of applications, including adhesives and coatings, and are generally 

cross-linked (cured) with a hardener, such as an amine or anhydride. The cross-

linking (or curing) reactions can be activated by, for example, heat, light, and 

microwaves, and result in the conversion of monomers into a highly cross-linked 

structure that cannot be dissolved by solvents. Repeat unit structures for selected 

classes of epoxy resins and hardeners are presented in Tables 1.1 and 1.2, 

respectively. Accordingly, cross-linked resins with the desired properties can be 

obtained by the appropriate selection of resins and hardeners (Brostow et al., 2014). 

 

A variety of conventional analytical techniques are used currently to monitor specific 

parameters during the cross-linking process. Differential scanning calorimetry (DSC) 

(Lee et al., 2000), Fourier transform infrared spectroscopy (FTIRS) (Fraga et al., 

2001) and dynamic mechanical analysis (DMA) (Stark, 2013) enable the acquisition 

of information regarding the enthalpy of the reactions, the infrared absorbance 

characteristics of specific chemical functional groups and the thermo-mechanical 

properties, respectively. However, these laboratory-based techniques may not 

necessarily simulate the exact environments experienced during processing of the 

thermoset. Additionally, each of the above-mentioned analytical techniques has its 

own unique thermal environment and this can affect the rate and extent of cross-

linking. Thus, the cross-correlation of data between different analytical techniques 
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can be difficult. Moreover, the substrate used to contain the resin systems also 

differs. For example, FTIRS requires optically transparent materials, whereas 

aluminium and alumina pans are used in differential scanning calorimeters. The 

development of techniques to enable the remote monitoring of cross-linking 

reactions in real time will help to overcome issues related to difficulties in cross-

correlating data from different instruments. The ability to monitor cross-linking 

reactions within the processing equipment will permit monitoring and optimisation of 

the process (Fernando and Degamber, 2006).  

 

Table 1.1 Selection of common epoxy resins (Brostow et al., 2014). 
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Table 1.2 Selection of common hardeners for epoxy resin systems  

(Brostow et al., 2014). 

 

 

With reference to the remote monitoring of cross-linking reactions, dielectric  

(Kim, 1996) and fibre-optic sensors (Crosby et al., 1996a) have demonstrated 

capability in the laboratory and in service. Dielectric sensors are generally based 

on inter-digitated electrodes, and the mobility of ions in the resin system is 

monitored as a function of processing time and temperature. These ions are 

impurities from the production of the resin system. As cross-linking proceeds, the 

mobility of these ions is impeded by increasing viscosity of the resin (Dealy and 

Wissbrun, 2012). The dielectric sensors have an area of 2 cm2, with a thickness of 

150 µm (Boll et al., 2014). For instances where quantitative information is required 

to describe the cross-linking kinetics, a number of fibre-optic-based techniques 

have been developed and demonstrated (Crosby et al., 1996b; Liu and Fernando, 

 

Hardener Structure Comments
Aliphatic Amine 

Triethylenetetramine

- Most widely used hardeners

- Tightly cross-linked network

- Room temperature cure

- Tensile strength up to 11400 psi

- Heat deflection temperature up to 107 °C

Aromatic Amine

44DDS

- Elevated cure temperature required for 

long curing times and large exotherms.

- Improved thermal and chemical 

resistance when compared to aliphatic 

amine cured systems.

- Tensile strength up to 10600 psi

- Heat deflection temperature up to 190 °C

Acid Anhydrides

Phthalic Anhydride

- Second largest widely used hardener 

class.

- Elevated cure temperatures for long 

periods but with low exotherms.

- Low shrinkage during cure in stress free 

enviroment

- Tensile strength up to 12000 psi

- Heat deflection temperature up to 190 °C
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2001; Pandita, et al., 2012). The diameter of conventional telecommunications 

single-mode optical fibres is 125 µm. Thus, these fibres can easily be integrated 

into processing machinery (Wang et al., 2012), civil structures (Schubel et al., 

2013) and analytical equipment (Harris and Fernando, 2009). 

 

The advantages of optical fibres include their immunity to electromagnetic 

interference, lower density relative to that of copper and chemical resistance 

towards common solvents. A wide range of intensity and spectral-based sensors 

have been designed from optical fibres. The measurands that can be monitored 

include temperature (Degamber et al., 2004a), strain (Tsuda and Lee, 2007), 

refractive index (Kuang-An et al., 2002) and specified chemical functional groups 

(Nair et al., 2015). The sensors can also be integrated within conventional analytical 

instrumentation (Pandita et al., 2012; Harris, 2011). 

 

The small dimensions of the sensors allow for integration within composite 

structures to enable in-situ and real-time data acquisition, during and after the 

manufacturing process. These embedded sensors can also be multiplexed to allow 

placement throughout a component and parameters of interest to be mapped 

spatially (Machavaram et al., 2014). 

 

Spectral-based sensing requires a spectrometer, the cost of which can be expensive 

and may be prohibitive for routine implementation for the process monitoring of 

thermosets. On the other hand, intensity-based fibre-optic sensors can be 

assembled inexpensively. If precautions are taken to minimise drift in the light 

source and detector, as well as bend-induced losses in the optical fibre, intensity-
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based sensors can provide a cost-effective technique for process monitoring. 

Intensity-based sensors also require prior calibration. 

 

A simple intensity-based optical fibre sensor is the Fresnel reflection sensor (FRS), 

which is effectively the cleaved-end of an optical fibre. The mode of operation of the 

FRS is described in the Chapter 3. 

 

Prior to the deployment of intensity-based sensors for monitoring cross-linking 

reactions, it is necessary to demonstrate that the output from these sensors is 

meaningful, repeatable and quantifiable. This can be demonstrated by integrating 

the intensity-based fibre-optic sensor into common analytical equipment used to 

characterise thermosetting resins. In the current project, an intensity-based fibre-

optic sensor was integrated into a differential scanning calorimeter to demonstrate, 

for the first time, direct correlation between the two outputs. 

 

In addition to the integration of the FRS in a differential scanning calorimeter, a fibre-

optic probe was also integrated into the equipment to show correlation between the 

outputs from the three devices, during the cross-linking of thermosetting resins. At 

the time of writing, the author was not aware of any previous demonstration of 

simultaneous acquisition of Fourier transform infrared spectra and refractive index 

from within DSC. 
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1.2 Aims and Objectives 

 

The aims and objectives of this study were as follows: 

(i) To calibrate the output from a FRS using an Abbe refractometer. 

This was achieved by using reference refractive-index oils at specified 

temperatures and wavelength.  

(ii) To develop a methodology to integrate a FRS into a custom-modified 

differential scanning calorimeter.  

Accordingly, a series of experiments were undertaken to develop this 

methodology. This involved accurate positioning of the sensors within the 

chamber of the sample and reference compartment of the calorimeter. 

The influence of the light source on the output of the DSC was also 

studied by using reference refractive-index oils. 

(iii) To investigate the versatility of the FRS for monitoring the cross-linking 

kinetics of commercially available epoxy resin systems, with and without 

specified classes of additives. 

For this purpose, a common epoxy/amine resin system was used. The 

additives used were graphene and phase-separating thermosets. 

(iv) To investigate the feasibility of integrating a FRS and a fibre-optic probe 

to acquire near-infrared spectra within the differential scanning 

calorimeter.  

A fibre-optic probe was designed and integrated into the DSC alongside 

the FRS. The outputs from the three devices were compared and 

correlated.  
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1.3 Outline of the Thesis 

 

Chapter 2 provides a literature review of conventional analytical techniques used to 

monitor the cross-linking kinetics of epoxy resin systems. This is followed by a 

review on optical fibres and sensors, with a focus on the FRS. Other hyphenated 

techniques involving the differential scanning calorimeter are also considered.  

 

Chapter 3 presents details of the experimental methodology associated with 

conventional and custom-modified differential scanning calorimeters, as well as 

calibration of the FRS. This chapter also includes details of the experimental 

procedures used to study the role of additives on the cross-linking behaviour of 

commercially available epoxy/amine resins.  

 

Chapter 4 provides a discussion of the results obtained from the use of conventional 

analytical techniques, including DSC, FTIRS and rheometry, on the LY3505/XB3403 

resin system. 

 

Chapter 5 discusses the development of a novel hyphenated DSC/FRS technique. 

Experiments to demonstrate the performance of the system are presented before a 

discussion of cross-linking data for LY3505/XB3403. Results obtained from a resin 

system displaying phase separation are also discussed. 

 

Chapter 6 contains an investigation into the impact of graphene nanoparticles 

(GNPs) upon the cross-linking kinetics of LY3505/XB3403 using the hyphenated 

DSC/FRS technique. Further experiments are then presented to investigate the 

effect of GNPs on the FRS signal. 
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In Chapter 7, a novel hyphenated DSC/FRS/FTIRS technique is demonstrated. 

Calibration of the system is first verified. Cross-linking kinetics of LY3505/XB3403 

are then presented and compared with previous data on the resin system. 

 

Chapter 8 provides a conclusion of the results obtained in each chapter and 

suggestions for further research. 
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2.  LITERATURE REVIEW 

 

2.1  Epoxy Resins 

 

The term ‘epoxy resin’ refers to pre-polymers containing an epoxy functional group, 

or oxirane ring, as shown in Figure 2.1. This term is also used colloquially to 

describe resin systems after they have been cross-linked with a specified hardener.  

 

With reference to Figure 2.1, the differing electro-negativities of the carbon and 

oxygen atoms allow for ring opening by nucleophilic reaction. A large variety of 

reactions can take place, depending on the hardener used (Fernando and 

Degamber, 2006; Ellis, 2015). 

 

Figure 2.1 Oxirane ring (Ellis, 2015). 

 

The diglycidyl ether of bisphenol A (DGEBA) is a commonly used epoxy resin. The 

value of the repeat unit (n) allows for a variety of resin viscosities (Fernando and 

Degamber, 2006), as well as cross-link densities, temperature and chemical 

resistances in the cured system (Lee, 1989). Table 2.1 lists the increase in viscosity 

observed with increasing n. Liquid resins with low viscosities are suitable for use as 

matrices because they can impregnate the fibres (Bauer, 1995). 
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Resins are commonly characterised by their epoxy equivalent weight/weight per 

epoxide, which is defined as the molecular weight required to produce one molar 

equivalent of epoxide (Brock et al., 2000). This value increases with increasing n, as 

shown in Table 2.1 (Weatherhead, 2012).  

 

Table 2.1 Effect of repeat unit upon viscosity and softening point of cross-linked 

DGEBA resin systems (Lee, 1989; Campbell, 2010). 

Repeat Unit n State Viscosity/Softening 

Point 

Weight per 

epoxide 

0 Liquid 0.004–0.006 Pa-s 170–178 

0.07 Liquid 0.007–10Pa-s 180–190 

0.14 Liquid 0.01–16 Pa-s 190–200 

1 Semi-solid 40 °C 310 

2 Solid 70 °C 475 

3 Solid 100 °C 875 

 

A disadvantage of using DGEBA is a lack of UV resistance. Hydantoin resins  

(Table 1.1) do not contain aromatic rings, and thus, provide UV resistance (Fiore 

and Valenza, 2013) that enables them to be widely used for structural composites 

(Brostow et al., 2014). The resins have long curing times and low viscosity, which 

allows for good wettability with different fibres, whilst maintaining equivalent 

mechanical properties to those of DGEBA (Elias and Vohwinkel, 1986). The system, 

however, presents toxicity problems (Brostow et al., 2014). 
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Novolac resins are characterised by high functionality that leads to a densely cross-

linked structure with excellent adhesion properties (Ellis, 2015), temperature 

resistance and chemical resistance (Park, 2014). Depending upon the cross-linking 

agent, strengths of over 6.8 MPa can be maintained from room temperature to  

150 °C (Panda, 2016). 

 

Table 1.2 lists some common hardeners used with epoxy systems. Aliphatic amines 

are the most widely used hardeners and are characterised by large exotherms and 

short pot-lives. The resins are highly reactive, to produce a ‘tightly’ cross-linked 

network, due to the small distance between reactive sites, resulting in excellent 

solvent resistance and mechanical strength (Ellis, 2015). The most commonly used 

aliphatic amines, such as diethylenetriamine (DETA) and triethylenetetramine 

(TETA), produce systems that exhibit tensile strengths of up to 78 MPa, with heat-

deflection temperatures of up to 107 °C. The epoxy systems can be cured at room 

temperature, although the final properties can be improved by post-curing  

(Brostow et al., 2014). 

 

Aromatic amine cured systems provide improved thermal and chemical resistance 

and longer pot-lives than those of aliphatic amine cured systems.  

4,4′-Diaminodiphenyl sulfone (DDS) systems can allow for a heat-deflection 

temperature of 190 °C, although long cross-linking times are required at elevated 

temperatures with large exotherms (Fiore and Valenza, 2013). Tensile strengths 

range from 7000 to 10600 psi (Brostow et al., 2014). 

 

Acid anhydrides are the second largest group of hardeners used with epoxy resins; of 

these, cyclic anhydrides are widely used due to their low exotherms. Although the 

systems require long times (8–16 hours) before cross-linking at elevated 
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temperatures (150–200 °C) (Delawa, 1990), the cross-linked product shows low 

shrinkage in a stress-free system that provides excellent electrical insulation (Ellis, 

2015). The systems have a range of heat-deflection temperatures from 70 to 190 °C, 

with tensile strengths ranging from 55 MPa to 82 MPa. The temperature resistance is 

superior to that of aliphatic amines, but not as good as that of some aromatic amines. 

Combined with electrical resistance, the hardener is widely used in the electrical 

coating industry (Delawa, 1990). 

 

Epoxy resins have been widely used as surface coating materials due to their good 

mechanical properties, electrical insulation, adhesion and chemical resistance. Whilst 

epoxy resins may be more expensive than some other materials, they are used for 

electrical protection with electrical circuit board panels, for corrosive protection of 

pipelines and coating protection for the inside of drum containers (Hamerton, 1996).  

 

Epoxy resins have outstanding adhesive properties and will bond to many surfaces. 

Resins can therefore be used to bond a wide variety of materials including steel and 

aluminium for use in aircraft structures (Panda, 2016). 

 

When used with composite materials, epoxy resins contribute strength, durability and 

chemical resistance. This allows the composite to operate at elevated temperatures 

of up to 120 °C. During the initial mixing, the low viscosity of the resin facilitates good 

impregnation of the fibres and, due to the excellent adhesion properties, permits load 

transfer to the fibres (Hamerton, 1996). 
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2.2 Cross-Linking of Epoxy Resins 

 

During the cross-linking reaction, the epoxy interacts with a hardener, such as a 

primary or secondary amine, through the generalised reaction scheme shown in  

Figure 2.2. Stage (i) involves nucleophilic attack of the carbon in the epoxide ring by 

the nitrogen atom of the amine. The nitrogen then bonds to the carbon of the epoxy 

group to form a secondary amine; a hydroxyl group is also formed (Ehlers et al., 2007). 

 

During stage (ii) of the reaction, the secondary amine produced during stage (i) can 

react with another epoxy molecule to form a tertiary amine. This mechanism allows for 

two different epoxy molecules to bond and cross-link (Fernando and Degamber, 2006). 

The cross-linking process is autocatalytic because the presence of the hydroxyl group 

during stage (ii) of the reaction protonates the oxygen atom, which facilitates ring 

opening of the epoxy group (McAdams, 1986; Vyazovkin and Sbirrazzuoli, 1996a). 

 

 

Figure 2.2 Generalised reaction scheme for an epoxy/amine resin system. 
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The cross-linking process is an irreversible transformation of a low-molecular-weight 

liquid into a highly cross-linked, hard and insoluble material (Hamerton, 1996). Upon 

mixing an epoxy resin and, for example, an amine hardener, the reactions lead to the 

formation of oligomers, which continue to react to form increasingly larger molecules 

(Kelly and Zweben, 2000). The reaction can be initiated by a number of methods, 

including thermal and electromagnetic means (Degamber and Fernando, 2004). 

 

The glass transition temperature (Tg) is a temperature range over which an 

amorphous polymer transitions from a glass into a rubbery state. Below Tg, the 

transitional and rotational motions of polymer chains are restricted. As the material 

is heated through the transition, these motions become active (Menczel and Prime, 

2014). During cross-linking, Tg increases with the extent of curing. As the molecular 

weight increases, mobility becomes more difficult and requires more energy to 

activate rotational and transitional movement (Daniels, 1989). 

 

As the resin system undergoes cross-linking, a stage is reached at which gelation is 

said to occur. This is represented by a significant change in the rheological 

properties, and the average molecular weight increases rapidly. The point of 

gelation is of particular interest because the increase in viscosity, accompanied by 

the formation of an infinite network, prevents the material from flowing, and thus, 

affects how it can be processed. The increase in viscosity is also accompanied by 

an increase in the modulus of the material; the macroscopic effects of gelation can 

be seen through DMA (Teil et al., 2004). 

 

Vitrification describes the process through which a cross-linking resin system 

becomes a glass. The Tg of a cross-linking resin system increases as the reaction 

proceeds. As the Tg reaches a value equivalent to the curing temperature, the 
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material undergoes vitrification. This process is reversible, unlike gelation. 

Vitrification leads to a rapid decrease in the rate of reaction because molecular 

motions are restricted. The cross-linking reactions can continue through a diffusion-

controlled reaction mechanism (Gillham, 1986). Vitrification is often undesirable 

during processing because a large increase in viscosity is associated with the 

transition. Vitrification can be reversed by increasing the temperature of the resin 

above the Tg of the cross-linking resin system (Van Assche et al., 1997). 

 

2.2.1 Evolution of the Refractive Index during Cross-Linking 

 

The refractive index, n, is an optical property that describes the propagation of light 

through a material. It is a dimensionless number and defined as the ratio of the 

velocity of light in a vacuum to that of light in the medium of interest, as shown in 

Equation 2.1 

𝑛 =
Velocity of light in vaccuum

Velocity of light in the medium
……….Equation 2.1 

 

The Debye equation (Equation 2.2) relates the dielectric constant, polarisability and 

dipole of a molecule. 

𝑁 (𝛼 +  
𝜇2

3𝜀0𝑘𝑇
) = 3(𝐾𝑟 − 1)/(𝐾𝑟 + 2)……….Equation 2.2 

where 

N = number of molecules per unit volume, 

α =polarisability, 

µ = dipole, 

ɛ0 = permittivity of a vacuum, 

Kr = relative permittivity, 

k = Boltzmann constant. 



16 

 

At optical frequencies, the terms corresponding to molecular alignment do not influence 

the dielectric coefficient, and thus, Equation 2.2 can be simplified to Equation 2.3 

(Bialkowski, 1996). 

 

𝑁𝛼 = 3(𝐾𝑟 − 1)/(𝐾𝑟 + 2) ……….Equation 2.3 

 

The term for N can then be replaced with a term for density to give Equation 2.4. 

 

𝛼 = 3𝑀/𝐿𝜌(𝐾𝑟 − 1)/(𝐾𝑟 + 2)……….Equation 2.4 

where 

ρ = density, 

L = Avogadro’s number, 

M = molar mass. 

 

Also, at optical frequencies, the term for relative permittivity can be replaced by the 

square of the refractive index to give Equation 2.5 (Fulay & Lee, 2016). 

 

𝛼 = 3𝑀/𝐿𝜌(𝑛𝑟 − 1)/(𝑛𝑟 + 2)……….Equation 2.5 

 

Equation 2.5 is a version of the Lorentz–Lorenz equation and shows that the refractive 

index is a function of the density and mean molar refractivity (Born & Wolf, 2013). 

During cross-linking, shrinkage causes an increase in density and contributes to an 

increase in the refractive index. Polarisability is a measure of the rigidity of electrons 

within a molecule as light passes through it, and also changes during cross-linking 

(Zhou, 1993). Polarisability can be described by Equation 2.6. 
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𝛼 = 3𝑅𝑀/𝐿……….Equation 2.6 

where 

RM
 = molar refractivity. 

Molar refractivity can then be derived from Equation 2.7. 

 

𝑅𝑀 =
𝑀

𝜌
(𝑛𝑟

2 − 1)/(𝑛𝑟
2 + 2)……….Equation 2.7 

The molar refractivity is the total polarisability of a mole of a substance (Born & Wolf, 

2013). Different bonds have characteristic molar refractivities, and Table 2.2 lists 

values relevant to the cross-linking of epoxy resins (Atkins et al., 2014). As cross-

linking proceeds, the C-O-C group of the epoxy becomes depleted and becomes 

replaced by hydroxide and tertiary amines. Thus, the increased polarisability 

contributes to the increase in refractive index. 

 

Table 2.2 Molar refractivities of bonds involved in the cross-linking of epoxy resins 

(Atkins et al., 2014; Zhou, 1993). 

Group Molar Refractivity (cm3/mol) 

at 589 nm  

C-O-C 2.85 

C-O-H 3.23 

 

By taking Equation 2.7 and replacing M/ρ with the molar volume, VM, Equation 2.8 

can be obtained, which is an expression for refractive index in terms of composition 

through molar refractivities. 

 

𝑛𝑟 =  {(𝑉𝑀 +  2𝑅𝑀)/(𝑉𝑀 − 𝑅𝑀)}
1

2……….Equation 2.8 
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By dividing Equation 2.8 by VM, Equation 2.9 can be obtained. 

 

𝑛𝑟 =  {(1 + 
2𝑅𝑀

𝑉𝑀
) / (1 −

𝑅𝑀

𝑉𝑀
)}

1

2
……….Equation 2.9 

 

From the binomial theorem, the denominator term, 1/(1-RM/VM), tends to (1+RM/VM) 

and Equation 2.9 approximates to a linear expression. Thus, a linear relationship 

between refractive index and molar refractivity exists for small changes in refractive 

index. The refractive index should only depend upon the chemical nature of the 

molecules and the molar volume.  

 

2.3  Monitoring the Cross-Linking of Epoxy Resins 

 

2.3.1  Differential Scanning Calorimetry 

 

Differential scanning calorimetry (DSC) is a common and frequently used technique 

to study cross-linking reactions. The cross-linking reactions shown in Figure 2.2 are 

exothermic and DSC is used to quantify the enthalpy of the reactions, which can be 

used to determine the degree of curing. Second-order transitions, such as Tg, can 

also be detected through DSC (Höhne et al., 1996; Brown, 2012). 

 

Power-compensated DSC was introduced by Perkin-Elmer in 1963. This method 

involves heating a sample and reference container in separate chambers, as shown 

in Figure 2.3. Two identical chambers are controlled to remain at the same 

temperature during cross-linking. Platinum thermocouples are located below the 

sample and reference chambers, so any difference in energy required to maintain 

thermal equilibrium is recorded. In this way, if heat is liberated by the sample, less 
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energy will be required to maintain the temperature and an exothermic output will be 

recorded. The energy difference dictates the magnitude of the exo- or endothermic 

process taking place. The differential scanning calorimeter can be used for non-

isothermal heating/cooling or isothermal experiments (Menczel and Prime, 2014). 

 

 

Figure 2.3 Schematic illustration of the power compensation DSC technique 

developed by Perkin-Elmer (Perkin-Elmer, 2016). 

 

2.3.1.1 Calibrating of a Differential Scanning Calorimeter 

 

A calibration procedure, involving the use of high-purity reference standard 

materials, allows for the alignment of the temperature sensors of the differential 

scanning calorimeter with known thermal properties such as the melting and 

freezing points (Menczel and Prime, 2014). Similarly, the power output also has to 

be calibrated by using standards with well-defined enthalpies (Haines, 2002).  

 

Sarge et al. (1997) summarised test conditions and calibrants for temperature and 

heat-flow calibration. A summary of the test conditions used to obtain the calibration 

values are listed in Table 2.3. Many of the calibrants available exhibit well-defined 

transition temperatures and enthalpies of transition, to allow both types of calibration 

to be completed simultaneously (Sarge et al., 1997). 
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Table 2.3 Summary of practices for DSC calibration  

(ASTM-E967 2014; ASTM-E968 2014). 

 

Temperature  

Calibration 

Enthalpy 

Calibration 

Measurement Onset of melting 
Endothermic melting 

peak area 

Choice of 

Calibrants 

Those exhibiting 

melting within a 

temperature range of 

interest 

Those exhibiting 

melting within a 

temperature range of 

interest  

Sample Mass 5-15 mg 5-10 mg 

Heating Rate 10 K/minute 10 K/minute 

Containers Inert pans or crucibles Inert pans or crucibles 

Repeatability 95% Confidence 95% Confidence 

 

Metals and polymer reference standards are recommended for temperature and 

heat-flow calibration procedures. Charsley et al. (2010) compared the differences 

between using organic (diphenyl acetic acid) and metallic (indium) standards for 

DSC calibration. Excellent correlations between the materials certificate, 

experimental heat flow and enthalpy of melts were obtained with observed 

differences in repeatability. An increased heat-capacity change during heating of the 

polymer standard caused a decrease in reproducibility during repeated scans. Thus, 

metallic standards are recommended for high-precision calibration. Polymer 

standards are useful if their transition temperatures are close to the desired 

application range. 
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2.3.1.2  Analysis of Cross-Linking Reactions Using Differential 

Scanning Calorimetry 

 

When determining the degree of cross-linking of a thermosetting resin, an 

assumption is made that the total heat evolved is proportional to the degree of 

cross-linking (Lam and Afromowitz, 1995a). Cross-linking kinetics can be obtained 

under isothermal or non-isothermal heating conditions.  

 

Non-isothermal heating is used to define the total enthalpy of exothermic reactions 

that occur during cross-linking (Zhang and Zhao, 2016). This can then be used to 

determine the degree of curing at time, t, under either non-isothermal or isothermal 

heating regimes. This relationship is given as Equation 2.10 (Garschke et al., 2013). 

 

𝛼 =
∆𝐻𝑡

∆𝐻𝑡𝑜𝑡𝑎𝑙
……….Equation 2.10 

where 

α = extent of reaction, 

∆Ht = reaction enthalpy at time t, 

∆Htotal = total enthalpy of reaction.  

 

Uncertainties can arise upon determining the enthalpy of the reaction in both 

isothermal and non-isothermal modes of operation due to uncertainties in the 

geometry of the baseline and integration limits. These issues are discussed in 

Sections 2.3.1.2.1 and 2.3.1.2.2. 
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2.3.1.2.1  Non-isothermal Enthalpy Determination 

 

Non-isothermal curing experiments monitored by DSC can provide information on 

cross-linking kinetics through the enthalpy of the reaction and evolution of the glass 

transition temperature. These experiments can take less time to complete than 

isothermal scans and avoid the loss of data experienced during the ‘heat-up’ period of 

isothermal experiments (Bilyeu et al., 2000). However, the constant temperature 

change can create thermal gradients across a sample, giving non-equilibrium 

conditions (Mettler-Toledo, 2001). Results are also dependent on the heating rate, 

whereby the enthalpy, onset of the reaction and the peak are affected (Roşu et al., 

2002; Kim et al., 2012; Xia et al., 2014). 

 

When conducting cross-linking kinetic studies using non-isothermal heating, the 

following method is recommended in ASTM-E537-12 (2012). A horizontal baseline is 

drawn between the onset and end of the exothermic reaction, as illustrated in  

Figure 2.4. The area under the reaction exotherm is integrated to obtain the enthalpy of 

the reaction. The situation described is an ideal case if a horizontal baseline is present. 

 

Figure 2.4 Baseline construction to allow integration of an exothermic reaction. 



23 

 

However, in most samples, the ideal scenario is not present. Significant deviations 

in the baseline can be present as a result of the changing heat capacity during 

cross-linking, in addition to thermal degradation. Construction of a baseline during 

the reaction can become difficult due to an absence of clear start and end points. 

The geometry of the baseline is also not straightforward because a linear baseline 

does not take into account the contribution of heat capacity to shifts in the baseline 

(Hemminger and Sarge, 1991).  

 

Hemminger and Sarge (1991) investigated errors associated with different baseline 

constructions, against an assumed true baseline for the melting of ice. Table 2.4 

shows these baseline constructions and their error relative to the ‘true’ value. The 

determination of the baseline limits was not discussed. It can be seen that each 

method introduces errors into the calculation. Höhne et al. (2013) stated that no 

‘correct’ baseline construction method existed and that various construction 

methods should be investigated. 
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Table 2.4 Relative errors of the enthalpy of the melting of ice due to different 

baseline constructions (Hemminger and Sarge, 1991). 

 

  

Method Representation Real Error

True Baseline 0.000

Straight Line 0.008

Step 0.020

Parabola 0.003

Proportional 

to the degree 

of conversion

0.016
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2.3.1.2.2  Isothermal Enthalpy Determination 

 

Isothermal cross-linking has increased repeatability over non-isothermal scans due 

to the presence of a thermal equilibrium (Fava, 1968). However, part of the curing 

data is lost during the initial heat-up period and this source of inaccuracy is 

exacerbated at higher temperatures. During rapid cross-linking regimes, the initial 

heating and stabilisation period of DSC accounts for a large proportion of the 

overall curing, and hence, isothermal analysis may be unsuitable (Bernath et al., 

2016). 

 

Two methods for sample loading during isothermal experiments are present and 

seek to minimise the ‘heat-up’ period. 

 

Method 1 (Fava, 1968): Introduce the sample to the calorimeter at room temperature 

and ramped it rapidly to the desired isothermal cross-linking temperature. 

 

Method 2 (Sourour and Kamal, 1976): Introduce a sample into a preheated 

calorimeter. 

 

Method 1 allows for a reproducible thermal history of the sample, although data was 

lost in the heat-up and equilibration stage. Method 2 is designed to minimise the 

heat-up period, but the time to insert the sample and allow for equilibration will vary 

(Cheng, 2002). The enthalpy during isothermal curing for both methods was 

compared by Miller and Oebser (1980) during the curing of a bisphenol-based epoxy 

system. No significant differences in enthalpy were observed after a 20-minute  
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cross-linking schedule, although the instrument was able to reach equilibrium 

quicker using the Method 2. 

 

A period of instrument instability exists immediately after reaching the desired 

temperature and appears as a spike in the trace. The system reaches equilibrium 

once temperature control is re-established by the instrument (Barton, 1983). The 

heat-up period and this period of instability are removed by drawing a horizontal 

baseline from the end of the reaction to intersect with the heat-up period  

(ASTM-D3418, 2015). This approach is illustrated in Figure 2.5. This method for 

constructing the baseline has been adopted as the standard procedure for 

calculating ∆H under isothermal conditions (ASTM-D3418, 2015).

 

Figure 2.5 Cross-linking reaction at 190 °C before and after baseline construction 

(Mettler-Toledo, 2001). 

 

Barton (1983) aimed to improve this approach by developing a method that 

produced a non-linear baseline, which did not remove data during heat-up. A 
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second scan was completed on a fully cured sample under identical conditions to 

obtain a ‘true’ baseline that could be deducted from the cross-linking data. Improved 

repeatability was achieved when the ‘true’ baseline method was used instead of a 

horizontal baseline. The method, however, does not account for the changing heat 

capacity of the sample due to cross-linking; a constant heat capacity of the fully 

cross-linked sample is assumed. The second scan can also be time-consuming, 

especially under long cross-linking schedules. The success of the ‘true’ baseline 

method has been absorbed into all DSC instrumentation software, whereby the user 

is able to subtract the desired baseline (Turi, 1997). Despite success, a horizontal 

baseline remains the standard procedure. 

 

2.3.1.3 Detecting the Glass Transition Temperature 

 

Although the manifestation of the Tg occurs over a temperature range, a single value 

is often quoted. The methodology described (ASTM-E1356 2014) for defining Tg is 

illustrated in Figure 2.6 (Bilyeu et al., 2000). The Tg is effectively the midpoint 

temperature of the step change in the baseline or heat-capacity trace  

(ASTM-E1356, 2014). Heating rate affects the width and range of Tg, and thus, the 

rate must be stated (Bair, 1981). 
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Figure 2.6 Assignment of the glass transition (ASTM-E1356, 2014). 

 

The thermogram of the glass transition region can be affected by annealing of an 

amorphous resin below its Tg, causing enthalpic relaxation. The enthalpic relaxation 

can be observed as an endothermic event immediately after heating through the 

glass transition region (Hay, 1995). This is applicable to thermoplastic (Hay, 1995) 

and thermoset (Montserrat, 2000) materials. Richardson and Savill (1975) 

suggested the use of an extrapolated baseline to determine Tg if enthalpic relaxation 

was observed. The Tg of annealed samples remained within ±1 K of  

non-annealed samples, despite the presence of large enthalpic events. An example 

of an extrapolated baseline is shown in Figure 2.6 between points Te and Tf. This 

approach has been adopted by TA instruments (Sichina, 2000) and Mettler-Toledo 

(2001), in addition to ASTM-E1356 (2014). 
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The glass transition temperature of a partially cross-linked system can be distorted 

and perhaps masked by the presence of residual exotherms. Fava (1968) 

investigated the glass transitions of a partially cross-linked DGEBA system. Due to 

residual cross-linking, the end temperature of the glass transition temperature was 

not obtainable and so the onset temperature was quoted. Bilyeu et al. (2000) agreed 

upon this approach under such circumstances but insisted that the value must be 

clearly defined as the onset. 

 

2.3.1.4  Cross-Linking Kinetics 

 

The cross-linking kinetics of thermosetting resins can be described by mechanistic 

(Blanco et al., 2005) or phenomenological models (Liu et al., 2012b). Mechanistic 

models require information regarding the mass-balance and relative concentrations 

of chemical species involved in the reactions. Complex reactions taking place during 

cross-linking can result in the need for information on many parameters, creating a 

complicated and complex model. Although this approach is time-consuming, it can 

provide realistic predictions of cross-linking (Rabearison et al., 2011). Due to the 

complexity of the mechanistic models, phenomenological predictions are used more 

widely. These models predict the main features of the reaction, whilst ignoring 

details related to the individual chemical species (Ruiz et al., 2006). 

 

Phenomenological models can then be used to describe two reaction types of 

thermosetting materials, known as nth order or autocatalytic kinetics. As described in 

Equation 2.11, the nth order (or catalytic) kinetics state that the rate of the reaction is 

proportional to the amount of unreacted material in the system. The peak reaction 
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rate during isothermal curing is at t = 0 (Montserrat and Cima, 1999; Janković, 2010; 

Boyard, 2016; Wang et al., 2016). 

𝑑𝛼

𝑑𝑡
= 𝑘(1 − 𝛼)𝑛 ……….Equation 2.11 

where 

𝑑𝛼

𝑑𝑡
 = rate of reaction, 

𝛼 = degree of cross-linking, 

k = rate constant, 

t = time, 

n = reaction order. 

 

Autocatalytic kinetics describes a curing process in which an increase in the reaction 

rate is seen during cross-linking. Figure 2.8 depicts an example thereof, showing a 

maximum rate of reaction part-way through cross-linking of an epoxy resin (Lee et al., 

2000). Fraga et al. (2001), Billaud et al. (2002), and Yamasaki and Morita (2012) have 

used FTIRS to show the reaction rate increase that occurs with an increase in hydroxyl 

content during the first step of the reaction shown in Figure 2.2. McAdams (1986),  

Buist et al. (1996) and Vyazovkin and Sbirrazzuoli (1996a) stated that the inclusion of 

the hydroxyl group acted to partially protonate the oxygen atom of the epoxy group; 

thus facilitating ring opening and acting as a catalyst. The formation of secondary and 

tertiary amines is then accelerated (McAdams, 1986; Buist et al., 1996; Billaud et al., 

2002). The autocatalytic equation is described by Equation 2.12 (Kamal, 1972;  

Prime, 1981; Boyard, 2016). 

 

𝑑𝛼

𝑑𝑡
= 𝑘𝛼𝑚(1 − 𝛼)𝑛………Equation 2.12 

where 

m and n = reaction orders. 
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Table 2.5 lists examples in which the autocatalytic model has been plotted alongside 

the degree of cross-linking obtained by DSC for various DGEBA systems. In each 

case, good agreement between the model and experimental data was present until 

the later stages of cross-linking, as shown in Figure 2.7. Discrepancies during the 

later stages of cross-linking occur when the rate of reaction changes from being 

chemically controlled to diffusion controlled (Vyazovkin and Sbirrazzuoli, 1996b; 

Ruiz et al., 2006; Rabearison et al., 2011). 

 

Table 2.5 Examples of autocatalytic model (Equation 2.12) correlated with DSC data 

for the cross-linking of epoxy resin systems. DMAP: 4-(N,N-dimethylamino)pyridine. 

Material lnk m n Comments Reference 

DGEBA/ 

triamine of 

polyoxypropylene 

12.2 0.23 1.61 

Good agreement 

until later stages 

of cross-linking at 

80 °C.  

Montserrat 

and Cima, 

1999 

DGEBA with 

diaminodiphenyl 

methane 

6.8 0.76 2.33 

Good agreement, 

but deviations 

observed in later 

stages of cross-

linking at 80 °C. 

Janković, 

2010 

DGEBA/DMAP 21.2 1 2.4 

Good agreement 

up to about 70% 

at 80°C 

isothermal cross-

linking. 

Román et al., 

2013 

DGEBA/ 

polyoxypropylene 

diamine 

-8.29 to 

-6.31 
0.35 1.65 

Cross-linking at 

35-65 °C. A good 

correlation was 

observed up to 

80% conversion 

Wang et al., 

2016 
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Figure 2.7 Conversion of a DGEBA hexanhydro-4-methylphthalic anhydride system 

as a function of time at various temperatures for the curing of an epoxy resin 

(DGEBA/methylene dianiline (MDA)), alongside theoretical predictions obtained by 

using Equation 2.12 (Boey and Qiang, 2000). 

 

Kamal (1974) introduced a diffusion factor into Equation 2.12 to account for 

vitrification and produced Equation 2.13. 

𝑑𝛼

𝑑𝑡
= (𝑘1 + 𝑘2𝛼𝑚)(1 − 𝛼)𝑛 ……….Equation 2.13 

where 

𝑘1 and 𝑘2 = rate constants. 

Table 2.6 provides a summary of examples for which the model has been compared 

with DSC data. Conflicting results are present, whereby Min et al. (1993b) and 

Garschke et al. (2013) observed excellent correlations across the whole cross-

linking regime, whilst Sourour and Kamal (1976) and Ryan and Dutta (1979) still 

observed discrepancies during the later stages of cross-linking. 
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Table 2.6 Examples of the autocatalytic model containing a diffusion factor and 

modelled alongside DSC data. 

Material k1 k2 n m Comment Reference 

DGEBA/ 

MPD - 

bisphenol 

A/m-

phenylene 

diamine 

From 

0.02×103 

to 

8×103 

2.5×103  

to 

60×103 

1 1 

Good correlation 

with DSC data from  

50–150 °C, 

although 

discrepancies 

remain during 

diffusion control. 

Sourour 

and 

Kamal, 

1976 

DGEBA 

with m-

phenylene 

diamine 

From 

0.002 to 

0.2 

0.05–1 
0.9–

1.3 

0.7–

1.1 

Close correlation 

across the whole 

reaction scheme 

from isothermal 

cross-linking at 70–

170 °C. 

Ryan and 

Dutta, 

1979 

DGEBA 

with DDS 
2.41×103 9.91×103 2 1 

Deviation from the 

model after 

approximately  

40–60% conversion 

at 220 °C. 

Performed worse 

than the nth order 

model 

Barton et 

al., 1992 

DGEBA/ 

DDS 
6.5×103 1.3×103 1 1 

Upon comparison 

with the nth order 

model, improved 

correlations were 

observed during the 

later stages of 

cross-linking at  

130 °C. 

Min et al., 

1993b 

TGMDA/ 

DDS 

From 

2.7×10−3 

to 

87.6×10−3 

From 

1.94×10−3 

to 

12.17×10−3 

2.62–

2.35 

1.23

–

1.77 

An excellent 

correlation with the 

experimental data 

from 150–210 °C.  

Garschke 

et al., 2013 
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2.3.2  Fourier Transform Infrared Spectroscopy 

 

Fourier transform infrared spectroscopy (FTIRS) is another widely used technique for 

characterising the curing of thermosetting resins, by determining the functional groups 

present and their concentration. Specific functional groups absorb radiation in the 

mid-infrared (MIR) and near-infrared (NIR) regions from 400 to 4000 and 4000 to 

14000 cm-1, respectively (Smith, 2011). A Fourier transform infrared (FTIR) 

spectrometer launches infrared radiation through a sample and measures the 

absorption of light over a range of wavelengths (Mosiewicki et al., 2011). The 

absorbance bands are related to functional groups in the sample; changes in their 

intensity are related to functional group depletion and formation (Fernando and 

Degamber, 2006). Cross-linking kinetics can be monitored by tracking the relative 

absorbance bands associated with specific functional groups that participate in the 

cross-linking reaction (Bartolomeo et al., 2001). 

 

The degree of cross-linking can be calculated using Equation 2.14 and it has been 

used widely for tracking the cross-linking of epoxy resins using NIR or MIR FTIRS 

(Wang and Gillham 1991; Bartolomeo et al., 2001; Billaud et al., 2002). 

 

𝛼 = [
(𝐴𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑏𝑎𝑛𝑑 /𝐴𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑎𝑛𝑑)𝑡

(𝐴𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑏𝑎𝑛𝑑/𝐴𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑎𝑛𝑑)𝑡=0
] ……….Equation 2.14 

where 

α = degree of curing, 

Areference band = area of a reference absorbance band, 

Areactive band = area of a reactive absorbance band, 

t = time after the start of the reaction, 

t0 = start of the reaction. 
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Normalisation of the reactive absorbance band allows for (i) changes in the path 

length, and (ii) an increase in the baseline of the spectra as a result of the increasing 

refractive index of the resin during cross-linking. 

 

2.3.2.1 Mid-Infrared Spectroscopy 

 

MIR spectroscopy (400–4000 cm-1) is used to identify organic compounds (Poisson 

et al., 1996). In this region, the fundamental frequencies are observed, and hence, 

show their strongest absorptions. The area is well researched and libraries are 

available to identify spectral bands. Table 2.7 lists the main absorbance bands 

associated with epoxy/amine resin systems.  

 

Table 2.7 Band assignments for epoxy/amine resin systems in the MIR range. 

Group Wavelength  

(cm-1) 

Reference 

Epoxy 915, 1345, 1430, 

3056 

Poisson et al., 1996; Don and Bell, 1998; 

Fraga et al., 2001; Rigail-Cedeño and 

Sung, 2005; Pritchard, 2012; Yamasaki 

and Morita, 2014; McCoy et al., 2016 

Hyrdoxyl 1914, 3450 Fraga et al., 2001; Yamasaki and Morita, 

2014; Cysne Barbosa et al., 2017 

CH 830, 1180, 1510, 

1607 

Poisson et al., 1996; Fraga et al., 2001; 

Rigail-Cedeño and Sung, 2005; 

Pritchard, 2012; Cysne Barbosa et al., 

2017 

Primary amine 1624, 2025, 3370, 

3460 

Mijović and Andjelić, 1996; Don and Bell, 

1998; Yamasaki and Morita, 2014 
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Fraga et al. (2001) obtained isothermal curing kinetics at 60, 70, 80 and 90 °C for a 

DGEBA/1,2 diamine cyclohexane system using MIR spectroscopy and DSC. The 

authors used the terminal epoxy band at 915 cm-1, which was referenced to an inert 

phenylene group at 830 cm-1. The spectral and thermal degrees of curing gave 

similar results, although a slight increase was observed for the FTIRS data at each 

temperature. Additionally, both methods showed a good correlation to the 

autocatalytic model (Equation 2.13). A possible cause of the discrepancy is the 

presence of an unassigned band reported by Dannenberg and Harp (1956), which 

was observed during the curing of two epoxy resin systems. An increase in the 

hydroxyl group at 3450 cm-1 was observed throughout cross-linking, concurrent with 

reports by Lee et al. (2000), Fraga et al. (2001) and Yamasaki and Morita (2012), 

during which the increasing OH content accompanied an increase in the rate of 

reaction. 

 

Don and Bell (1998) used MIR spectroscopy to monitor the curing of a 

DGEBA/4,4′-diaminodiphenyl methane (DDM) system modified by the introduction 

of polycarbonate. They tracked the depletion of the primary amine at 1624 cm-1 

and the epoxy at 915 cm-1 during cross-linking at 90 °C. The primary amine band 

at 3460 cm-1 could not be used due to overlap with the secondary amine and 

hydroxyl groups. The presence of the unassigned band reported by Dannenberg 

and Harp (1956) and the normalisation band were not discussed. The authors 

concluded that FTIRS could be used for blended systems.  

 

Nikolic et al. (2010) investigated the curing of DGEBA with an aliphatic amine 

hardener at 30 °C through FTIRS in the MIR region. Depletion of the epoxy intensity 

at 915 cm-1 was referenced to an inert band at 1182 cm-1 due to C–O stretching of 
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the aromatic ring of DGEBA. The results appeared to correlate with a decrease in 

the absorption of a secondary epoxy band at 3056 cm-1, although the absorbance 

band was of low intensity and close to that of strong OH absorptions.  

 

The use of MIR spectroscopy for quantifying the depletion of the epoxy functional 

group using the band at 915 cm-1 has also been demonstrated by Xu et al. (1994), 

Mijovic and Andjelic (1995), Poisson et al. (1996) and Yamasaki and Morita (2012). 

Each of the authors noted the presence of the unassigned band overlapping with the 

epoxy band at 915 cm-1. Don and Bell (1998), Fraga et al. (2001) and Nikolic et al. 

(2010) all reported cross-linking data of epoxy resins using MIR spectroscopy, but 

they observed overlapping spectra and did not quantify the contribution of the 

unassigned band close to that of the epoxy. This may lead to erroneous 

conclusions. Discrepancies can be seen upon comparing the data with the NIR data, 

as discussed in Section 2.3.2.3. 

 

2.3.2.2 Near-Infrared Spectroscopy 

 

NIR spectroscopy operates between 4000 and 10000 cm-1 (Xu et al., 1994). The strong 

and isolated observed bands are overtones of the vibrations in the MIR region. In the 

NIR region, a strong band at 4530 cm-1 is designated as a combination of the second 

overtone of the epoxy stretching with CH stretching (González et al., 2012). The bands 

in the NIR range have been used to track the cross-linking of epoxy resins (Gillham, 

1991; Poisson et al., 1996; Nikolic et al., 2010; Mosiewicki et al., 2011; Pritchard, 2012; 

Wang et al., 2016). A summary of the main absorbance bands for an epoxy/amine 

resin system is given in Table 2.8 (Pandita et al., 2012). 
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Table 2.8 Summary of the main NIR absorbance peaks for an epoxy/amine resin 

and their associated assignments. 

 

Xu et al. (1994) monitored the cross-linking of a phenyl glycidyl ether with  

N-methylaniline. They observed changes in the intensity of the epoxide group at 

4535 cm-1, the primary and secondary amines at 6660 cm-1 and the hydroxyl group 

at 7000 cm-1. Absorbance bands were referenced to aromatic CH stretching at 5969 

cm-1. During isothermal curing at 140 °C, depletion of the epoxide conversion was 

determined using the well-separated peak at 4530 cm-1. An increase in the hydroxyl 

group was observed throughout cross-linking; the authors suggested that the 

autocatalytic reaction scheme was caused by the catalytic effect of the hydroxyl 

Group Wavelength (cm-1) Reference 

Epoxy 4535, 6060 Strehmel and Scherzer, 1994; Xu et al., 

1994; Mijović and Andjelić, 1996; Poisson 

et al., 1996; Norris, 2000; Billaud et al., 

2002; Pandita et al., 2012 

Hydroxyl 4784, 4878, 5449, 

7000 

Strehmel and Scherzer, 1994; Xu et al., 

1994; Mijović and Andjelić, 1996; Norris, 

2000; Billaud et al., 2002; Pandita et al., 

2012; Dümichen et al., 2015 

CH 4680, 4620,  

5969 

Strehmel and Scherzer, 1994; Mijovic and 

Andjelic, 1995; Poisson et al., 1996; 

Norris, 2000; Billaud et al., 2002; Pandita 

et al., 2012 

Primary amine 5045 Strehmel and Scherzer, 1994; Mijovic and 

Andjelic, 1995; Norris, 2000; Billaud et al., 

2002; Dümichen et al., 2015 

Primary and 

secondary 

amine 

6660 St John and George, 1992; Billaud et al., 

2002; Dümichen et al., 2015 



39 

 

group. The results showed excellent correlation with a mechanistic model proposed 

by the authors. 

 

Min et al. (1993c) investigated the kinetics of a DGEBA and 4,4′-diaminodiphenyl 

sulfone (DDS) system at various intervals during cross-linking at 130 and 205 °C. 

Quantitative analysis of cross-linking was obtained over a period of 600 minutes 

using the epoxy band at 4535 cm-1. The authors used the inert band at 4620 cm-1 

(aromatic CH bond) as a reference. Additionally, the authors tracked the 

conversions of primary and secondary amines by subtracting the primary amine 

band at 4935 cm-1 from the combined primary and secondary amine absorption at 

6635 cm-1. In a subsequent paper by Min et al. (1993a), the authors compared the 

degree of cross-linking derived from FTIRS analysis with that of DSC data. The 

degree of cure was analysed through the evolution of the glass transition 

temperature after various cross-linking periods and correlated closely with the 

FTIRS data. The authors provided further corroboration by showing a close 

correlation between the autocatalytic model (Equation 2.13) and the degree of 

cross-linking observed by FTIRS (Min et al., 1993b). 

 

Billaud et al. (2002) quantified the cross-linking reaction of the diglycidyl ether of 

bisphenol F (DGEBF) with 4,4′-methylenebis(2,6-diethylaniline) (MDEA) at 72 and 

160 °C. They encountered overlaps of the epoxy and aromatic C–H bands between 

5900 and 6100 cm-1 and the secondary and primary amines between 6600 and 

6700 cm-1. They referenced the bands using the aromatic CH at 4620 cm-1. The 

authors used a method previously reported by St John and George (1992) and  

Min et al. (1993b) to determine the secondary amine concentration by subtracting 

the primary amine band from that of the combined primary and secondary band at 
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6600 cm-1. The degree of curing between the epoxy bands at 4530 and 6060 cm-1 

was compared upon normalisation to the band at 4620 cm-1. Similar trends were 

observed, although the band at 6060 cm-1 gave an increased final degree of 

conversion by 6%. The reasons for the discrepancies were given as follows:  

(i) possible solvent evaporation during initial cross-linking that might overlap 

with the epoxy band at 4530 cm-1, 

(ii) observed retardation of the spectra between 7650 and 6350 cm-1 after 

approximately 80% conversion. 

The authors noted the presence of a band close to the epoxy region at 4530 cm-1 

that became apparent towards the end of cross-linking. 

 

The presence of a relatively small band close to the epoxy band at 4530 cm-1 has 

also been reported during the cross-linking of an epoxy resin/amine hardener 

system by Strehmel and Scherzer (1994), Mijovic and Andjelic (1995), Mijovic et al. 

(1996) and Pandita et al. (2012). Pandita et al. (2012) investigated the cross-linking 

of the LY3505/XB3403 resin system and assessed the significance of the 

unassigned band. Following cross-linking for 600 minutes, the area of the 

unassigned band was estimated to be less than 5% of the initial epoxy peak area. 

The authors used a Fourier self-deconvolution routine to resolve the contribution of 

the unresolved band to the epoxy band. The results showed an excellent correlation 

to results obtained through DSC experiments.  

 

NIR spectroscopic analysis reveals a clear epoxy band at 4530 cm-1, which makes it 

useful for quantifying the degree of cross-linking. Clear absorbance bands for the 

primary amine and the combined primary and secondary amine band allow additional 

cross-linking information to be obtained upon comparison with the results of MIR 
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spectroscopy. Additionally, the presence of hydroxyl groups allows the reported 

catalytic effect on the reaction rate to be quantified.  

 

2.3.2.3 Comparison of Mid-infrared and Near-infrared 

Spectroscopy for Epoxy Conversion 

 

Mijovic and Andjelic (1995) investigated the cross-linking of a DGEBF and  

4,4'-methylenedianiline (MDA) system at 110 and 120 °C through MIR spectroscopy. 

They also used the band at 915 cm-1, which was normalised to the inert CH2 group at 

2920 cm-1. Similar to the study by Dannenberg and Harp (1956), the researchers 

found an unassigned band at 905 cm-1, close to the epoxy band. This unassigned 

band affected their quantitative analysis. The authors compared the degree of cross-

linking to that obtained by NIR spectroscopy and found discrepancies of approximately 

10% after 150 min. The MIR data also showed an increased initial rate of reaction. 

This study quantifies the significant contribution of the unassigned band at 915 cm-1. 

 

Large discrepancies between MIR and NIR conversions due to the contribution of 

the unassigned band at 915 cm-1 have also been reported by Poisson et al. (1996). 

They investigating the curing kinetics of a DGEBA and dicyandiamide (DDA) system 

at 80 °C using the band at 915 cm-1 referenced to the benzene ring at 830 cm-1. The 

appearance of the unassigned band became apparent during the later stages of 

curing and contributed to discrepancies of up to 35%. 

 

Comparisons between data obtained through NIR and MIR spectroscopy during 

cross-linking of epoxy resins have also been reported by Lachenal (1995), Mijović 

and Andjelić (1996), Yu et al. (2009) and González et al. (2012). The authors 
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reported discrepancies and cited the unassigned band at 905 cm-1 as a source of 

error. The authors recommended NIR as the spectroscopic technique of choice for 

analysing epoxy conversion due to the strong, isolated band at 4530 cm-1. 

 

2.3.2.4 Parallel-Plate Rheology  

 

Rheology is associated with testing viscous liquids. A commonly used assembly 

involves identical parallel plates with resin contained between them. An oscillating force 

is applied in a shearing motion to one plate, whilst the other is stationary (Gupta, 2000). 

The ability of the material to return imparted energy is denoted as G’, the ability to lose 

energy is denoted as G’’ and the ratio of these values is known as the damping factor 

(tan ). The summation of these values gives a complex shear modulus known as G*  

(Menard, 2008). 

 

Rheology is unique from DSC and FTIRS because it can provide physical properties 

of a cross-linking material, which imparts important information regarding the 

processability of an epoxy (Hamerton, 1996). The gelation time is an important 

parameter for processing thermosetting resins because of the significant increase in 

viscosity as the cross-linking reactions proceed (Wissbrun, 2013). 

 

During the cross-linking of an epoxy resin, typically, three distinct stages can be 

observed (Barton & Wright, 1985; Matějka, 1991; Cheng et al., 1994):  

(i) The G’’ value is dominant during initial cross-linking as the viscosity 

increases. In this region, tan  is larger than one. 

(ii) A dramatic increase in G’ and G’’ is observed as the gel forms. In this 

region, G’ becomes dominant and tan  becomes lower than one. 
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(iii) A slower rate of reaction during which the increase in G’ and G’’ 

decreases and levels off. G’ is dominant throughout. 

 

The critical conversion at which gelation occurs can be estimated using Equation 2.15 

(Flory, 1941; Cadenato et al., 1997; Sbirrazzuoli et al., 2003; Pascault and Williams, 

2009; Li et al., 2012; Menczel and Prime, 2014): 

𝛼𝑔𝑒𝑙 = [
1

(𝑓𝐴−1)(𝑓𝐸−1)
]

1/2
…………..Equation 2.15 

where 

fA = functionality of the amine, 

fE = functionality of the epoxy. 

 

The following sections discuss cross-linking using parallel-plate rheology and the 

methods used to determine the points of gelation and vitrification. 

 

2.3.2.5 Detection of Gelation 

 

As mentioned previously, gelation is the point during the cross-linking process at 

which an infinite network is formed and the liquid resin becomes a semi-solid gel. 

Various criteria have been used to give an estimate of gelation using rheology and 

are listed in Table 2.9. 
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Table 2.9 Summary of criteria used to determine gelation of epoxy resin systems 

through parallel-plate rheology. 

Reference Criteria Used Materials Comments 

Tung & 

Dynes, 

1982 

G'/G'', steady-state 

rheology 

DGEBA-

based resins 

Compared their results to 

steady-state rheology and 

observed a good correlation. 

This was the first instance of 

using G'/G'' crossover. 

Chambon, 

1987 

G'/G'', multi-frequency 

tan 𝛿 crossover 

polydimethyl

siloxane 

(PDMS) 

system 

G'/G'' gave delayed times 

compared with the tan 𝛿 

crossover. 

Cheng et 

al., 1994 

Intersection of 

extrapolated baseline 

and tangent to rapid 

increase of viscosity 

profile, G'/G'' crossover, 

G'' max, G', intersection 

of rapidly rising section 

of G' with time axis, 

peak of tan 𝛿 

DGEBA with 

tertiary 

amine 

Similar results were obtained 

from each method upon cross-

linking at 50, 60 and 70°C. Each 

criterion changed with testing 

frequency. 

Ampudia et 

al., 1999 

G'/G'' crossover, 

baseline/tangent 

intersection of G' curve 

DGEBA/ 

tri (dimethyl 

aminoethyl) 

phenol 

Good correlation between the 

criteria at cross-linking 

temperatures of 70, 80, 90 and 

100 °C. 

Lange et 

al., 2000 

Multi-frequency tan 𝛿 

crossover 

DGEBF/ 

4,4′-diamino 

diphenyl 

methane 

Not possible to define the gel 

point below 80°C because it 

appeared to merge with 

vitrification. 

Fernandez 

et al., 2001 
Tan 𝛿 peak 

tetraglycidyl 

diaminodiphe

nylmethane 

(TGDDM)/ 

DDS 

Multi-frequency tests are 

required for accurate 

determination, but the peak in 

tan 𝛿 is used for arbitrary 

reasons. 

O'Brien et 

al., 2001 
G'/G'' crossover 

DGEBF/di 

ethyl toluene 

diamine 

Good consistency of degree of 

conversion upon comparison 

with DSC results within 2%. 
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Table 2.9 (continued) Summary of criteria used to determine gelation of epoxy resin 

systems through parallel-plate rheology. 

Reference Criteria used Material Comments 

Bilyeu and 

Brostow, 

2002 

Peak in tan 𝛿, single 

frequency 

TGDDM/ 

DDS 

G'/G'' was clearly observed. 

Data was compared with 

that from three-point bend 

tests and parallel-plate 

rheology. 

Calabrese 

and 

Valenza, 

2003 

G'/G'', max tan 𝛿 

DGEBA/ 

DGEBF and 

anhydride 

hardener 

Linear relationship with 

isothermal curing 

temperature. 

Teil et al., 

2004 

Multi-frequency tan 𝛿 

crossover 

DGEBA/ 

methylhexahydro 

phthalic anhydride 

(MHHPA) 

hardener 

Clear crossover point is 

observed. 

Yu et al., 

2005 

G'/G'', extrapolation of 

the steady-state 

viscosity to infinite 

viscosity, novel thermo-

mechanical analysis 

(TMA) method 

DGEBA/ 

amine system 

Approximately 10% 

variation in G'/G'', and 

divergence of viscosity. The 

order of gelation was 

G′/G''/viscosity divergence, 

curing shrinkage inflection. 

Abdalla et 

al., 2008 
G/G'' 

DGEBA/ 

diethyltoluene 

diamine 

Observed a reduction in gel 

time upon modification with 

carbon nanotubes (CNTs). 

Rusli et al., 

2014 
Tan 𝛿 crossover 

DGEBA/ 

methylene 

chlorodiethyl 

aniline (MCDEA) 

Cross-linked at 180 °C. In 

some samples, the 

crossover of five 

frequencies was over a 

range not a single point. 

 

Tung and Dynes (1982) conducted rheological experiments on nine different 

thermosetting resin systems, including four epoxy systems. They measured the time 

to gelation through steady-state rheometry using the conditions specified in ASTM 
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D2471-99. That method could only measure the properties in the liquid state and 

extrapolation was required to obtain the time to gelation. The results were compared 

with the crossover of G’/G’’ from parallel-plate rheology and an excellent correlation 

was reported. The authors noted, however, that the criterion was dependent upon 

experimental frequency, despite gelation being a material constant that was 

independent of frequency.  

 

Yu et al. (2005) determined gelation through thermo-mechanical analysis (TMA) and 

compared their results to those of the G’/G’’ crossover obtained by parallel-plate 

rheology, in addition to a divergence of the viscosity profile near gelation. They cured 

samples under isothermal experimental conditions at 90, 100 and 110 °C, and 

observed a deflection in the cross-linking shrinkage near gelation, which correlated 

with rheological measurements. At 90°C, the data revealed values of G'/G'' = 339 s, 

divergence of viscosity = 390 s and curing shrinkage inflection = 420 s. The 

rheological criteria estimated gelation before the observed cross-linking shrinkage 

inflection; a similar trend was observed at higher temperatures. This work 

demonstrated the correlation of rheological G'/G'' crossover and divergence of 

viscosity with a mechanical phenomenon near gelation. 

 

The G’/G’’ crossover also has close correlations to the gelation time when 

determined by fibre Bragg grating (FBG) strain sensors. Harsch et al. (2008) 

incorporated FBG strain sensors within a carbon fibre composite and observed an 

increase in compressive strain at gelation. The resin was a DGEBA/anhydride 

system. The G’/G’’ value obtained from parallel-plate rheology experiments 

performed under the same heating conditions correlated within 10% to an increase 

in compressive strain at gelation times of approximately 3 hours.  
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Winter (1987) dismissed the proposal of using the G'/G'' crossover, calling it  

“a widely believed myth”. He developed a 'gel equation', which stated that the gel 

point could only be equal to the G'/G'' crossover at temperatures much greater than 

that of the glass transition. A method for detecting the gelation was later reported 

(Chambon, 1987). The cross-linking of a stoichiometrically balanced PDMS system 

was halted at various time intervals during single-frequency isothermal tests close to 

the G’/G’’ crossover; multi-frequency testing was then completed at each interval. A 

time at which the log plot of G' and G'' displayed parallel lines during the multi-

frequency test was reported. This frequency-independent event occurred in each 

sample and was assumed to be the gel point. Solubility tests later confirmed that the 

system was liquid before the frequency-independent event and solid afterwards. The 

authors found that the frequency-independent event occurred before G’/G’ 

crossover and could be used as a new frequency-independent gelation criterion. 

 

Matějka (1991) also observed a frequency-independent event during multiple single-

frequency tests using an epoxy system of DGEBA/poly(oxypropylene)diamine. In 

these results, unlike those from Chambon (1987), the position of frequency 

independence came after the G’/G’’ crossover. The authors obtained data in 

stoichiometrically balanced and unbalanced systems.  

 

Smith and Ishida (1999) studied the gelation behaviour of a DGEBA/epichlorohydrin 

system. They used a technique; wherein multiple test frequencies were analysed within 

a 30 second interval. This allowed the authors to obtain the crossover of multi-

frequency tan  plots in one experiment. They termed the G'/G'' crossover as 

‘mechanical gelation’ and the crossover of tan  plots as 'critical gelation'. Critical 

gelation occurred before mechanical gelation, as shown in Figure 2.8. The intersection 
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of tan  = 1 with each testing frequency illustrates the variability of the G’/G’’ criterion 

reported by Tung and Dynes (1982). The authors voiced concerns over the possibility 

of gel damage and non-linear viscoelastic effects at high frequencies. 

 

Figure 2.8 Tan  evolution with time at 130 °C for a DGEBA/epichlorohydrin system 

Smith and Ishida (1999). 

 

A number of authors refer to critical gelation as being the most precise method of 

gelation detection, due to the frequency-independent nature of the criterion  

(Lange et al., 1999b; Teil et al., 2004; Stark, 2013). Despite this, the results in  

Table 2.9 demonstrate that this method has not been adopted exclusively. The 

application of multiple frequencies often requires multiple, time-consuming 

experiments that exhibit variation in cross-linking times (Ishida and Agag, 2011). 

Thus, G’/G’’ has been used regularly as a quickly obtainable estimation that 

correlates with steady-state viscosity extrapolations, mechanical phenomena during 

gelation and frequency independence. 
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2.3.2.6 Detection of Vitrification 

 

Vitrification is another important processing parameter that occurs during the cross-

linking of a thermosetting resin. It is the transformation of a liquid or rubber into a glass. 

The Tg of a curing system increases as the cross-linking reactions proceed. Once the 

evolving Tg reaches a value that is equivalent to the cross-linking temperature, the 

material undergoes vitrification (Tung and Dynes., 1992; Teil et al., 2004; Yu et al., 

2009). This process is reversible, unlike gelation, and is dependent on frequency. The 

transformation from a liquid or rubber into an amorphous glass leads to a rapid 

decrease in the rate of reaction because molecular motions are frozen and mobility is 

reduced (Turi, 1997; Yu et al., 2009; McHugh et al., 2010). The cure reactions can 

continue, although now through a diffusion-based mechanism, which leads to a 

significantly reduced reaction rate (Gillham, 1986; Turi, 1997). Vitrification is a process 

that is often undesirable because the increase in viscosity, seen from the transition, 

leads to a reduction in the processability of the material (Van Assche et al., 1997). 

 

The point at which vitrification is detected is very much dependent upon the technique 

and criteria used; the process occurs over a temperature range, and thus, issues 

arise in attempts to define a specific point (Van Assche et al., 1997; Lange et al., 

2000). Estimations of the vitrification time can be determined through DMA (Stark, 

2013), parallel-plate rheology (Lange et al., 2000), thermo-mechanical analysis (Yu et 

al., 2009) and temperature-modulated differential scanning calorimetry (TMDSC) 

(Bilyeu et al., 1999). A summary of criterion used during parallel-plate rheometry with 

epoxy resins is shown in Table 2.10. 
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Table 2.10 Examples of research aimed at the detection of vitrification through 

parallel-plate rheology. 

Reference Criteria Material Comments 

Lange et 

al., 1999a 

Onset of frequency 

dependence in G', 

peak in tan 𝛿 at 1 Hz, 

peak in G'' at 1 Hz, 

end of frequency 

dependence in G', 

TMDSC 

DGEBF/DDS 

Rheological criteria were 

spread over a range, but 

each showed an increase 

with cross-linking 

temperature. TMDSC 

results fell within the range 

of the rheological values. 

The G'' peak lay closest to 

the TMDSC values. 

Velazquez 

et al., 2000 
Peak in G'' 

DGEBA/ethylenedi

amine (EDA) 

G'' peak clearly observed 

for a stoichiometrically 

balanced system. 

Teil et al., 

2004 
Peak in tan 𝛿 DGEBA/MHHPA 

Time to vitrification 

decreased with isothermal 

cross-linking temperature. 

Yu et al., 

2005 

Tan 𝛿 peak, G'' peak, 

curing shrinkage 

inflection 

DGEBA/amine 

system 

Strong correlation between 

each measurement. A 

strong correlation was 

observed between G'' and 

the cross-linking induced 

shrinkage point of inflection. 

Mravljak 

and 

Sernek, 

2011 

Peak in G'' 

DGEBA/ 

N’-(3-aminopropyl)-

N,N-

dimethylpropane-

1,3-diamine 

Decrease in vitrification time 

with isothermal cross-linking 

temperature. A clear G'' 

peak was observed. 

 

Lange et al. (2000) conducted a thorough investigation into the vitrification time 

using parallel-plate rheology on a DGEBF/DDM system. Several criteria were listed 

for the location of the point of vitrification (Table 2.10). As expected, the time to 

vitrification decreased as the isothermal cross-linking temperature increased from  
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40 to 120 °C; experiments were completed at 10 °C intervals. The onset of 

frequency dependence could not be determined below 100 °C and the authors did 

not suggest a reason for these results. The peak in G'', peak in tan 𝛿 and end of the 

frequency dependence in G' were observable at all temperatures, although the 

times varied by up to 50%. The authors attributed this to the nature of vitrification 

being a gradual process that extended over a large part of the cross-linking 

reactions.  

 

The previously mentioned work by Yu et al. (2005) correlated the changes in an 

epoxy/amine system during isothermal curing using TMA and rheology. An inflection 

in the cure induced shrinkage during vitrification, in addition to gelation, was 

observed. In a similar manner to their gelation investigation, the authors compared 

the rheological-based vitrification times to the cure shrinkage at the inflection point. At 

90 °C, the data were as follows: tan 𝛿 peak = 567 seconds, peak in G'' = 697 seconds 

and cure induced shrinkage at inflection = 663 seconds. The change in cure 

shrinkage lay within the spread of values obtained by the peak in G'' and the peak in 

tan  observed during vitrification. Similarly to Lange et al. (2000), a spread of data 

emphasised the issues of trying to define vitrification as a single point. 

 

A TGDDM/DDS system was investigated by Bilyeu and Brostow (2002) using 

parallel-plate rheology and TMDSC. A modulated temperature ramp was used with 

TMDSC to determine the heat capacity of a sample. Vitrification could be observed 

using this method by the presence of a stepwise shift in the baseline of the specific 

heat capacity, similar to the glass transition temperature. These values were 

compared with that obtained using the peak in tan δ. At an isothermal curing 

temperature of 160 °C, the vitrification times were within approximately 10%. Exact 
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values at each temperature were not stated, but the authors commented on how the 

vitrification point determined from tan δ was consistently higher than those recorded 

for TMDSC. The differing thermal environments, sample sizes and superior 

temperature management of TMDSC may have contributed to the differing 

vitrification times. 

 

Previously, no generally accepted criterion had been used (Cadenato et al., 1997; 

Lange et al., 2000; Teil et al., 2004; Yu et al., 2005), but the introduction of TMDSC 

in the 1990s has led to this becoming the most widely used method (Fraga et al., 

2008). Despite there being no generally accepted criteria of vitrification, the peak in 

G’’ during parallel-plate rheology has shown close correlation to TMDSC and TMA 

data. 

 

2.3.2.7 Impact of Carbon-Based Additives on the Cross-linking of 

Epoxy Resins 

 

Epoxy resins used in composites that are deployed in demanding applications may 

require improvements to the desired properties. The use of fillers can help to 

achieve this goal by improving the mechanical properties, as well as the thermal and 

electrical conductivity of a composite (Yue et al., 2014). Recently, the use of CNTs 

(Martin-Gallego et al., 2013; Yue et al., 2014) carbon nanofibres (CNFs) (Xie et al., 

2005) and graphene nanoparticles (GNPs) (King et al., 2013; Ma et al., 2014; 

Prolongo et al., 2014) has received much attention due to their excellent physical, 

electrical and chemical properties. The additives exhibit small dimensions that allow 

them to be incorporated into the resin. This has led to an enhancement in the 

desired material properties of the resulting composite, but high costs of the fillers 
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and dispersion problems have limited their applications (Qiu et al., 2011; King et al., 

2013; Ma et al., 2014; Prolongo et al., 2014). 

 

Graphene consists of an atomically thick layer of sp2-hybridised carbon in a honeycomb 

structure (Stankovich et al., 2006). This material has been reported to have a Young’s 

modulus of 1 TPa (Liu et al., 2007). The large specific area and high mechanical, 

electrical and thermal properties of graphene make the material an attractive reinforcing 

nanofiller, as shown in Table 2.11. 

 

Table 2.11 Selected properties of graphene. 

Property Reported Values Reference 

Surface area 2600 m2/g Stankovich et al., 2006; 

Kim et al., 2010 

Mechanical 

properties 

Young's modulus = 1000 GPa 

Breaking strength = 130 GPa 

Kim et al., 2010; 

Bertolazzi et al., 2013 

Electrical conductivity 3000 mW-1/K Stankovich et al., 2006 

Thermal conductivity 5300 W/m/K Balandin et al., 2008; 

Kim et al., 2010 

 

Prolongo et al. (2014) completed an in-depth characterisation of the impact of GNPs on 

an epoxy resin system. They saw an increase in the storage modulus of the samples 

with graphene; the maximum stiffening was 28% with 8 wt % GNP. The tensile modulus 

also slightly increased by 15% with 3 wt % GNP. However, the increased stiffness led to 

decreases of up to 23% in the tensile strength. Table 2.12 summarises findings from 

similar experiments, and thus, shows a consensus in a stiffening effect being induced by 

GNPs, whilst reducing the strength of epoxy resin systems.  
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Table 2.12 Summary of selected experiments with GNPs in thermosetting resins. 

Reference Resin Additive Dispersion 
Comments 

Impact on 
Mechanical 
Properties 

Zaman et 
al., 2012 

DGEBA/ 
DDS 

1% GNPs of 
approximately 
3.57 nm thick. 

Sonication and high-
speed stirring. Uniformly 
dispersed GNPs under 
1 μm in diameter, as 
viewed by SEM, with a 
3.57 nm thickness. 

Tensile modulus = 
5% increase 
tensile strength = 
37% decrease 
fracture toughness 
= 167% increase 
critical strain 
energy release rate 
= 573% increase 

Li et al., 
2013 

Novolac-
based resin 
system. 

0.5 wt% of 
10–15 μm long 
CNTs and 3–4 
μm long GNPs. 

A three-roll mill was 
used and SEM images 
showed excellent 
dispersion. 

For 0.5 wt%: 
tensile modulus = 
40% increase 

King et al., 
2013 

DGEBF 
diethyl 
toluene 
diamine 

1 wt% GNPs. 
15 μm average 
particle size of 7 
nm thick 

GNPs were dispersed 
through mechanical 
stirring (40 min) and 
sonication (30–60 min). 
SEM images revealed 
good particle dispersion, 
despite some 
agglomerations. 

At 1 wt%: 
tensile modulus = 
3% increase 
ultimate tensile 
strength = 28% 
decrease  

Ma et al., 
2014 

DGEBA/ 
Jeffamine 
D230 

1% GNPs Sonication produced 
well-dispersed particles, 
as observed by SEM. 

Young’s modulus = 
9% increase 
tensile strength = 
38% decrease 
fracture toughness 
= 160% increase 

Prolongo 
et al., 2014 

DGEBA/ 
aromatic 
amine 

1 wt% of 25 μm 
GNPs 

45 min ultrasonication at 
400 W at 50% 
amplitude. Then three-
roll milling was 
completed four times. 
SEM images revealed a 
good dispersion. 

Storage modulus = 
10% increase 
tensile modulus= 
constant 
flexural modulus = 
constant 
tensile strength = 
24% decrease 

 

Several authors have reported SEM micrographs of fracture surfaces of resin 

systems containing GNPs. All indicated toughening due to coarser surfaces than 

those of the neat resin systems (Rafiee et al., 2009; Zaman et al., 2012; 

Chandrasekaran et al., 2014; Prolongo et al., 2014; Raza et al., 2016). The following 

methods through which GNPs can increase the fracture energy have been reported:  
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(i) GNPs act as obstacles to a growing crack, which causes the crack to 

deflect around the particle (Rafiee et al., 2009; Zaman et al., 2012; Qin 

and Ye, 2015). 

(ii) GNPs cause the crack tip to blunt and reduce local stress concentrations 

(Zaman et al., 2012; Qin and Ye, 2015). 

(iii) De-bonding of the matrix–GNP interface (Zaman et al., 2012; Qin and Ye 2015). 

 

Various sources cite the following reasons as contributions towards the reduced 

failure strength:  

(i) A weak interface between the GNPs and the matrix, which prevents load 

transfer. 

(ii) Sliding between agglomerations of GNPs, which leads to crack initiation 

(Zaman et al., 2012; Chandrasekaran et al., 2014; Prolongo et al., 2014). 

 

It has been well reported that the strengthening properties of pristine GNPs are 

limited by the tendency of the particles to agglomerate and their weak interactions 

with the matrix (King et al., 2013; Chandrasekaran et al., 2014; Wan et al., 2014a). 

This has led to interest in oxidising graphene (Zhu et al., 2010). Graphene oxide 

(GO) can be functionalised to alter the van der Waals forces between particles, 

reduce the tendency to agglomerate and produce stronger interactions with the 

epoxy (Stankovich et al., 2006; Liu et al., 2012a; Ryu et al., 2014). A summary of 

investigations into the impact of functionalised graphene upon the mechanical 

strength of epoxy resin nanocomposites is presented in Table 2.13. 
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Table 2.13 A summary of investigations into the impact of functionalised graphene 

on the mechanical strength of epoxy resin nanocomposites. 

Reference Resin Additive Dispersion 
Comments 

Impact on Mechanical 
Properties 

Yang et al., 
2009 

DGEBA/ 
amine 
hardener 

0.0375 wt % 
GO 

Samples were stirred 
for 4 hours at 50 °C. 
Well-dispersed  
500 nm flakes were 
observed under SEM. 

Compressive failure 
strength 
= 48.3% increase 
compressive failure 
toughness 
= 1185% increase 

Chatterjee 
et al., 2012 

DGEBA/ 
aromatic 
diamine 

0.1 wt % 
amine-
functionalised 
graphene 

Mechanical mixing 
and roll-mill 
calendaring. Uniform 
dispersion for up to 
0.5 wt % loading. 
Beyond this, 
agglomerations are 
present. 

Fracture toughness 
= 61% increase 
flexural modulus 
= 8% increase 

Chandrase
karan et al., 
2014 

DGEBA/ 
anhydride 
hardener 
carbon 
fibre 
composite 

1 wt % 
thermally 
reduced 
graphene 
oxide (TRGO) 

Preparation of the 
composite by roll 
milling, which applied 
high pressure to the 
resin. A fairly good 
dispersion of 
agglomerates was 
observed, although 
TRGO appeared 
better dispersed than 
GNPs. 

Fracture toughness 
= 40% increase 

Guan et al., 
2014 

DGEBA/ 
anhydride 
hardener 

0.5 wt % poly 
etheramine-
functionalised 
GO 

6 hours sonication. 
Fairly good dispersion 
was achieved, but 
agglomeration 
remained. 

Storage modulus 
= 33% increase 
tensile strength 
= 51% increase 
elastic modulus 
= 10% increase 
toughness 
= 119% increase 

Wan et al., 
2014b 

DGEBA/ 
MHHPA 

0.5 wt % GO 
sheets 

Planetary ball milling 
for 30 minutes and 
mechanical mixing. 
TEM results showed 
highly dispersed 
sheets. 

Tensile modulus 
= 7% increase 
tensile strength 
= 35% increase 
fracture toughness 
= 26% increase 

Wan et al., 
2014b 

DGEBA/ 
MHHPA 

0.25 wt % 
graphene 
sheets 
functionalised 
with DGEBA 

Planetary ball milling 
for 30 minutes and 
mechanical mixing. 
TEM results showed 
highly dispersed 
sheets. 

Tensile modulus 
= 13% increase 
tensile strength 
= 75% increase 
fracture toughness 
= 41% Increase 
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Chandrasekaran et al. (2014) investigated the impact of introducing GNPs and 

thermally reduced graphene oxide (TRGO) into an epoxy resin system on the 

fracture toughness. The thermal treatment of graphene aimed to functionalise the 

sheets with a mixture of hydroxyl and carboxylic acid groups on the surfaces and 

edges. The introduction of 1wt % GNPs resulted in a 25% increase in fracture 

toughness, whilst 0.5wt % TRGO produced a 40% increase. Rough fracture 

surfaces were observed using SEM in both cases, although the TRGO samples 

showed increased toughening due to increased crack-tip bifurcations into smaller 

cracks. TRGO also showed less agglomeration than that of the GNP reinforced 

materials. The authors concluded that the presence of functionalisation in the 

graphene sheets increased interactions with the matrix to allow the formation of 

covalent bonds. 

 

Reductions of tensile strength due to weak interactions of pristine graphene with the 

matrix have been circumvented by the appropriate functionalisation of graphene. 

The introduction of 0.5wt % GO produced increases in the tensile modulus, tensile 

strength and fracture toughness of 7%, 35% and 26%, respectively. However, 

improved strengthening was observed with the addition of 0.25 wt % DGEBA-

functionalised graphene; this resulted in increases in the tensile modulus, tensile 

strength and fracture toughness of 13%, 75% and 41%, respectively. SEM fracture 

surfaces revealed smaller and more numerous dimples in the DGEBA-functionalised 

system. In the GO fracture surface, agglomerations of 5–10 µm were observed, 

which implied a non-uniform distribution. The authors reported on the compatibility 

of the DGEBA-functionalised particles with the matrix and revealed that strong 

chemical bonds could be formed due to participation of the functionalised groups in 

the cross-linking process. This also promoted dispersion of the sheets. The study 
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demonstrates how appropriate functionalisation can solve dispersion and matrix 

interaction issues associated with pristine GNPs. 

 

A number of authors have reported the increased interaction of GO/functionalised 

graphene with epoxy resin systems to allow covalent bonding (Yang et al., 2009; 

Chatterjee et al., 2012; Wan et al., 2014b; Galpaya et al., 2015a). Additionally, an 

improved dispersion of particles has been widely reported. These two factors have 

resulted in improved mechanical properties, relative to those of pristine graphene 

nanocomposites (Yang et al., 2009). 

 

2.3.3 Impact of Graphene Nanoparticles on the Cross-Linking of Epoxy 

Resins 

 

Table 2.14 presents a summary of the impact of graphene, GO and functionalised 

graphene particles on the curing kinetics of epoxy resin systems. The results 

indicate that there is no consensus in the literature on the effect of graphene 

particles on the curing kinetics of epoxy resins. Galpaya et al. (2015b) stated that 

the variation in results was likely to arise from the complex chemistry involved 

between different resins, hardeners and functionalised graphene particles. 
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Table 2.14 A summary of the impact of graphene, GO and functionalised graphene 

particulates on the curing kinetics of epoxy resin systems. 

Reference Resin Additive Dispersion 
Comments 

Impact on Curing Kinetics 

Teng et al., 
2011 

DGEBA/ 
DDS 

0.5% graphene 
nanosheets 
(9x7 µm) 

Ultrasonic bath for  
10 minutes. No 
comment on 
distribution. 

The addition of graphene 
reduced ΔH from 128.95 to 
93.24 J/g and the peak 
temperature shifted from 
205.4 to 211.3 °C. Overall 
retarding effect. 

Qiu et al., 
2011  

TGDDM/ 
DDS 

2% GO Mechanical stirring 
for 10 minutes. SEM 
fracture surfaces 
revealed a fine 
dispersion of GO; 
however, some 
agglomerations 
existed. 

The reaction onset was 
lowered from 162 to 142 °C, 
which indicated a catalytic 
effect on the reaction. The 
overall enthalpy reduced from 
659 J/g to 654 J/g. 

Ryu et al., 
2014 

DGEBA/ 
amine 
hardener 

1 wt% GO 
flakes (0.2 µm 
maximum size)  

High-speed 
mechanical stirring. 
Uniform distribution 
was observed, but 
with some 
irregularities.  

Non-isothermal DSC showed 
a slight retardation effect by 
reducing the enthalpy of 
reaction by 8%.  

Ryu et al., 
2014 

DGEBA/ 
amine 
hardener 

1 wt% amine-
functionalised 
GO flakes (0.2 
µm maximum 
size)  

High-speed 
mechanical stirring. 
Uniform distribution 
was observed. 

Non-isothermal DSC revealed 
a catalytic effect on the 
reaction rate and increased 
the enthalpy of reaction by 
5%. 

Galpaya et 
al., 2015a 

DGEBA/ 
DDM 

0.3 wt% GO 
flakes (250 µm 
maximum size) 

Sonication for 1 hour. 
Well-dispersed 
sheets, but 
agglomerations 
observed by TEM. 

During non-isothermal DSC, 
the GO flakes induced an 
increased degree of 
conversion from 89% to 92% 
after 20 minutes.  

Galpaya et 
al., 2015a  

DGEBA/ 
DDM 

0.3 wt% GO 
flakes heat-
treated at 180 
°C for 12 hours 
(250 µm 
maximum size) 

Sonication for 1 hour. 
Slightly improved 
dispersion compared 
with GO flakes. 

During non-isothermal DSC, 
the heat-treated GO flakes 
induced a decreased degree 
of conversion from 89% to 
80% after 20 minutes.  

Li et al. 
2015 

DGEBA/ 
DDM 

0.5 wt % GO 
flakes and 
amine-
functionalised 
GO flakes 

Sonication at room 
temperature for  
1 hour. Molecular-
level dispersion 
reported. 

No significant change in the 
total heat of reaction, onset 
temperature or peak 
temperature during non-
isothermal DSC for either 
additive. 

Prolongo et 
al., 2016 

DGEBA/ 
DDM 

1% GNPs Mechanical stirring 
for 30 minutes 
followed by 
sonication for  
60 minutes at 400 W. 
Good dispersion 
observed. 

The enthalpy of reaction was 
reduced by 8%, although the 
peak of reaction was delayed 
from 143 to 146 °C during 
non-isothermal DSC. 
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Ryu et al. (2014) used DSC to demonstrate the impact of surface functionalisation of 

graphene on the curing kinetics of an epoxy resin. They introduced 1 wt% GO and 

an amine-modified GO into a DGEBA/amine system. The GO flakes delayed the 

onset of reaction by 8 °C during non-isothermal testing at 10 K/minute, relative to 

the neat resin. The functionalisation of graphene, however, had the opposite effect, 

causing a decreased onset of reaction and an increase in the rate of reaction. The 

authors reported that cross-linking went to completion in each case, although the 

value of the total enthalpy was not stated.  

 

Conversely, Qiu et al. (2011) observed a reduction in the onset and peak reaction 

temperatures upon introducing 1 wt% GO into a TGDDM/DDS system. The authors 

investigated percentages of up to 5 wt% and found that the catalytic effect increased 

with GO content. The total enthalpy of the reaction was reduced. The work is in 

contrast to that of Ryu et al. (2014) and highlights the inconsistent outcomes of the 

effects of graphene-based particulates on cross-linking. 

 

Galpaya et al. (2015a) studied the effect of 0.3 wt% GO on the curing kinetics of a 

DGEBA/DDM system. Using non-isothermal DSC, it was observed that GO 

increased the onset temperature and reduced the rate of reaction. Using FTIRS, it 

was revealed that the retardation effect was predominantly on the reaction of the 

secondary amine with epoxide. It had previously been reported that the introduction 

of low-molecular-weight material onto the reactive sites of GO during manufacturing 

influenced the catalytic behaviour of GO. The authors heat-treated GO using an 

autoclave at 180 °C for 12 hours, then, upon removal from the autoclave, X-ray 

photoelectron spectroscopy revealed a large decrease in oxygen content. It was 

believed that this heat treatment removed oxidative debris. Non-isothermal DSC 

results then revealed that the autoclave-treated samples had a catalytic effect on the 



61 

 

resin system. This work highlights the importance of oxidised debris on curing 

kinetics. 

 

The introduction of pristine graphene particles can induce significant toughening in 

epoxy resin systems, although a reduction in strength was observed. Weak 

interactions between the particles and resin, in addition to dispersion problems, limit 

improvements to the mechanical properties. Functionalisation of the particulates can 

diminish the limitations observed with pristine graphene to improve both strength 

and stiffness. 

 

No consensus has been achieved in the literature with respect to the impact of 

pristine graphene on the cross-linking regime of epoxy resin systems. Catalytic and 

retarding effects have been reported; these are dependent upon the interactions 

between particles, resins and hardeners. Appropriate functionalisation has been 

demonstrated to have a catalytic effect on the cross-linking regime. 

 

2.4 Optical Fibres 

 

2.4.1  Introduction 

 

Optical fibre sensors have been shown to provide unique advantages over 

conventional thermal analysis techniques for investigating and monitoring the curing 

of thermosetting resins (Crosby et al.,1996; Powell., 1998; Fernando and 

Degamber, 2013; Schubel et al., 2013). The sensors are immune to electromagnetic 

radiation, small in dimensions (125 m in diameter), can be multiplexed, and their 

inclusion within composites does not adversely affect quasi-static tensile mechanical 
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properties. These sensors can allow in-situ monitoring during production to facilitate 

increased control of the cross-linking material (Fernando and Degamber, 2006).  

 

2.4.2  Structure of Optical Fibres 

 

Optical fibres are made of dielectric materials, often silica, and have been utilised as 

a method of light transportation in telecommunications. Although other fibre types do 

exist, herein the focus is on silica-based fibres. The fibres consist of a buffer coating, 

core and cladding; the refractive index of the core is higher than that of the cladding 

(Daly, 1984; Hecht, 1984). The fibre in Figure 2.9 is described as a step-index fibre, 

due to the abrupt change in refractive index at the core/cladding interface (Naidu 

and Mani, 2009). The cladding is then surrounded by a protective buffer coating, 

which is often a polyimide or polyacrylate (Daly, 1984; Hecht, 1984; Crosby, 1996; 

Al-Azzawi, 2006; Fernando and Degamber, 2006). 

 

 

 

Figure 2.9 Schematic illustration of an optical fibre showing different components 

(Fernando and Degamber, 2006). 
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2.4.3 Numerical Aperture and Acceptance Angle 

 

The magnitude of the refractive-index dissimilarity between the core and the cladding 

determines the acceptance angle of a cleaved optical fibre. This property describes the 

ability of the fibre to collect incoming light, and is shown in Figure 2.10 (Downing, 2004; 

Bagad, 2007). Light travelling along pathway A lies within the acceptance angle and 

can therefore enter the fibre and propagate along the core. Pathway B, however, lies 

outside of the acceptance angle and light will be attenuated into the cladding material. 

The acceptance angle can be determined by Equation 2.16 (Avadhanulu, 1992; Bagad, 

2007; Raghuvanshi, 2011). 

𝜙𝑎 =  𝑠𝑖𝑛−1 (
√𝑛1

2−𝑛2
2

𝑛0
)………..Equation 2.16 

where 

a = acceptance angle, 

n1 = refractive index of the fibre core, 

n2 = refractive index of the fibre cladding, 

n0 = refractive index of the medium surrounding the fibre distal end.  

Figure 2.10 The acceptance angle upon launching light into an optical fibre  

(Senior, 2009). 
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The numerical aperture (N.A.), which can be calculated using Equation 2.17  

(Weik, 1989; Avadhanulu, 1992; Bagad, 2007; Senior, 2009), is a commonly used 

unit that describes the light-gathering capability of a system. A large value is 

indicative that an increased amount of light can be accepted by the fibre.  

 

𝑁. 𝐴. =  (
√𝑛1

2−𝑛2
2

𝑛0
)……….Equation 2.17 

 

The dimension of the core dictates how many modes can be transmitted through the 

fibre. A single-mode fibre core has a diameter of 5–10 m, through which only one 

mode of light can propagate. Multi-mode cores have diameters in the range of  

50–100 m and allow many modes to propagate (Avadhanulu, 1992; Chomycz, 2000). 

 

2.4.4  Total Internal Reflection 

 

Cladding in optical fibres causes light to be confined to the core of the fibre by total 

internal reflection. The critical angle is the smallest angle of incidence for which the 

light rays are totally reflected at the interface between the cladding and the core. 

The critical angle is calculated using Equation 2.18 (Senior, 2009; Lalauze, 2012; 

Weik, 2013). 

∅𝑐 =  𝑠𝑖𝑛−1 𝑛 𝑐

𝑛𝑓
……..….Equation 2.18  

where 

 ∅𝑐 = critical angle, 

𝑛𝑓 = refractive index of the fibre core, 

𝑛𝑐 = refractive index of the fibre cladding. 
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At angles greater than the critical angle, light is propagated in the core by total 

internal reflection. 

 

2.4.5 Reflections at Normal Incidence 

 

When light travels between two homogenous transmission media, with differing 

refractive indices, both reflection and refraction can occur (Fernando and Degamber, 

2006; Singh, 2015; Weik, 2013). Equations deduced by Fresnel (Equations 2.19 and 

2.20) can describe the behaviour of reflected light in the parallel and perpendicular 

directions (Spiller, 1994; Gillen et al., 2013; Sampath et al., 2015). 

 

𝑟𝑝 =  
𝑛𝑚𝑐𝑜𝑠𝜃1−𝑛𝑓𝑐𝑜𝑠𝜃2

𝑛𝑚𝑐𝑜𝑠𝜃1+𝑛𝑓𝑐𝑜𝑠𝜃2
 ……….Equation 2.19 

 

𝑟𝑛 =  
𝑛𝑓𝑐𝑜𝑠𝜃1−𝑛𝑚𝑐𝑜𝑠𝜃2

𝑛𝑓𝑐𝑜𝑠𝜃1+𝑛𝑚𝑐𝑜𝑠𝜃2
 ……….Equation 2.20 

 

where 

𝜃1 = angle of incidence, 

𝜃2 = angle of transmitted light, 

𝑛𝑚 = refractive index of resin, 

𝑛𝑓 = refractive index of the fibre core, 

𝑟𝑝 = parallel polarisation, 

𝑟𝑛 = perpendicular polarisation. 

 

If reflection occurs under normal incidence, θ1 = θ2 = 0, so the Fresnel equations can 

be expressed as Equation 2.21 (Crosby et al., 1996a; Sampath et al., 2015, Singh 
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2015; Goldstein, 2016). This equation has been used for the cure monitoring of 

epoxy resins wherein changes in ns are detected by an increasing Fresnel reflection 

(Crosby et al., 1996; Powell et al., 1998). 

 

𝑅 = (
𝑛𝑓−𝑛𝑠

𝑛𝑓+𝑛𝑠
)

2

……….Equation 2.21 

where 

nf = refractive index of fibre core, 

ns = refractive index of sample, 

R = Fresnel reflection at normal incidence. 

 

2.5 Process Monitoring Using Optical Fibre Sensors 

 

The most widely used conventional analytical methods discussed previously for 

monitoring cross-linking reactions include DSC, FTIRS and DMA. These methods 

are well established and provide valuable information on cross-linking in a laboratory 

environment. When processing a component, variations exist in the distribution of 

temperature due to the dimensions of the mould, the characteristics of the curing 

oven and the intensity of the exothermic reaction (Pandita et al., 2012; Nair et al., 

2015). Thus, different locations within a component will show varying properties for 

which conventional thermal analysis techniques cannot account (Lam and 

Afromowitz, 1995a).  

 

The small dimensions of optical fibre sensors allow for them to be embedded within 

a composite to provide in-situ data at multiple points. The sensors are immune to 

electromagnetic radiation and can be used in a microwave environment (Degamber 

and Fernando, 2004). The sensors are also chemically inert and relatively 
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inexpensive. A range of sensors are available to detect temperature, strain, 

refractive index and functional-group strengths (Degamber and Fernando, 2002; 

Nair et al., 2015). The current research will focus on optical refractive-index sensors 

based on Fresnel reflection and the integration of optical sensors within a differential 

scanning calorimeter. 

 

2.5.1  Refractive-Index Monitoring 

 

As an epoxy resin cross-links, the refractive index can increase by 2–3%; optical 

refractometers are capable of tracking this change to give qualitative information 

about the degree of curing (Afromowitz and Lam, 1990). These sensors are 

inexpensive due to their quick preparation and the low cost of the light source, 

because only a single wavelength of light is used (Crosby et al., 1996a; 

Machavaram et al., 2014). This section describes the principles of a conventional 

Abbe refractometer and the development of optical refractometers as methods for 

monitoring the curing of epoxy resins. 

 

2.5.2  The Abbe Refractometer 

 

The Abbe refractometer is a conventional method for measuring the refractive index 

of liquids and solids. The refractive index is the ratio of the velocity of light in a 

vacuum to the velocity of light in a specific medium (Keirl and Christie, 2007).  

A schematic illustration of the mode of operation of an Abbe refractometer is shown 

in Figure 2.11 (Boyes, 2002). The liquid sample is dispensed between two prisms of 

a known refractive index using a pipette; light is launched through prism A and the 

sample. The refractive index of the sample determines the critical angle up to which 



68 

 

light can refract. Incident light at, and above, the critical angle can then enter prism 

B (Simmons and Potter, 2000). The critical angle provides a sharp contrast between 

an illuminated area and a dark area, as observed under a microscope. Cross-hairs 

are aligned with this boundary to determine the angle of incidence required for total 

internal reflection. The refractive index can then be calculated using Equation 2.21 

(Boyes, 2002). The refractive index varies with wavelength, and hence, the 

wavelength of light must be specified when quoting the index of refraction; the 

sodiumD line at 589.3 nm is often used (Räty et al., 2013). The refractive index also 

varies with temperature, and therefore, the temperature must also be stated. One 

technique to control the temperature of the refractometer is to circulate water at a 

specified temperature around the prisms (Harris and Fernando, 2009; Kenkel, 

2010). Modern Abbe refractometers can reach an accuracy of ±0.0001 (Stanley, 

2017). 

 

Figure 2.11 Schematic illustration of the operating principles of an Abbe 

refractometer (Boyes, 2002). 
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2.5.3 Monitoring Cross-Linking Using the Abbe Refractometer 

 

The Abbe refractometer can have limited practicality when assessing the refractive 

index during the cross-linking of epoxy resins because the cross-linking material can 

bond to the prism. Additionally, the temperature is often controlled by a water bath, 

which limits the range and stability. Despite these restrictions, modifications can be 

made to the refractometer. 

 

Crosby et al. (1996) cross-linked an epoxy resin within an Abbe refractometer and 

used a laser diode operating at 1310 nm to illuminate a fibre optic Fresnel reflection 

sensor. The refractometer temperature was set to 50 °C and the refractive index 

was measured every 2 minutes. The refractive index showed an initial decrease, 

upon heating, before increasing by 0.04 over the curing period. A release agent was 

used on the surface of the prism to allow for the removal of the resin upon cross-

linking. Further experiments (Crosby et al., 1996b) showed that the temperature 

increased as the rate of the refractive index increased, in addition to the overall 

change in refractive index. 

 

Harris and Fernando (2009), modified an Abbe refractometer to enable the cross-

linking of an epoxy resin, without bonding to the surface of the prism. A custom-built 

cell was made with the same refractive index as that of the glass prism (n = 1.76). 

The cell consisted of top and bottom glass slides placed on the two prisms. A 

contact liquid was placed between the bottom prism and the glass slide to ensure 

good optical transmission. The release agent was then used on the glass slides 

before cross-linking. Similar to the work undertaken by Crosby et al. (1996b), an 

initial decrease in the refractive index was observed, upon heating to the desired 
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isothermal temperature, before a gradual increase over the curing period. In this 

work, the results showed close correlation to the optical refractive-index data and 

FTIRS data.  

 

Philipp et al. (2008) investigated the impact of the mixing sequence of an epoxy 

resin, amine hardener and alumina nanoparticles. They modified a refractometer 

sample chamber and observed an increase in the refractive index as cross-linking 

progressed. They found that the order in which the nanoparticles were introduced 

into their resin system had little effect on the curing behaviour but did have an 

impact on the initial and final refractive-indices. Introducing nanoparticles into the 

resin, before mixing with the hardener, produced a system with an increased 

refractive index over that in which the nanoparticles were introduced into the 

hardener before mixing with the resin. The authors suggested that interactions 

between the particles and constituents allowed for improved dispersion. This 

demonstrated the significant impact of the mixing sequence on the optical properties 

of a resin system. 

 

The evolution of the refractive index during curing, as measured using a 

conventional Abbe refractometer, has shown close correlation to the degree of 

curing obtained from spectral data. Thus, refractive-index monitoring allows for 

qualitative information to be obtained during the cross-linking of epoxy resins. 

Refractive-index monitoring can detect additional effects, when considering nano-

composites, that conventional detection methods have not revealed. The 

development of refractometers based on fibre optics is discussed in the next 

sections. The two most prominent designs for an optical refractometer involve an 

optical fibre section, in which the cladding has been removed, and the use of a 

cleaved optical fibre. 
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2.5.4  Stripped Optical Fibre Refractometer 

 

Afromowitz (1988) designed a refractometer that consisted of a light source and a 

detector with light travelling through a fibre-optic cable. The optical fibre contained a 

region of a small diameter polymer fibre, which was made from a cured sample of 

epoxy resin, as shown in Figure 2.12. This region was surrounded by an uncured 

sample of the same epoxy resin. The intensity of light travelling through the fibre 

was recorded. At the start of the cross-linking reactions, the sample had a lower 

refractive index than that of the fibre; this allowed for total internal reflection of the 

light to occur. As the epoxy became cross-linked, the refractive index increased, 

until it reached the same value as that of the section of the epoxy resin based 

optical fibre. From this point onwards, the propagation of light through total internal 

reflection was not possible. The epoxy took only 5 minutes to cross-link and a 

decrease in the light output occurred throughout curing. 

 

 

Figure 2.12 Schematic illustration of an optical fibre core with a section of 

cured resin. Figure adapted from Vodicka (1997). 

 

Afromowitz and Lam (1990), followed up this investigation by using the same optical 

fibre refractometer on an aerospace resin, which took over 400 minutes to cross-
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link. They compared the evolution of the refractive index to the degree of curing 

obtained from DSC; a close correlation between the two results was observed 

(Afromowitz and Lam, 1990). The authors continued their investigation in 1995 and 

observed that, before the gelling point during curing, a linear relationship existed 

between the degree of cross-linking and the refractive index. They illustrated the 

capability of the sensor to work in non-stoichiometric epoxy systems over a longer 

curing period than had previously been illustrated (Lam and Afromowitz 1995b). 

 

Crosby et al. (1996b) used a polymer-clad optical fibre sensor, in which a section of 

the cladding was removed using sulfuric acid. The exposed core was then immersed 

in an epoxy/amine resin. The sensing region had a diameter of 60 mm, which was 

smaller than the 1 mm diameter sensing region used by Afromowitz (1988) and 

Afromowitz and Lam (1990). For total internal reflection to occur, the refractive index 

of the core must be higher than that of the surrounding medium. Therefore, a fibre 

containing a high refractive index (1.7) was used. The sensor showed a decrease in 

signal strength, and hence, an increase in refractive index, with cross-linking time. 

The rate of the reaction increased with an increase in curing temperature from  

25 to 50 °C. These results showed a good correlation with those obtained from a 

single-ended refractometer, an optical evanescent wave sensor and conventional 

FTIRS data. 

 

Liu et al. (1997) used a similar sensor configuration to that of Crosby et al. (1996b), 

but used a different fibre with a core refractive index of 1.62. The diameter of the fibre 

in this case was 100 m. The sensor was inserted into prepregs containing a 

thermosetting resin, as shown in Figure 2.13. Curing of the samples was then 

completed using a hot-press and an autoclave at elevated temperature and pressure. 
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Each experiment showed an initial decrease in attenuation due to the drop in 

refractive index associated with an increase in temperature. Subsequently, an 

increase in attenuation was observed as the refractive index of the resin increased 

due to cross-linking. Here the results reflected those reported previously, whilst 

demonstrating the performance of the sensor in a manufacturing environment to 

obtain in-situ information. 

 

Figure 2.13 Schematic illustration of the fibre-optic sensor (FOS) entering and 

exiting a prepreg (Liu et al., 1997). 

 

Powell et al. (1998) used an optical fibre containing a high-refractive-index core; in 

this design, a 20 mm section of the cladding was removed. The curing of an 

epoxy/amine resin was observed isothermally between 30 and 60 °C using a 

refractive-index sensor, in addition to an evanescent wave sensor and an optical 

fibre transmission spectroscopy sensor. An excellent correlation was observed 

between the refractive-index and transmission spectroscopy sensors. The authors 

noted the advantages and disadvantages of each sensor system. They observed 

that, whilst a high-refractive-index core was required for the sensor, it had 
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advantages over other optical sensors due to its ease of preparation, small sensing 

region, inexpensive light source and excellent signal-to-noise ratio. 

 

The optical refractive-index sensors mentioned here consisted of optical fibres 

containing a sensing area of either a pre-cured polymer or stripped regions of fibre 

to expose the core. This approach has enabled a method of introducing on-line 

process monitoring during cross-linking. In the following sections, subsequent 

studies have shown a shift towards using a single-ended Fresnel reflection sensor 

(FRS), which requires less preparation.  

 

2.5.5  Optical Fibre Based Fresnel Reflection Sensor 

 

The single-ended FRS requires little preparation, in comparison to the stripped-

cladding fibre sensor, which requires chemical etching. A FRS is prepared by 

stripping the buffer (or jacket) using a pair of mechanical strippers to expose the 

cladding. The fibre is cleaved using a conventional optical fibre cleaver to obtain a 

(90±0.5)° cleaved optical fibre-end (Crosby et al., 1996; Powell et al., 1998; 

Machavaram et al., 2014). At normal incidence, the reflected light intensity is 

described by Equation 2.21. In this scenario, a larger difference in the refractive 

index between nf (fibre core) and ns (sample surrounding cleaved fibre) results in a 

larger reflected Fresnel signal as shown in Figure 2.14. 
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Figure 2.14 Schematic illustration showing reflection at normal incidence. 

 

2.5.5.1 Sensing System Instrumentation 

 

Crosby et al. (1996b) first demonstrated a single-ended FRS system using a  

y-coupler. The branched ends were attached to a 1310 nm laser diode and a 

photodiode detector, while the other end was connected to the FRS. Upon 

immersion in an epoxy resin, during cross-linking, the resin exhibited significant 

fluctuations. The low sensitivity was believed to be due to the similarity of the 

refractive index of the fibre core and the resin system. Higher sensitivity can be 

achieved if a greater mismatch is present. Similar sensing systems, using a  

y-coupler with a light source and photodiode detector, have been used by Cusano et 

al. (2003), Antonucci et al. (2006) and Aduriz et al. (2007). 

 

A 2x2 single-mode fibre coupler with a 50:50 split ratio was used by Kuang-An et al. 

(2002) to connect a laser diode and a detector to an FRS and a fibre spool. The 

laser operating at 1300 nm was coupled to the FRS and fibre spool, which were of 

different lengths. The returning pulses, due to Fresnel reflections, were then 
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temporarily separated by approximately 40 µs. Any light-source fluctuations could 

then be normalised by the signal from the spool. An accuracy of 2x10-5 refractive-

index units was then demonstrated by observing NaCl concentrations in water. In a 

later publication, the authors used the same sensing system to demonstrate that the 

measurement resolution applied when using methanol, acetone, isopropanol and a 

Cargille-index liquid (Chang-Bong & Chin, 2004). 

 

Zhang et al. (2012) also used a 2x2 coupler to connect a photodiode detector and a 

diode laser, operating at 1550 nm to an FRS and a second detector. This enabled 

the input and output powers to be detected, which allowed normalisation of any 

power fluctuations. The system was used to demonstrate the cross-linking of an 

epoxy resin.  

 

Robert and Dusserre (2014) designed a simpler system without a secondary sensor 

for normalisation. A high-stability laser source operating at 1550 nm was connected 

to an optical circulator. The circulator was also connected to the FRS and a high-

resolution power meter. The circulator allowed the input light to be separated from 

the Fresnel-reflected light and was then measured using the power meter. The 

sensing system was shown to track the refractive index during cross-linking of an 

epoxy resin under non-isothermal and isothermal conditions. Each of the FRS 

systems discussed herein consisted of a light source and a detector, although laser 

stability could affect the quality of the signal. Normalisation procedures have been 

demonstrated using a second detector and sensor head for increased stability. 

Recent research has demonstrated that lasers with improved stability produced a 

more stable signal without the need for reference sensors. Modifications that allow 

multiplexing of the FRS are discussed in Section 2.5.5.6. 
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2.5.5.2 Capability of the Fresnel Reflection Sensor to Detect 

Refractive Index 

 

The previously mentioned work of Crosby et al. (1996b) used a single-ended FRS, 

in addition to a stripped fibre sensor to investigate the cross-linking of an epoxy 

resin. The response of the sensor over a range of refractive indices was 

investigated. Theoretical predictions of the magnitude of the reflected light (R) were 

made using Equation 2.21 by assuming that the refractive index of the fibre, nf, was 

1.458. The experimental response of the fibre was obtained using various standard 

refractive-index oils with a light source at 1550 nm and 25 °C. A parabolic 

relationship centring on 1.458 (Figure 2.15) was obtained in both cases, and an 

excellent correlation between the two data sets were observed. The same 

investigation was carried out by Hewa-Gamage and Chu (2002), who also observed 

an excellent correlation. 

 

Figure 2.15 Plot of theoretical and experimental Fresnel reflections as a function of 

refractive index (Crosby et al., 1996b). 
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Harris and Fernando (2009) incorporated two single-ended FRSs into a custom-

modified Abbe refractometer; one was a single-mode fibre and the other was a 

multimode fibre. The refractive index of an epoxy resin was recorded using both 

sensors, in addition to the Abbe refractometer. An excellent correlation between the 

three refractometers was observed throughout the cross-linking reactions. An initial 

drop in the refractive index was observed upon reaching the desired isothermal 

temperature, before there was an increase over the cross-linking period. The 

authors observed that the single-mode fibre sensor had improved reproducibility and 

stability. 

 

2.5.5.3 Tracking Isothermal Cross-Linking 

 

Giordano et al. (2000) used a single-mode, single-ended sensor with an epoxy resin 

system to measure the Fresnel reflection increase over a two-hour curing period at 

temperatures between 40 and 60 °C. The sensor consisted of a laser diode, 

operating at 1310 nm, connected to a y-coupler, the single end of which was 

immersed in the epoxy. The third connection was to a photodiode amplifier, a lock-in 

amplifier and a data acquisition system. The cross-linking temperature was 

controlled by a Peltier heater with a sample temperature accuracy of 0.1%, although 

no thermocouple data were provided. Comparisons of the sensor output were made 

with the degree of curing, as obtained independently through DSC. The DSC results 

showed higher conversion during the early stages of curing, but this discrepancy 

decreased as cross-linking commenced. Overall, a good correlation was observed 

and the sensor demonstrated the ability to track isothermal cross-linking. 
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Cusano et al. (2001) extended the work of Giordano et al. (2000) by proposing a 

relationship between the refractive index and the degree of curing, using the 

Lorentz–Lorenz equation, which linked the molecular weight, refractive index, 

density and polarisability of a material (Equation 2.22). 

 

𝑛2−1

𝑛2+1
=  

𝑁

3𝑀𝜀
𝜌𝛽……….Equation 2.22 

where 

n = refractive index, 

N = Avogadro’s number, 

M = molecular weight, 

 = permittivity of free space, 

 = density, 

 = polarisability. 

 

Experimental data from de Boer et al. (1992) indicated that there was a negligible 

change to polarisability during curing, and thus, it was assumed to be constant. 

Using the simplified version of Equation 2.22, the authors assumed a linear 

relationship between the refractive index and density during cross-linking.  

Equation 2.23 was used for predicting the degree of curing. 

 

𝛼1 =  
𝑛𝑝(𝑡)− 𝑛𝑝(𝑡0)

𝑛𝑝(𝑡∞)−𝑛𝑝(𝑡0)
……….Equation 2.23 

where 

n (t) = refractive index of the epoxy at time t, 

n (t0) = initial refractive index of the epoxy, 

n (t∞) = final refractive index of the epoxy. 
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Equation 2.23 showed a good correlation with degree of curing data obtained from 

DSC results. Discrepancies were observed during the early stages of cross-linking 

and appeared to increase at lower cross-linking temperatures.  

 

Cusano et al. (2001) assumed that the degree of curing had a linear relationship 

with the refractive index. To make this assumption, the authors used Equation 2.23 

and assumed that density reductions were proportional to the degree of curing. 

Aduriz et al. (2007) sought to validate this assumption by investigating 

simultaneously, the evolution of the refractive index, the specific volume and the 

degree of curing of an epoxy resin during resin transfer moulding. The refractive 

index was tracked using FRSs operating at 1550 nm; the degree of cure was 

obtained from heat-flux sensors and shrinkage was measured by a displacement 

sensor. The authors observed a linear relationship between the degree of curing 

and shrinkage (and hence, density); thus verifying the assumptions made by 

Cusano et al. (2001). The authors also compared the refractive index as a function 

of the degree of curing and observed a linear relationship. This work demonstrated 

the linearity of the refractive index increase with the evolution of degree of curing 

and the capability of the sensor to operate in an industrial environment. 

 

2.5.5.4 Non-Isothermal Heating Regimes Using Fresnel Reflection 

Sensor 

 

Much of the work associated with monitoring curing through the refractive index, 

using optical techniques, has been completed using isothermal heating regimes. 

Under non-isothermal conditions, because of changes in temperature, the refractive 

index changes in the fibre core, cladding and sample. This is in addition to the 



81 

 

increase in optical density associated with cross-linking. Quantifying the impact of 

each of these variables upon the overall Fresnel reflection to determine cross-linking 

kinetics has not yet been completed (Schubel et al., 2013). 

 

During dynamic heating regimes, a change in the thermo-optic coefficient of a cross-

linked resin has been reported by several authors (Giordano et al., 2000; 

Machavaram et al., 2014; Robert and Dusserre 2014). Figure 2.16 displays the 

Fresnel reflection signal of an epoxy resin during heat-up, isothermal cross-linking at 

140 °C and subsequent cooling. A change in the gradient of the signal upon cooling 

is expected due to the resin passing through the glass transition region. Previous 

research has suggested that Tg can be determined by the intersection of horizontal 

lines constructed on either side of the region, as shown in Figure 2.16  

(Giordano et al., 2000; Machavaram et al., 2014; Robert and Dusserre, 2014). 

 

Figure 2.16 Fresnel reflection signal as a function of temperature during the cross-

linking of an epoxy resin (Robert and Dusserre, 2014). 
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2.5.5.5 Effect of Power Fluctuations from the Light Source 

 

Chang-Bong and Chin (2004) used a sensing system with a 2x2 coupler. Light was 

coupled into the coupler and split 50/50 between a short fibre with a FRS and a 

longer spool of fibre, left in air, which acted as a reference. Reflected light then 

returned to the coupler, where signals from the sensor and reference fibre were then 

decoupled and detected. The combination of different fibre lengths and the pulsed 

laser system allowed for this decoupling. Any variation in the laser power was used 

to normalise the Fresnel reflection. This arrangement does, however, require an 

expensive pulsed laser system and a 200 m long reference fibre. Multiplexing the 

system also becomes complex using this assembly. 

 

Using a similar normalisation technique, Buggy et al. (2007) used a coupler to split 

light from a laser source into a sensing arm and a reference arm. Each arm had a 

secondary coupler to incorporate a sensor and a photodiode detector. The sensing 

arm was immersed in an epoxy resin, whilst the reference arm, left in air, measured 

fluctuations in the power supply. The signal from the reference arm was used to 

normalise the sensing arm. The sensor was then used to track the cross-linking of 

an epoxy resin over a period of 3 hours under UV light.  

 

Xu et al. (2013) demonstrated a Fresnel refractometer that could reach resolutions 

of 8.4x10-6 when using analytical grades of water, ethanol and benzene. The system 

contained only one photodiode detector, with an optical switch, leading to a 

reference arm in air and sample sensor, both made from a single-mode fibre. The 

optical switch allowed for the photodetector to switch between the two sensors every 

10 milliseconds; this accounted for any variations in intensities of the light source. 
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The sensor displayed good resolution and the use of an optical switch allowed for 

multiplexing of the system. The sensor system was limited by the assumption that 

the thermal environment of the reference sensor was identical to that of the sample 

sensor. 

 

2.5.5.6 Multiplexing Fresnel Reflection Sensors 

 

Using multiple FRSs can allow mapping of the extent of cross-linking in a composite 

structure. This can produce real-time, in-situ, detailed information on the state of 

curing at various locations in the preform. Liu et al. (1997) used multiple single-

ended FRSs within a heated sample container. A pulsed laser, operating at 904 nm, 

was used, along with optical fibres of specified lengths. This allowed for the 

separation of the signal from each sensor, by measuring the time taken for light to 

reach the detector. Three sensors were immersed in neat resin (no hardener) and 

three within the mixed epoxy resin. A good correlation was observed between the 

sensors during heating; small mismatches in data were present and this was 

attributed to the thermal gradient in the heating bath. The magnitude of the reflected 

Fresnel signal decreased for the sensors immersed in the curing epoxy resins, 

during initial heating, as a result of a decrease in the refractive index caused by an 

increase in temperature. The effect of curing then dominated the signal because an 

increase in the reflected light intensity was observed due to cross-linking. Isothermal 

curing was also investigated and an increase in the optical signal, over time, 

correlated closely with the degree of curing determined independently from DSC 

data.  
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Chen et al. (2011) proposed a sensing system that used a broadband light source, 

in combination with an arrayed waveguide gratings, which split the light source into 

a specified number beams with specified wavelengths. Each beam was then 

connected to a sensing system containing an FRS and a photodiode detector. The 

ends of the sensors were immersed within an epoxy resin surrounded by a heated 

cell; the response of the sensors was shown to change with temperature.  

 

Machavaram et al. (2014) deployed multiple single-ended FRSs using SMF-28 fibres 

with a 1550 nm light source. Multiplexing was achieved using an automatic optical 

channel selector. The optical channel selector allowed for the light to be directed and 

reflected from each sensor sequentially, whilst using a single photodetector. Six 

sensors were placed in separate vials containing epoxy resin, in addition to a sensor in 

neat resin. The samples were placed in an oven at room temperature, heated to 70 °C 

and cured for 7 hours. The Fresnel signals of each sample initially dropped upon 

heating to the isothermal temperature due to a reduction in density. Subsequently, an 

increase in Fresnel reflection was observed as cross-linking progressed. The curing 

kinetics was tracked at six separate locations simultaneously. 

 

2.5.5.7 Deployment of the Fresnel Reflection Sensor with Resin 

Containing Particulates 

 

Previous studies have investigated the evolution of the refractive index during curing 

using single-ended FRSs with epoxy resins (Crosby et al., 1996a; Powell et al., 

1998; Machavaram et al., 2014). Although little has been reported on resins 

containing fillers, Dimopoulos et al. (2009) investigated the curing behaviour of two 

different epoxy resins; one of which displayed phase separation. The curing 
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behaviour of each resin was investigated through DSC and refractive-index 

monitoring using an FRS. Close correlation between the data were observed in each 

resin. The phase-separating resin showed small fluctuations in its Fresnel signal 

during the early stages of cross-linking, as shown in Figure 2.17. These fluctuations 

were not seen for the resin that did not exhibit phase separation. 

 

 

Figure 2.17 Comparison of the refractive index and degree of curing during 

isothermal cross-linking for phase-separating epoxy at 180 °C  

(Dimopoulos et al., 2009). 

 

Up to 1 wt% CNTs were introduced into the resins to observe the impact of particulates 

on curing. The particulates introduced fluctuations during the early stages of curing for 

the non-phase-separating resin. The existing fluctuations were exacerbated in the 

phase-separating resin system at early curing times. These fluctuations dissipated 

soon after gelation for both Fresnel signals and a good correlation was observed 

between DSC and refractive-index data. The authors suggested that localised 
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movement around the 8 m fibre core led to the fluctuations. Dimopoulos et al. (2009) 

stated that possible movements in this region occurred for the following reasons: 

(i) The presence and movement of small air bubbles that were not removed 

during degassing of the viscous mixtures. 

(ii) Cure-induced phase separation that led to the creation and movement of 

thermoset-rich regions. 

(iii) The movement of CNT clusters. 

 

The results demonstrated the feasibility of using FRSs to track the curing of resins 

containing nanoparticles. Research indicated that the sensor was sensitive to phase 

separation and the presence of particulates, although further work would be required to 

confirm this sensitivity. The point at which noise was removed from the Fresnel reading 

could also be utilised to estimate the gelation time. 

 

2.5.5.8 Summary 

 

The capability of FRSs to monitor isothermal cross-linking of epoxy resins in an 

industrial environment has been demonstrated, due to the linear relationship 

between refractive index and the degree of curing. Issues of power fluctuations have 

been resolved and multiplexing demonstrated. Identification of the glass appears to 

be possible but has not been quantified conclusively.  

 

2.5.6  Fibre-Optic Fourier Transform Infrared Spectroscopy 

 

Conventional spectroscopic techniques are undertaken in a laboratory, where the 

thermal environment will differ from that during manufacturing. Various sensor 
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configurations exist to obtain in-situ quantitative information of functional groups at 

desired positions.  

 

2.5.6.1 Optical Fibre Based Transmission Spectroscopy 

 

Doyle et al. (1998b) demonstrated a fibre-optic transmission sensor using two  

50/125 µm fibres. One fibre delivered light from a quartz-halogen source, whilst the 

other collected light and guided it towards a photodiode detector. The fibres were 

cleaved and aligned with a gap of 1.25 mm. An epoxy resin system was inserted 

within the cavity. The resin was cross-linked at 42 °C, with spectral data collected in 

the range of 6900–6000 cm-1. Depletion of the epoxy band at 6060 cm-1 was 

observed throughout cross-linking.  

 

Powell et al. (1998) extended this research using a larger 200/240 µm fibre and 

reduced the path length to 0.5 mm. A monochromatic source and detector were 

attached to the non-sensing ends of the fibres. Light was collected from 4450 to 

4800 cm-1. The degree of curing was determined using the epoxy band at 4530 cm-1 

and showed a good correlation to conventional FTIRS results at 40, 50 and 60 °C, 

although discrepancies were observed at 30 °C. Research demonstrated the 

performance of the sensor alongside conventional spectroscopy results for the 

epoxy band at 4530 cm-1, which, as discussed in Section 2.3.2.2, is a strong and 

isolated absorption band. 
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2.5.6.2  Evanescent Wave Spectroscopy 

 

During total internal reflection within an optical fibre, light is not instantaneously 

reflected at the interface. A standing electromagnetic wave is formed, which decays 

exponentially with penetration depth (dp), as shown in Figure 2.18. Evanescent 

wave spectroscopy operates on a section of the fibre where the core is exposed to 

the resin. The resin acts as an absorbing fluid, which causes power to be lost from 

the fibre core with each reflection at the interface. The light emanating from this 

sensing region reveals absorption characteristics of the surrounding medium 

surrounding (Gupta and Gupta, 2006). The sensor is a single-use device. 

 

Figure 2.18 Evanescent wave phenomena at the core–cladding interface.  

nf = refractive index of fibe core, ns = refractive index of sample  

(Gupta and Gupta, 2006). 
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2.5.6.3  Reflection/Transmission Spectroscopy 

 

Multiple low-OH optical fibres can be bundled together to form a probe that can 

transmit and receive infrared light. Light is launched towards a sample contained in a 

vessel with a reflective surface. The light transmits through the sample before reflecting 

off the surface, and the reflected light can be directed to a detector. This interaction has 

been termed trans-reflection and is depicted in Figure 2.19. The sensor is attractive 

because it is non-contact and reusable (Fernando and Degamber, 2006). 

 

Figure 2.19 Trans-reflection interaction of light with resin  

(Fernando and Degamber, 2006). 

 

Yu and Sung (1995) used trans-reflection spectroscopy to monitor the curing kinetics 

of epoxy resin for a sample cross-linked within a metal heating element. Reflected 

light was collected by a fibre-optic probe and directed to a spectrometer. The epoxy 

group concentration was recorded during cross-linking at 160, 200 and 250 °C. This 

work demonstrated a new technique of using fibre optics for a non-contact, cost-

effective testing method that required little sample preparation.  
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2.5.7  Hyphenated Optical Fibre Based Differential Scanning 

Calorimetry and Fourier Transform Infrared Spectroscopy 

 

The non-contact nature of trans-reflection spectroscopy has enabled the technique 

to be introduced into a differential scanning calorimeter sample chamber to combine 

the two curing characterisation techniques. This combination has attracted interest 

because the technique ensures identical thermal and chemical environments for 

both data sets to allow direct correlation between thermal and spectral events. 

Simultaneous DSC/FTIRS techniques have been demonstrated, although their 

application is limited by a combination of complex light-transmission methods, using 

non-conventional DSC pans and lengthy sample preparation procedures (de Bakker 

et al., 1993; George et al., 1996). This section investigates the introduction of optical 

fibres into the differential scanning calorimeter for simultaneous data acquisition with 

FTIRS. 

 

Frushour and Sabatelli (1988) first reported the introduction of a fibre-optic probe 

into a differential scanning calorimeter. They accommodated the probes into the 

calorimeter by drilling holes above the sample and reference compartments. Their 

probe consisted of an array of randomly distributed fibres that were split equally into 

sample and reference probes housed in brass cylinders. Within each probe, half of 

the fibres were for illumination and they were attached to an infrared light source 

operating at 880 nm; the other half were used for acquiring the reflected light and 

connected to a photodiode detector. During the experiments, only the sample side 

was illuminated; the presence of the reference probe was to balance the thermal 

environment in both chambers. Light was launched towards the sample 

compartment, transmitted through the samples, reflected off the aluminium sample 
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pans and back towards the probe, where it was detected. The optical signal 

obtained is simply an intensity that changes with transparency of the sample. The 

authors demonstrated the ability of the sensing technique to track thermal and 

optical properties during melting, crystallisation and the glass transition temperature 

of common thermoplastics. Despite modification to the differential scanning 

calorimeter, calibration did not impact on the accuracy of resolution of DSC 

significantly. 

 

The pioneering work of Frushour and Sabatelli (1988) has subsequently enabled 

multiple parameters to be acquired simultaneously and exploited excellent 

temperature control supplied by DSC. Modifications of DSC have been 

accomplished using microscopic lenses (Haines and Skinner, 1982) and 

conventional FTIRS (Mirabella, 1986; de Bakker et al., 1993), but the methods 

require elaborate optical alignment and glass pans, which exhibit poor thermal 

conductivity. 

 

Dumitrescu (2003) used the reflection/transmission spectroscopy design of Yu and 

Sung (1995) to introduce fibre-optic probes into a differential scanning calorimeter. A 

bifurcated fibre-optic bundle was used that consisted of 98 optical fibres. The fibres 

were split evenly between the light source and detector arms, where they were 

distributed randomly. The two arms terminated in sub-miniature adaptor A (SMA) 

connectors, whilst the sensing region was housed in steel tubing. An epoxy resin 

was used to secure the fibre in place at each end. The probe was polished to obtain 

maximum light transmission and collection. The top lid of the differential scanning 

calorimeter was drilled into to accommodate the probes. To maintain thermal 

stability within the differential scanning calorimeter, conventional platinum lids were 

replaced with custom-made, optically transparent glass lids. The customised DSC 
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was re-calibrated; the onset of melting and heating of indium were compared closely 

to conventional DSC results. 

 

Cross-linking of an epoxy resin (LY3505/XB3403) was completed at 60, 70, 80 and 

85 °C. The degree of curing results obtained from conventional DSC and FTIRS 

correlated closely to those obtained using the simultaneous acquisition technique. 

Some common trends were observed. DSC showed an advanced degree of curing 

up until approximately 80% conversion. After this point, the degree of curing 

obtained through FTIRS advanced further until the end of curing. This could be 

accounted for by small amounts of exothermic cross-linking below the minimum 

sensitivity of the differential scanning calorimeter. 

 

The work demonstrated a thorough investigation, in which the calibration of the 

differential scanning calorimeter was considered and results closely compared with 

those of conventional data obtained in both isothermal and non-isothermal modes. 

Whilst a dummy probe was present in the reference compartment of the differential 

scanning calorimeter, it was not illuminated and did not impact on the thermal 

equilibrium required during DSC. The steel housing containing the probes reduced 

the insulation of the system due to the high thermal conductivity of the material. 

 

Degamber et al. (2004b) demonstrated a probe design to obtain simultaneous 

DSC/FTIRS/TMA data. The probe was a bifurcated fibre bundle made using  

172 low-OH fibres, split evenly between the arms. Two arms were connected to an 

FTIR light source and detector through SMA connectors. The opposite two arms 

were housed in steel tubes bonded together by epoxy resin and polished to allow for 

maximum light transmission and collection. As illustrated in Figure 2.20, the central 

diameter of the probe contained 10 single-mode fibres operating at 1550 nm, which 
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were housed in a 3 mm outer-diameter tube that served as the TMA sensor. The 

end of the TMA probe was also polished. 

 

Figure 2.20 Probe design for simultaneous DSC/FTIRS/TMA data acquisition 

(Degamber and Fernando, 2006). 

 

The probe was used to characterise a polypropylene film by providing thermal, 

spectral and dilatometric data as the polymer was heated through its melting 

transition. An increase in sample volume was observed with increasing temperature, 

until the onset of melting. The onset of melt correlated with conventional thermo-

mechanical analysis results. 

 

With thermosetting resins, the technique has the potential to determine curing 

shrinkage alongside thermal and spectral information. Illumination of the reference 

probe produced a light intensity equal to that of the sample probe; a feature that was 

absent from previous work. The ends of the probe were encased in low-conductive 

glass capillaries to minimise the impact of the environment on the thermal stability. 

 

Pandita et al. (2012) developed a probe that consisted of 150 low-OH optical fibres, 

which were split evenly between the sample and reference probe ends. The probes 
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were held over samples in a conventional aluminium pan; the platinum lids of the 

differential scanning calorimeter were removed for optical access. The curing of an 

epoxy resin was conducted over a ten-hour period at 50 and 70 °C, and curing data 

was compared for simultaneous measurements and those of conventional 

measurements; an excellent correlation was observed. Small discrepancies were 

observed in comparison with the results obtained through conventional techniques; 

these were attributed to differing thermal environments and sample sizes. 

 

This study expanded on work reported by Dumitrescu (2003) by inserting equal 

power into the sample and reference compartments. An excellent correlation 

between the thermal and spectral degree of cross-linking was observed. The fibres 

were again encased in glass capillaries to reduce the impact on the thermal 

environment of the sample. Removal of the platinum lids would have a detrimental 

effect on insulation within the sample and reference compartments; this could limit 

the operating temperatures to avoid extreme thermal gradients. 

 

2.6 Conclusion 

 

Analytical approaches to track the cross-linking of epoxy resin systems reported in 

the literature were reviewed. The use of conventional DSC, FTIRS and rheology 

techniques were discussed. The impact of graphene on the outcome of these 

techniques was then discussed before optical fibre-based sensors were reviewed. 

 

Cross-linking analysis of epoxy resins using DSC and FTIRS has been reported 

widely, and models have been developed to predict the cross-linking kinetics, 

although discrepancies were frequently seen in the data. Sources of error emanate 
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from differing thermal environments, sample sizes, temperature-control systems and 

conversion calculations.  

 

Strengthening effects upon the introduction of pristine graphene particulates within 

an epoxy system have been limited by the tendency of graphene to agglomerate, in 

addition to weak interactions with the resin system. Appropriate functionalisation of 

graphene, however, has circumvented these issues to allow for improvements in 

resin strength, toughness and shorter cross-linking times. 

 

A range of optical fibre sensors have been developed that can be used to obtain 

qualitative and quantitative data during cross-linking. This thesis has focused upon 

the deployment of a refractive-index sensor, known as the FRS and spectral sensors. 

 

It has been shown that the increase in the refractive index during cross-linking of an 

epoxy resin is proportional to the degree of conversion. The feasibility of using the 

FRS to obtain qualitative information has been demonstrated by comparison with 

FTIRS and DSC data. Multiplexing the FRS system has been demonstrated 

successfully; thus, making it an attractive prospect for on-line process monitoring at 

multiple points. The FRS has also been reported to be capable of identifying the 

glass transition due to a change in the thermo-optic coefficient.  

 

Spectral-based optical sensors also provide an attractive option for on-line process 

monitoring. Transmission/reflection and transmission sensors have demonstrated 

correlation with results obtained through conventional analytical techniques. Interest 

in developing hyphenated techniques, wherein optical fibres are incorporated into a 

differential scanning calorimeter, have also proved to be powerful analytical 

techniques with which direct correlation of data sets can be undertaken.  
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3.  MATERIALS AND EXPERIMENTAL METHODS 

 

3.1  Introduction 

 

The materials, equipment and development of hyphenated analytical techniques are 

discussed in this chapter. Experimental details concerning the use of specified 

equipment are also described.  

 

3.2  Materials  

 

This research focused primarily on the use of an epoxy/amine resin. The epoxy 

resin and hardener were coded as LY3505 and XB3403, respectively. The resin was 

also blended with GNPs by the Gwent Group, using high-speed shear mixing. An 

aerospace-grade epoxy resin system was prepared in collaboration with 

Cytec/Solvay; this system was formulated to undergo phase separation during 

cross-linking. 

 

3.2.1  LY3505/XB3403 

 

An epoxy resin, LY3505, and hardener, XB3403, were used throughout the course of 

the current project. The resin was a mixture of DGEBA and DGEBF. The hardener, 

XB3403, was polyoxypropylene diamine. Table 3.1 displays the chemical structures 

of the resin and hardener used in this current study.  
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Table 3.1 Chemical structure of LY3505 (resin) and XB3403 (hardener). 

 

 

The resins and hardener were mixed in the recommended stoichiometric ratio of 

100:35 (parts by weight), respectively. Approximately 5 g of resin was mixed with 

1.75 g of hardener for each experiment. A five-digit analytical balance (Analytical 

Plus, Ohaus, UK) was used to measure the individual components into aluminium 

dishes before mixing. Manual mixing was undertaken using a wooden spatula for 5 

minutes and the sample was visually inspected to ensure homogeneity. The mixed 

system was placed into a vacuum chamber for 20 minutes to allow degassing. The 

resin system was used immediately after the degassing phase. A fresh batch of the 

resin system was used for each experiment.  

 

3.2.2 LY3505/XB3403 Containing Graphene Nano-particles 

 

High-shear mixing was used by Gwent Group (UK) to blend GNPs into the LY3505 

resin. Concentrations of 0.01, 0.1, 0.5, 1, 2 wt% GNP resins were prepared. The 

resin was mixed with hardener (XB3403), as described in Section 3.2.1. 

  

Name Structure

LY3505 - Bishenol A

LY3505 - Bisphenol F

XB3403
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3.2.3  Cytec/Solvay Resins 

 

A set of aerospace resin formulations were prepared at the Cytec/Solvay research 

laboratory in Wilton, UK. The materials consisted of epoxy resins, a hardener and a 

thermoplastic. The compositions of the materials are proprietary, and hence, they 

are not disclosed. Six formulations were prepared with increasing quantities of 

thermoplastic, ranging from 0 to 30 wt% in 10 wt% increments. The formulations 

were heated using an oil bath set at 80 °C and mixed using a mechanical stirrer. 

After 30 minutes of mixing, the blends were degassed, sealed and transported to 

The University of Birmingham in a container that was maintained at sub-ambient 

temperature. The samples were stored in air-tight containers at −17 °C until 

required. Prior to the cross-linking experiments, each sample was allowed to thaw to 

room temperature in a desiccator. 

 

3.3  Conventional Analytical Techniques  

 

The conventional analytical techniques used to characterise the LY3505/XB3403 

resin system were DSC, FTIRS and parallel-plate rheometry. 

 

3.3.1 Differential Scanning Calorimetry 

 

A Perkin-Elmer Diamond differential scanning calorimeter was used for the DSC 

experiments.  
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3.3.1.1 Calibration 

 

The differential scanning calorimeter was calibrated in the conventional manner 

using pure indium and tin, the melting points of which were 156.6 and 231.9 °C, 

respectively. The samples were placed in open-top aluminium pans (product code 

02190041, Perkin Elmer, USA) and the onset of melting and the enthalpy of fusion 

were determined for each sample at a heating rate of 10 K/minute. Following the 

above-mentioned calibration procedure, an indium sample was heated from 30 to 

180 °C at 10 K/minute to establish that the onset of melting and the enthalpy of 

fusion were within recommended tolerances of ±0.3 °C and ±0.6 J/g, respectively. 

The calorimeter was calibrated at regular intervals using indium. 

 

3.3.1.2  Non-Isothermal Cross-Linking 

 

Approximately 20 mg of the resin system (LY3505/XB3403) was dispensed into the 

centre of an aluminium pan using a micro-pipette (product code 725020, Biohit, UK). 

The open DSC pan with the resin system was positioned in the differential scanning 

calorimeter chamber at 30 °C. The sample was permitted to equilibrate for 1 minute 

prior to subjecting it to a temperature ramp. The calorimeter was programmed to 

heat the sample and reference compartments from 30 to 300 °C at 1, 10, 20 and  

40 K/minute.  

 

3.3.1.3  Isothermal Cross-Linking 

 

Approximately 20 mg of the resin system (LY3505/XB3403) was dispensed into the 

centre of an aluminium pan using a micro-pipette (product code 725020, Biohit, UK). 
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The open-top DSC pan containing the resin was positioned in the centre of the 

differential scanning calorimeter chamber at 30 °C. The sample was permitted to 

equilibrate for 1 minute prior to heating to the desired isothermal cross-linking 

temperature at 40 K/minute. The calorimeter was heated to the isothermal cross-

linking temperatures and maintained for 10 hours. The isothermal temperatures 

used were of 50, 60 and 70 °C. Upon completion, the temperature was reduced to 

30 °C at 40 K/minute. The differential scanning calorimeter was then programmed 

for 3 successive heating regimes from 30 to 150 °C at 10 K/minute to enable the 

glass transition temperature to be determined. 

 

3.3.2  Fourier Transform Infrared Spectroscopy 

 

A spectrometer (Matrix-F FT-NIR, Bruker, UK) was used to characterise the cross-

linking characteristics of the resin system as a function of temperature and 

processing time. The spectrometer was operated between 4000 and 12000 cm-1, at 

a resolution of 4 cm-1 with 64 scans. The spectrometer had an in-built tungsten light 

source and an InGaAs detector. The spectrometer was equipped with six pairs of 

SMA connectors for light to be coupled to and from it through optical fibre probes 

(product code QP1000-2-VIS/NIR, Ocean Optics, USA). The light from the 

spectrometer was transmitted to a temperature-controlled transmission cell (CUV-

QPOD, Ocean Optics, USA), as illustrated in Figure 3.1. A temperature-control unit 

(TC125, Quantum Northwest, USA) was used to set the temperature of the cell, 

whilst a water circulation system was used to cool it and maintain the required 

temperature. The transmission cell offered a temperature accuracy of ±0.02 °C. The 

transmission cell housed a demountable glass cuvette (product code 1-G-1, Starna 

Scientific, UK) with a 1 mm path length, as shown in Figure 3.2. The two faces of the 
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demountable cuvette were bonded together using silicone rubber (product code 

692-542, RS Components, UK). 

 

Figure 3.1 Schematic illustration of the temperature-controlled cuvette used for 

transmission FTIRS: (i) cover, (ii) thermal insulation, (iii) heating element, (iv) fibre-

optic cable connection to the spectrometer, (v) collimating lens, (vi) demountable 

cuvette-containing the resin system, (vii) connections for water circulation. 

 

 

Figure 3.2 Schematic illustration of the demountable cuvette with a 1 mm path 

length used during transmission FTIRS.  
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3.3.2.1 Temperature Distribution within the Cuvette 

 

The temperature distribution within the cuvette, whilst within the holder and filled 

with silicone oil, was investigated using six thermocouples. These thermocouples 

were attached to one face of the demountable cuvette using UV adhesive (product 

code NOA68, Norland Optical Adhesive, USA) and inserted into the cuvette holder. 

The relative positions of the thermocouples are shown in Figure 3.3. The 

temperature was increased from 20 to 70 °C at 5 °C intervals with a 5 minute dwell 

time at each temperature. The temperature was recorded using a thermocouple 

logger (product code TC-08, Picolog, UK).  

 

Figure 3.3 Schematic illustration showing the relative positions of the thermocouples 

on one face of the demountable cuvette to determine the temperature gradient. 
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3.3.2.2  Fourier Transform Infrared Spectroscopy from within the 

Cuvette Holder 

 

The Bruker Matrix-F FT-NIR spectrometer mentioned in Section 3.3.2 was used to 

acquire transmission NIR spectra from the cuvette. A release agent (Frekote NC-700, 

Aerovac, UK) was applied to the inner surfaces of the demountable cuvette, but it was 

ensured that the bond line for bonding the two surfaces was masked. The release 

agent was necessary to ensure easy removal of the cross-linked resin. A background 

spectrum was recorded at the desired isothermal temperature with the demountable 

cuvette inserted into the transmission cell. The resin system was prepared as 

described in Section 3.2.1, and the mixed resin/hardener sample was inserted into 

the cuvette using a syringe and needle (product code PMC3006, Terumo, Japan).  

A freshly mixed resin system was dispensed into the cuvette using a micropipette 

(product code 725020, Biohit, UK). Spectra were recorded every 5 min at a resolution 

of 4 cm-1 with 64 scans. The cuvette holder was pre-heated to the desired isothermal 

temperature before the cuvette with the resin was inserted. The LY3505/XB3403 

resin system was cross-linked at 50, 60 and 70 °C. 

 

Deconvolution of the FTIR spectra was achieved before integration of the relevant 

absorbance bands to resolve the contribution from an unidentified band at 4564 cm-1. 

This was achieved using a Fourier self-deconvolution routine available within the 

software (OPUS 6.5, Bruker, UK). A Lorentzian line, using a resolution enhancement 

of 1.5 with a bandwidth of 5 cm-1 was used. The deconvolution routine used a 

mathematical formula to enhance the resolution of the absorbance band (Tooke, 

1988; Mahendran, 2010). Integration of the spectra was undertaken using the OPUS 
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software supplied with the Bruker spectrometer. The integration limits were selected 

manually over the duration of cross-linking. 

 

3.3.3 Parallel-plate Rheometry 

 

An Ares rheometer (ARES, Rheometric Scientific, USA) with 35 mm parallel plates 

was used to study the viscosity/time characteristics of the resins at specified 

temperatures. A 1.5 mm gap was chosen for the experiments because increasing 

the gap caused the resin to flow out of the fixture. A frequency of 1 Hz and a strain 

of 4% were used for each experiment. In order to annul the effects of thermal 

expansion on the gap size, the distance between the plates was reduced to zero at 

the desired isothermal temperature. The parallel plates were maintained at 30 °C for 

2 minutes, and the resin system was introduced using a pipette. Approximately  

2 mm3 of the resin system was dispensed into the centre of the bottom plate. The 

fixture was heated to the desired isothermal value at 40 K/minute. The transducer 

required a minimum torque of 0.02 N-cm to obtain meaningful data. The experiment 

was terminated soon after gelation to prevent overloading the transducer. 

Rheological characterisation was carried out isothermally at 50, 60 and 70 °C.  

 

3.4  Fresnel Reflection Sensor 

 

3.4.1  Experimental Setup for the Fresnel Reflection Sensor 

 

A schematic representation of the experimental setup for the Fresnel reflection 

sensing system is shown in Figure 3.4. The light source consisted of a pigtailed 

semiconductor diode operating at 1550 nm, housed within a laser driver and 
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temperature controller (part number CLD1015, Thorlabs, USA), exhibiting stability of 

0.005 °C. Light reflected from the cleaved optical fibre (product code SMF-28e, 

Corning, USA) was directed to an InGaAs photodiode amplifier (part number 

APD110C, Thorlabs, USA) using a single-mode circulator (part number 6015-3, 

Thorlabs, USA) operating at 1550 nm. The circulator directed light from the laser (1) 

toward the sensing region (2) and re-directed reflected light toward the detector (3) 

A data acquisition system (USB9162, National Instruments, USA) and a custom-

written LabVIEW programme enabled the magnitude of the Fresnel reflection signal 

to be recorded. The optical fibres had a core refractive index of 1.44961 nm at  

1550 nm and a numerical aperture of 0.14. The core and cladding diameters of the 

SMF-28e fibre were 8.2 and 125 m respectively. The response on the sensor in air 

was recorded after the fibre was cleaved. This data was used subsequently to 

normalise the Fresnel reflection signals acquired during the cross-linking reactions. 

 

 

Figure 3.4 Schematic illustration of the experimental set-up for the simultaneous 

DSC and Fresnel experiments. 

 

The sensing region was prepared by removing the acrylate protective buffer or 

coating from the optical fibre using a pair of mechanical strippers (product code 
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AFS900, Thorlabs, USA). The stripped fibre was cleaned using isopropanol (product 

code W292907, Sigma-Aldrich, USA) soaked in lint-free tissue (product code 

FB13067, Fisherbrand, USA) to remove any residual acrylate material. The stripped 

optical fibre was placed in a high-precision fibre cleaver (part number CT-30A, 

Fujikura, Japan) and cleaved. The device was capable of cleaving the optical fibre at 

(90±0.5)° with reference to the length of the optical fibre. After cleaving, the ends of 

the optical fibres were inspected using an optical microscope (product name 

Axioskop, Zeis, Germany). Cleaved sections without the required end-face quality 

were rejected and the fibre was re-cleaved. 

 

3.4.2  Calibration of the Fresnel Reflection Sensor 

 

The response of the FRS was investigated by using standard refractive-index oils 

(product code 18005, Cargille, USA) within an Abbe refractometer (product name 

Abbe 60, Bellingham and Stanley, UK). A FRS and K-type thermocouple were 

positioned on the edge of the measuring prism of the Abbe refractometer. The small 

dimensions of the sensor and thermocouple did not impede measurements from the 

Abbe refractometer. Oils with refractive indices of 1.4, 1.45, 1.5, 1.6 and 1.7 were 

used; the temperature within the prisms of the refractometer was set at 25, 30, 35 

and 40 °C. The temperature was controlled using a water circulation system 

(product code TE-10D, Techne, UK). The refractometer was permitted to equilibrate 

for 5 minutes at each temperature prior to acquiring data from the refractometer 

manually, and from the FRS through the computerised data acquisition system. Five 

individual readings were taken from the Abbe refractometer at one-minute intervals 

at each temperature. Each refractive-index oil was measured three times and a 

fresh FRS was prepared for each oil.  

http://www.sigmaaldrich.com/catalog/product/aldrich/w292907
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3.5 Integrating the Fresnel Reflection Sensor within a Differential 

Scanning Calorimeter 

 

A Diamond differential scanning calorimeter (product code N5360021, Perkin Elmer, 

USA) was used to develop the methodology for integrating the FRS into the 

calorimeter. The original top lid was replaced with a custom-built cover to 

accommodate the FRS. A schematic illustration and photograph of the assembly are 

shown in Figure 3.5; the coded components of the assembly were as follows: Item 

(i) is a translation stage (part number PT1, Thorlabs, USA), which was attached to 

the the top cover. The translation stage enabled the fibre (item (ii)) to be translated 

vertically. The fibre was secured within a fibre chuck (item (iii); part number 

HFC005, Thorlabs, USA), which allowed for alignment and protection of the fibre. 

Item (iv) was a grub screw that allowed for the fibre chucks to be secured to the 

translation stages. The translation stage was used to lower the fibre chucks through 

orifices above the sample (item (v)) and reference compartments (vi). The fibre 

pertruding from the fibre chuck could be lowered to make contact with the resin 

contained in the sample pan. Item (vii) was the fixture that secured the translation 

stages to the custom-built top cover of the differential scanning calorimeter (item 

(viii)). The underside of the top cover was insulated using an appropriately shaped 

sheet of calcium–magnesium silicate (part number 724-8909, RS Components, UK). 

Conventional alumina DSC sample pans (part number 140828, Perkin Elmer, USA) 

were used in the sample and reference compartments of the calorimeter. A 1 mm 

orifice was drilled into the platinum lids (product code 0419-0299, Perkin Elmer, 

USA), which were positioned above the sample and reference chambers to enable 

the FRS to be lowered towards, and make contact with, the sample. The differential 

scanning calorimeter was calibrated using pure indium (product code 6.223.5, 
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Netzsch, Germany) and tin (product code 6.223.5, Netzsch, Germany) reference 

standards. The samples were heated from 30 °C to beyond their melting 

temperatures at a rate of 10 K/minute and then cooled to 30 °C.  

 

 

Figure 3.5 (a) Photograph and (b) schematic illustration to show the key 

components of the custom-modified Perkin Elmer Diamond differential scanning 

calorimeter top cover: (i) micrometer for vertical translation, (ii) optical fibre, (iii) 

optical fibre chuck, (iv) grub screw to secure the fibre chuck, (v) orifice in the top lid 

to accommodate the fibre chuck over the sample compartment, (vi) orifice to 

accommodate the fibre chuck over the reference compartment, (vii) vertical 

translation stage attachment to the top lid, (viii) custom-made Diamond differential 

scanning calorimeter top lid. 

 

3.5.1 Investigation into the Reflectivity of Differential Scanning 

Calorimetry Pans 

 

Reflections from a reflective surface can interfere with the recorded Fresnel 

reflection signals emanating from a cleaved fibre-end. Common types of DSC pans 

available commercially include aluminium, copper, gold, platinum and alumina 

(Perkin-Elmer, 2014). In the current case, it was necessary to select a DSC pan with 

which reflectivity from the base of the pan was minimal. Assessment of the 

reflectivity of the DSC pans was carried out using the following procedure. A 
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translation stage was used to lower a fibre chuck with an FRS towards the base of 

the pan. The magnitude of the reflected Fresnel signal was recorded as a function of 

the distance between the cleaved optical fibre end-face and the base of the pan. 

These experiments were carried out at room temperature. The DSC pan types 

evaluated were conventional aluminium; an aluminium pan that was sputter-coated 

with carbon for 5 minutes using a sputter-coater (product code SC500, Emscope, 

UK); an aluminium pan, the base of which was abraded using P800 silicon carbide 

grinding paper (product code 139913, Metprep, UK); and an alumina pan. In each 

case, the cleaved end-face of the optical fibre was lowered from 14 mm above the 

base of the pan. 

 

Subsequent to these trials, conventional DSC alumina pans (product code 02191072, 

Perkin Elmer, USA) with a diameter of 5.2 mm and height of 2.5 mm were chosen for 

use in the sample and reference compartments. The conventional DSC platinum lids 

were drilled to create an orifice with a diameter of 1 mm in the centre to allow the 

optical fibre to be inserted and brought into contact with the liquid sample.  

 

3.5.1.1  Cross-Linking of the LY3505/XB3403 Resin System with  

  and without Graphene Nano-particles 

 

The resin system was prepared as described in Section 3.2.1. Blending of the GNPs 

into the LY3505 resin was discussed in Section 3.2.2. Approximately 20 mg of the 

degassed resin system was dispensed into an alumina pan. The pan was placed into 

the sample compartment of the differential scanning calorimeter at 30 °C with an 

empty pan in the reference compartment. The FRS was prepared as described in 

Section 3.4.1 and the reflectivity in air was recorded for 1 minute. The FRS was 
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lowered towards the sample using the translation stage. When the FRS came into 

contact with the resin system, a large drop in the magnitude of the FRS signal was 

observed; the sensor was lowered a further 250 m. This was necessary to prevent 

withdrawal of the FRS from the cross-linking resin due to shrinkage. The differential 

scanning calorimeter was used to heat the sample from 30 °C to the desired 

isothermal value at 40 K/minute. The sample was held isothermally for 10 hours and 

then cooled to 30 °C at 40 K/minute. Following this isothermal dwell, the sample was 

subjected to three successive heating regimes from 30 to 150 °C at 10 K/minute to 

enable the glass transition temperature (Tg) to be determined. 

 

3.5.1.2  Cross-Linking of Cytec/Solvay Resins 

 

The blended resin samples from Cytec/Solvay were stored at -17 °C in air-tight 

containers. Prior to use, the samples were transferred to a desiccator and equilibrated 

to room temperature for 30 minutes. Approximately 30 mg of the resin system was 

dispensed into an alumina pan using a micropipette and placed in the sample 

compartment of the DSC. The FRS was inserted to bring it into contact with the resin 

systems, as described in Section 3.5.1.1. The sample was heated from 30 to 180 °C 

at 40 K/minute and held for 3 hours and cooled to 80 °C at 1 K/minute. This cure 

schedule was recommended by the supplier of the resin system. After cross-linking, 

the sample was heated from 30 to 180 °C at 10 K/minute; this was performed three 

times to determine Tg. 
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3.6  Integration of the Fresnel Reflection Sensor within the Rheometer 

 

The FRS was incorporated between the parallel plates of a rheometer (ARES, 

Rheometric Scientific, USA) by drilling a 0.5 mm orifice in the centre of the 35 mm 

diameter top-plate. A cleaved optical fibre was threaded through the top arm of the 

parallel-plate holder and into the orifice on the parallel pate. A schematic and 

photographic illustration of the fixture with the optical fibre is shown in Figure 3.6 in 

order to bring the FRS into intimate contact with the top parallel plate, the gap 

between the two plates was reduced incrementally until contact was made. Silicone 

rubber (product code 555-588, Thorlabs, UK) was used to secure the sensor in 

position. The resin samples were prepared as described in Section 3.2.1, and the 

resin system was introduced as described for conventional rheology (Section 3.3.3). 

Synchronisation between the two data sets (rheometry and FRS) was achieved by 

switching off the light source momentarily to produce a spike in the FRS signal. The 

experiment was terminated soon after the manifestation of gelation, as observed by 

the crossover of the storage modulus (G’) and the loss modulus (G’’). 

 

Figure 3.6 (a) Schematic and (b) photographic illustration of the hyphenated 

FRS/rheometer: (i) optical fibre, (ii) fixture connected to the transducer, (iii) silicone 

rubber, (iv) 35 mm diameter parallel plates, (v) fixture connected to the motor. 
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3.7 Hyphenated Differential Scanning Calorimetry /Fourier transform 

Infrared Spectroscopy /Fresnel reflection Sensor 

 

The top-cover of the calorimeter, which was designed for the simultaneous 

DSC/FRS experiments, was modified to permit the integration of an FRS/FTIRS 

probe. The construction of the probe and modification of DSC pans are discussed in 

Section 3.7.1. 

 

3.7.1 Construction of the Fibre-Optic Probe 

 

A schematic illustration of the FRS/FTIRS probe is shown in Figure 3.7. One 

hundred and twenty low-OH optical fibres (product code FG105LCA, Thorlabs, USA) 

were cut into 1 m lengths. Of these, 60 randomly arranged fibres were housed within 

a stainless-steel SMA connector (part number 10510A, Thorlabs, USA) to connect 

the probe, item (i), to the FTIRS light source. The LY3505/XB3403 resin system was 

used to pot the fibre bundles to the SMA connector. The remaining 60 fibres were 

potted into a second SMA connector, item (ii), to enable it to be connected to the 

detector port of the FTIR spectrometer. The potted SMA connectors with the optical 

fibre ends were polished using an optical polishing wheel (APC 8000, Senko, Japan) 

with 15, 3, and 1 µm films for 120 seconds each. The opposite ends of the fibres 

connected to the light source and detector were distributed evenly between a 

sample probe, item (iii), and reference probe, item (iv). This amounted to an equal 

number of illumination and detection fibres at each probe. The probes 

accommodated a channel for a single-mode optical fibre. 
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Figure 3.7 Schematic illustration of the FRS/FTIRS probe: (i) SMA connector to the 

FTIRS light source, (ii) SMA connector to the FTIRS detector, (iii) sample probe, 

(iv) reference probe, (v) cleaved optical fibre (FRS) housed in the sample probe, (vi) 

cleaved fibre optical fibre (FRS) housed in the reference probe. 

 

A photograph of the FRS/FTIRS probe and the polished end face of the probe 

assembly are shown in Figure 3.8 (a) and (b), respectively. The fibre ends which 

were not potted into SMA connecters were housed in glass capillaries, item (i) 

(TUG-100-300, Breckland Scientific, UK), which had outer and inner diameters of 

5.6 and 4 mm, respectively. Item (ii) shows randomly distributed low-OH fibres, 

which were potted inside half of the capillary using an epoxy adhesive, item (iii) 

(product code DP810, 3M, USA). On the opposing side, two capillaries, item (iv), 

were bonded together using LY3505/XB3403 and attached to the interior of item (i) 

using item (iii). The larger capillary (product code CV1518-B100, CM Scientific, UK) 

of item (iv) had inner and outer diameters of 1.5 and 1.8 mm, respectively. The 

capillary (product code CV7087-100, CM Scientific, UK) located within had inner and 

outer diameters of 0.7 and 0.87 mm, respectively. The probe faces were polished 

using conventional optical procedures. A 6 mm orifice was drilled into the platinum 

lid of the differential scanning calorimeter, item (v) (part number 0419-0299, Perkin 
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Elmer, USA), and attached to the end of the probes using silicone rubber, item (vi) 

(product code 692-542, RS Components, UK). 

 

 

Figure 3.8 (a) Photograph and (b) schematic illustration of the FRS/FTIR probe:  

(i) glass capillary, (ii) bundle of 60 low-OH optical fibres, (iii) epoxy adhesive,  

(iv) capillaries for FRS deployment, (v) silicone rubber, (vi) platinum lid containing a  

6 mm orifice. 

 

3.7.2  Modification of the Differential Scanning Calorimeter Pans to 

Enable Simultaneous Fourier Transform Infrared Spectroscopy/Fresnel 

Reflection Sensor 

 

The DSC pan was ‘modified’ to produce reflective and non-reflective surfaces. This 

was necessary because the FTIRS probe and the FRS required the base of the pan 

to be reflective and non-reflective, respectively. This was achieved by cutting a 

conventional differential scanning calorimeter lid (part number 02190041, Perkin 

Elmer, USA), and placing it upon a conventional aluminium DSC pan to cover 

approximately half of the pan. Graphite spray (product code 87-0695, Kontakt-

Chemie, Germany) was used to deposit a thin, non-reflective coating on half of the 

top-face of the DSC pan. The increased mass due to the thin graphite layer could 
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not be detected by using a five-decimal place analytical balance (Ohaus, Analytical 

Plus, USA). The graphite layer prevented reflection from the base of the DSC pan. 

The uncoated section retained the original reflective surface; this was suitable for 

FTIRS transmission/reflection spectroscopy. Figure 3.9 shows the appearance of an 

aluminium DSC pan with reflective and non-reflective sections. 

 

 

Figure 3.9 Image of a modified aluminium DSC pan showing the reflective and non-

reflective sections. 

 

3.7.3  Simultaneous Fourier Transform Infrared Spectroscopy and 

Fresnel Reflection Sensor-based Monitoring of the Cross-Linking 

of LY3505/XB3403 

 

The capability of the FTIR/FRS probe to track cross-linking when using a modified 

DSC pan was investigated. A thermal insulation brick was sectioned to the 

dimensions illustrated in Figure 3.10. A channel was drilled into each segment to 

produce an 8 mm orifice, when the two sections were butted together. A micrometer 

translation stage, item (ii), was attached to the top of the brick. A grub screw, item (iii), 
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was used to secure the probe to the stage. The probe was lowered towards the 

insulation brick, item (iv), and through the orifice, item (v). The probe was aligned with 

the FTIRS and FRS sections of the probe, approximately 3.5 mm above the reflective 

and non-reflective sections of the pan, respectively. The assembly was placed on a 

hot-plate (part number CB162, Stuart, UK) with a type-K thermocouple, item (vi), and 

positioned under the brick in close proximity to the orifice. Approximately 20 mg of 

LY3505/XB3403 resin system was prepared as described in Section 3.2.1 and 

dispensed into a modified DSC pan. The hot-plate was preheated to the desired 

isothermal cross-linking temperature and the resin system in the DSC pan was 

inserted into the orifice. The resin system was processed at 50, 60 and 70 °C. 

 

Figure 3.10 Schematic illustration of the translation stage used to lower the 

FRS/FTIRS probe into the orifice of an insulation brick and towards a partly 

reflective pan containing the LY3505/XB3403 resin system. The assembly was 

placed onto a hot-plate: (i) Micrometer for vertical translation, (ii) FRS/FTIRS probe, 

(iii) grub screw, (iv) insulation brick, (v) orifice in the insulation brick, and  

(vi) thermocouple.  
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3.7.4  Simultaneous Differential Scanning Calorimetry /Fourier 

Transform Infrared Spectroscopy and Fresnel Reflection-based 

Monitoring of the Cross-linking of the LY3505/XB3403 Resin 

System 

 

The FTIRS/FRS probe illustrated in Figure 3.8 was introduced into the differential 

scanning calorimeter (Diamond DSC, Perkin Elmer, USA) using the custom-built top-

cover. The custom-built cover, described in Section 3.5 was modified by widening the 

orifice from 3.6 to 8.5 mm to accommodate the FTIRS/FRS probe; a schematic 

illustration and a photograph of the assembly is shown in Figure 3.11. The coded 

components are as follows: Item (i) is a micrometer translation stage (part number 

PT1, Thorlabs, USA), which was attached to the top-cover to secure the probes in 

place using grub screws. Items (ii) and (iii) denoted fibre bundles for the sample and 

reference probe-ends, respectively. The ends of the bundles were housed in glass 

capillaries, item (iv), and lowered through 8.5 mm orifices above the sample and 

reference chambers via the translation stages. The platinum lids, attached to the ends 

of the probes, were inserted into the sample and reference chambers of the 

differential scanning calorimeter. The probes were aligned to the FTIRS sensor and 

FRS to be above the reflective and non-reflective surfaces, respectively. A 2.9 mm 

gap between the glass capillaries and the top-cover was potted using an epoxy 

adhesive and stainless-steel ferrules to improve insulation. Item (vi) is the fixture that 

secured the translation stage to the top-cover of the differential scanning calorimeter. 

The underside of the top-cover was insulated using an appropriately shaped sheet of 

calcium–magnesium silicate (product code 724-8909, RS Components, UK). The 

differential scanning calorimeter was calibrated with the FTIRS and FRS engaged 

using a pure indium reference standard (product code 6.223.5, Netzsch, Germany). 
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The sample was heated from 30 °C to beyond its melting temperature at 10 K/minute 

and then cooled to 30 °C.  

 

Approximately 20 mg of the LY3505/XB3403 resin system was dispensed into the 

centre of a modified DSC pan. The pan was positioned in the centre of the DSC 

chamber at 30 °C. The orientation, with respect to the reflective and non-reflective 

sections, was kept constant in each experiment. The sample was permitted to 

equilibrate for 1 minute prior to heating to the desired isothermal cross-linking 

temperature at 40 K/minute. The differential scanning calorimeter was heated to the 

isothermal cross-linking temperatures and maintained for 10 hours. The resin 

system was processed isothermally at 50, 60 and 70 °C. Upon completion, the 

temperature was reduced to 30 °C at 40 K/min. The calorimeter was programmed 

for three successive heating ramps from 30 to 100 °C at 10 K/min to enable the Tg 

to be determined. 

 

A FTIR background scan was performed at the isothermal cross-linking temperature, 

with the probes positioned appropriately over the modified DSC pans. Spectra were 

recorded every 5 minutes at a resolution of 4 cm-1 with 64 scans. The first spectra were 

recorded upon initiation of the cross-linking schedule of the differential scanning 

calorimeter. 

 

A fresh FRS was prepared for each experiment, as described in Section 3.4.1. The 

cleaved optical fibre protruded approximately 5 mm from the probe-end and was 

secured using silicone rubber. A ‘dummy’ sensor was also placed in the reference 

probe. The FRS data was synchronised with the DSC and FTIRS data by 

momentarily disengaging the light source upon initiation of the cross-linking 
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schedule by the calorimeter. This created a spike in the FRS signal enabling it to be 

synchronised to the other two instruments. 

 

Approximately 20 mg of the LY3505/XB3403 resin system was prepared as described 

in Section 3.2.1 and this was transferred to the modified DSC pans. The resin system 

was processed in the calorimeter at 50, 60 and 70 °C for over ten hours. 

 

 

 
 

Figure 3.11 (a) Schematic illustration and (b) photograph of the key components of 

the custom-modified Perkin-Elmer Diamond differential scanning calorimeter top 

cover: (i) micrometer translation stage, (ii) sample fibre bundle, (iii) reference fibre 

bundle, (iv) glass capillaries, (v) steel ferrules, (vi) custom-made Diamond 

differential scanning calorimeter top-lid.  
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4.  RESULTS, ANALYSIS AND DISCUSSION: MONITORING 

CROSS-LINKING USING CONVENTIONAL ANALYTICAL 

TECHNIQUES 

 

This chapter reports on the results obtained on the cross-linking of an epoxy/amine 

resin system (LY3505/XB3403) using conventional analytical techniques. Section 

4.1 presents analyses of the results obtained from differential scanning calorimetry 

(DSC), whereby the calibration of the equipment is first demonstrated, followed by 

the acquisition of cross-linking data obtained during isothermal and non-isothermal 

cross-linking. The degree of cross-linking was calculated at various temperatures 

and the glass transition temperature, following the isothermal cross-linking, was also 

determined. The cross-linking kinetics were calculated using the isothermal cross-

linking data.  

 

Section 4.2 presents the data obtained from transmission Fourier transform infrared 

spectroscopy (FTIRS). The temperature profile within the cuvette used to contain the 

resin system was mapped and the absorbance peaks associated with the resin system 

were identified. The degree of cure or cross-linking was calculated, and an 

autocatalytic model was applied to investigate the experimentally derived data.  

Section 4.3 presents an analysis of the comparison between the DSC and FTIRS data. 

 

Section 4.4 presents rheological data for the resin system. Here, the samples were 

cross-linked at specified temperatures to determine the temperature/gelation time 

relationship. The dependence of the gelation time was then investigated and correlated 

with the DSC and FTIRS results. 
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4.1 Differential Scanning Calorimetry 

4.1.1 Calibration of the Differential Scanning Calorimeter 

 

The DSC experiments were conducted using a conventional PerkinElmer Diamond 

DSC. Calibration of the equipment was undertaken using approximately 5 mg of high-

purity indium and tin samples in open aluminium. Figure 4.1 shows a typical 

differential calorimeter trace or thermogram for an indium sample where it was heated 

at 10 K/minute. The data for the enthalpy of fusion and onset of melt that was 

measured using the Pyris™ software supplied with the equipment were within the 

recommended range (Gmelin, 1995). The DSC pan type (aluminium) and heating rate 

(10 K/minute) were used for the majority of the cross-linking experiments undertaken 

in the current study. The y-axis on the DSC thermograms were set to indicate the 

endothermic and exothermic events as pointing “up” and “down”, respectively. 

 

Figure 4.1 DSC calibration trace for indium where the sample was heated at 

10 K/minute in air using and open-top aluminium pan. The expected data was 

obtained from the reference Groenewoud (2001). The tolerance represents the 

acceptable spread of the data obtained from the paper by Gmelin (1995). 
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4.1.2 Non-isothermal Cross-linking in the Differential Scanning 

Calorimetry 

 

The effect of the heating rate on the enthalpy of cross-linking (∆HTotal) was carried 

out by programming the DSC to perform ramped or dynamic heating at 1, 10, 20 

and 40 K/minute. Calibration was performed using indium at 10 K/minute as shown 

in Figure 4.1. The thermograms in Figure 4.2 (a) and values in Table 4.1 

demonstrate a large exothermic reaction and enthalpy respectively that varied in 

magnitude with heating rate. At each heating rate, the reaction progressed to an 

apparent termination which was observed as a horizontal section of the trace. There 

is no consensus in the literature on the method for constructing the baseline to 

calculate ∆HTotal. The various methods proposed in the literature were discussed in 

Section 2.3.1.2. With reference to the epoxy/amine resin system used in the current 

study (LY3505/XB3403) the linear baseline was used between the apparent start 

and end points of the reaction. A schematic illustration of the baseline construction 

method is shown in Figure 4.2 (b) for the sample that was heated at 10 K/minute. 

 

Increasing the heating rate led to an increase in the magnitude of the enthalpy of 

cross-linking and the onset time. This is in agreement with the findings of Richardson 

and Savill (1975), Richardson (1992), Roşu et al. (2002), Kim et al. (2012) and Hardis 

et al. (2013) for epoxy systems. Wunderlich (1981) explained that such temperature 

shifts are due to an increase in the thermal lag between the instrument and the 

response of the sample. This may have been exacerbated in this case by the use of 

open-top sample pans and the relatively low thermal conductivity of the resin. During 

TGA experiments, Dumitrescu (2003a) reported mass losses of up to 2.2% for 

LY3505/XB3403 during ramped experiments from 30 to 250 °C. Therefore, possible 
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volatilisation of the epoxy and amine may have contributed to the reduced enthalpy 

measured at 40 K/min in Table 4.1. 

 

 

Figure 4.2 (a) Thermograms for the LY3505/XB3403 resin system at specified 

heating rates; and (b) Baseline construction method for integration. 
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Table 4.1 Summary of the heating rates and the corresponding enthalpy of cross-

linking and peak exothermic temperatures for the LY3505/XB3403 resin system. 

Heating Rate 

(K/minute) 
∆H (J g-1) 

Peak 

Exothermic 

Temperature 

1  320 ±6 86 °C 

10 413 ±4 123 °C 

20 432 ±6 144 °C 

40 417 ±5 162 °C 

Average 395.5 NA 

 

Bilyeu et al. (2000), Erdoğan et al. (2008) and Hardis et al. (2013), reported ∆HTotal 

values using a single heating rate, although this can introduce misinterpretation of 

the data as ΔH changes with heating rate. In the current study, it was decided to use 

the average value over multiple heating rates, as recommended by, Höhne et al. 

(1996) and Menczel and Prime (2009) but also previously demonstrated by Yilgör et 

al. (1981) and Karkanas et al. (1996).  

 

4.1.3 Isothermal Cross-linking in the Differential Scanning Calorimetry 

 

The mixed and degassed resin samples were introduced into the DSC chamber at 

room temperature and heated to the desired isothermal temperature at 40 K/minute; 

this was chosen in preference to dropping a sample into a preheated chamber, so as 

to increase experimental reproducibility (Turi, 1997; Cheng, 2002). Figure 4.3 depicts 

this ‘heating up’ period and a subsequent period of instability whilst thermal  
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equilibrium was being established. With reference to Figure 4.3 the following effects 

are observed: 

(i) Initiation of ramped heating. 

(ii) Heat up period to the desired isothermal cross-linking temperature. A 

positive gradient indicates power is required to heat the sample mass in 

the sample compartment. 

(iii) A change in the heating regime from ramped to isothermal. 

 

It has been found previously that the period of thermal instability dominated the data 

in the first minute of the cross-linking schedule (Fava, 1968; Barton, 1983). In their 

work, a horizontal baseline was drawn from the end of the cross-linking process in 

order to eliminate the initial heat-up and non-isothermal portion of the data. A linear 

baseline construction was also used in this study. Data acquired before the 

intersection with the baseline was deleted. Previously, Barton (1983) had suggested 

the subtraction of a ‘true’ baseline taken upon the fully cured sample, although the 

use of a linear baseline has since been adopted as the standard procedure  

(ASTM-D3418, 2015). 
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Figure 4.3 Heating up and stabilisation periods from 30 °C to the desired isothermal 

cross-linking temperature when the samples were heated at 40 K/minute.  

 

The thermograms from the isothermal cross-linking of the LY3505/XB3403 resin 

system at 50, 60 and 70 °C for 600 minutes are shown in Figure 4.4(a) and a set of 

repeat experiments are presented in Figure 4.4(b). With reference to Figure 4.4(a), 

the horizontal baseline construction method is indicated, as well as the 

segmentation of exotherm to calculate the magnitude of the exotherm for the 70 °C 

dataset. A summary of the relevant data from Figure 4.4 is shown in Table 4.2. The 

exothermic reactions occur at each temperature and reach a peak approximately 

mid-way. Towards the end of the cross-linking process, the magnitude of the 

exotherm diminished. This is generally attributed to the reaction kinetics changing 

from ‘chemical controlled’ to ‘diffusion controlled’. Upon increasing the isothermal 

cross-linking temperature, the magnitude of the exotherm was higher and it peaked 

earlier. These observations agree with that reported by Pandita et al. (2012) for the 

same resin system.  
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Figure 4.4 Isothermal cross-linking data for the LY3505/XB3403 resin system for 

isothermal experiments at 50, 60 and 70 °C. The method for constructing the 

baseline and calculating the enthalpy of cross-linking is also presented: 

(a) Experiment 1; and (b) Experiment 2. 

 

(a) 

(b) 
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Table 4.2 Values obtained from DSC experiments during isothermal and  

non-isothermal scans. 

    

Glass Transition 

Temperatures (°C at 

10 K/minute heating 

rate) 

Isothermal  

Cross-linking 

Temperature 

∆H 

(Jg-1) 

Peak 

Exotherm 

Degree of 

Conversion 

 at  

600 minutes 

Tg1  Tg2 Tg3 

50 °C - Experiment 1 335 58 mins 84% 56.3 68.2 72.2 

50 °C - Experiment 2 317 74 mins 80% 55.2 67.9 72.7 

60 °C - Experiment 1 337 28 mins 85% 67.4 72.5 73.9 

60 °C - Experiment 2 358 33 mins 90% 67.6 71.7 74.5 

70 °C - Experiment 1 379 16 mins 95% 73.6 75.3 75.2 

70 °C - Experiment 2 371 15 mins 94% 74 75.2 75.7 

 

The cumulative heat flow was determined by integrating the area in the thermogram 

as illustrated in Figure 4.4(a). Despite the reaction appearing to reach completion in 

Figure 4.4, the enthalpy values obtained indicate “incomplete” cross-linking, based 

on the data presented in Table 4.2. One or more of the following explanations may 

be applicable. 

(i)  It is believed that the reduction in segmental flexibility, associated with the 

vitrification process, changes the reaction kinetics  from chemical to 

diffusion-controlled; this is known to severely reduce the reaction rate and 

hence the heat evolved (Gillham, 1986; Van Assche et al., 1997, Turi, 1997). 

In the current research, the magnitude of the heat liberated appears to fall 

below the 0.2 µW sensitivity of the Diamond DSC (Perkin-Elmer, 2003), 

making it appear as though the reaction had completed. 
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(ii)  Vitrification occurred at lower degrees of conversion at reduced isothermal 

temperatures, which explained the lower enthalpy values. 

(iii)   Statistical scatter of the data of up to 5% is observed for the ∆H data in 

 Table 4.2. This could be explained by several factors:  

(a)  Removal of approximately 0.25% of enthalpy contribution during the 

‘heat up’ period displayed in Figure 4.3.   

(b)  Despite degassing and visual inspection of the resin, some air bubbles 

or dissolved gases may have remained entrapped in the resin. 

(c)  Intrinsic scatter in the resin system whose formulations have a 

tolerance in their concentration. 

 

The enthalpy values were used to determine the degree of cure using the previously 

mentioned Equation 2.1, as shown below. ∆HTotal was taken as the mean average of 

the non-isothermal scans listed in Table 4.2. 

𝛼 =
∆𝐻𝑡

∆𝐻𝑡𝑜𝑡𝑎𝑙
……….Equation 2.1 

where 

α = extent of reaction, 

∆Ht = enthalpy at time, t, 

∆Htotal = total enthalpy of reaction = 395 Jg-1.  

 

An increased degree of cure can be observed for samples cross-linked at increased 

temperatures in Figure 4.5. The effects of vitrification, where the reaction 

mechanism changes from chemical controlled to diffusion controlled can be seen at 

each temperature designated by the ‘levelling-off’ of the conversion.  
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Figure 4.5 Degree of cross-linking under isothermal conditions at 50, 60 and 70 °C 

for the LY3505/XB3403 resin system. 

 

The ∆H values shown in Table 4.3 are comparable to those reported by 

(Dumitrescu, 2003b) for the same resin system. Discrepancies in the data may be 

attributed to variations in experimental methods: 

(i) Dumitrescu (2003b) used 80 K/minute to reach the desired isothermal 

temperature as opposed to the 40 K/minute used in this study. 

(ii) Their isothermal cure lasted for 400 minutes whereas in this work it 

was 600 minutes. 

(iii) Dumitrescu (2003b) applied a smoothening function to the data due to a 

large degree of noise. This may have introduced a bias in the analysis. 

(iv) In the previous work, 5 mg sample masses were used and in this study 

20 mg were used.  
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Table 4.3 Summary of relevant cure data for the  LY3505/XB3403 resin system 

(Dumitrescu, 2003b and current work). 

Author Isothermal 

Cure 

Degree of  

Conversion 
∆H (Jg-1) 

Dumitrescu, 

2003b 
10 Hours at 60 °C 78% 344 (+/- 15) 

Dumitrescu, 

2003b 
10 Hours at 70 °C 89% 397 (+/- 22) 

Current 

work 
10 Hours at 60 °C 88% 348 (+/- 11) 

Current 

work 
10 Hours at 70 °C 95% 375 (+/- 4) 

 

Figure 4.6 shows the rate of cure as a function of the degree of cure. In each case, the 

peak of the reaction was observed at approximately 20% conversion and confirmed the 

apparent autocatalytic nature of the reaction. As illustrated in Figure 2.2, the production 

of the hydroxyl group during the formation of the secondary amine appeared to cause 

the reaction rate to increase. Pandita et al. (2012) also reported the peak reaction after 

approximately 20% conversion for the resin system using DSC and FTIRS analyses. 
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Figure 4.6 Rate of reaction of LY3505/XB3403 as a function of the rate of cure for 

isothermal processing at 50, 60 and 70 °C. 

 

4.1.4 Ramped Heating In the Differential Scanning Calorimeter 

 

Following isothermal cross-linking, ramped heating from 30 to 150 °C at  

10 K/minute were undertaken to determine the glass transition temperature. These 

experiments were conducted in accordance with ASTM-E1356, 2014, as described 

in Section 2.3.1.3, Chapter 2. The temperature range used in this work was chosen 

as heating the sample beyond 150 °C caused discolouration. Gillham (1986), Turi 

(1997) and Höhne et al. (2013) report that the glass transition increases with cross-

linking temperature and this correlates with the results presented in Table 4.2 and 

Figures 4.7 (a) and (b). The presence of post-processing was apparent due to the 

increasing glass transition temperature after each ramped heating (subsequent to 

an isothermal cross-linking). 
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Figure 4.7 Expanded view of the glass transition region for the LY3505/XB3403 

resin system that was initially cross-linked isothermally at 70 °C for 600 minutes 

followed by three consecutive ramped heating at 10 K/minute: 

(a) Experiment 1; and (b) Experiment 2. 
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The first heating ramp revealed a glass transition temperature larger than the 

isothermal cross-linking temperatures, further indicating that vitrification had previously 

occurred (Gillham, 1986). It has been suggested that upon exceeding the glass 

transition temperature, de-vitrification can occur allowing the cure mechanism to revert 

back to a chemically controlled process and enable a significantly higher rate of 

reaction (Prime, 1981; Van Assche et al., 1997). The extent of the post-cross-linking 

during the ramped heating in the DSC was revealed by the increase in the glass 

transition during subsequent scans, as shown in Figures 4.7.  

 

The impact of undercooling, below an amorphous systems Tg affects enthalpic 

relaxation and this outcome was discussed in Section 2.3.1.3, Chapter 2. The 

magnitude of enthalpic relaxation increases with undercooling time and can be 

observed as an endothermic event superimposed on the Tg during a subsequent 

heating ramp. This has been previously reported for both thermoplastic (Kemmish 

and Hay, 1985) and thermoset (Montserrat, 2000) materials. In the current study, 

the long cure times of ten hours appeared to have facilitated enthalpic relaxation, as 

evidenced by the endothermic event in the first ramp of Figure 4.7. The standard 

extrapolated baseline method, ASTM-E1356 (2014), was used to calculate the glass 

transition temperature. 

 

Table 4.2 and Figure 4.7 show that the glass transition temperature increased during 

the second heating ramp for each experiment, due to the residual cross-linking during 

the first heating ramp. De-vitrification is likely to have occurred during the first ramp, 

upon exceeding the glass transition temperature; thus, changing the reaction from 

diffusion controlled to chemical controlled and allowing for a significantly increased 

rate of cross-linking. The increased glass transition temperatures during the second 

ramp were a result of the residual cross-linking.  
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Figure 4.4 indicates that the cross-linking reaction had reached completion at 70 °C 

due to the horizontal baseline at the end of cross-linking. However, the increasing 

glass transition temperatures shown in Figure 4.7 revealed that cross-linking had not 

completed. The effect of vitrification on reducing the heat evolved appeared to have 

exceeded the sensitivity of the DSC. Difficulties in detecting this minor heat evolution 

was also observed by Dumitrescu (2003a)  and Stark (2013), which was discussed as 

a limitation of DSC-based cure monitoring in Section 4.1.3. 

 

The third DSC heating cycle showed a convergence of the glass transition 

temperatures to approximately 74.5 ±1 °C for the samples cross-linked at 60 and  

70 °C, indicating that residual cross-linking had been completed during the previous 

heat ramps. The glass transition temperatures were comparable with those reported 

on the same resin system, which are presented in Table 4.3. 

 

4.1.5  Modelling the Cross-linking Kinetics of the LY3505/XB3403 Resin 

System 

 

The phenomenological model described by Equation 2.2, Chapter 2, was used in 

the current study to investigate the cross-linking kinetics of the LY3505/XB3403 

resin system using data generated via the DSC. The integral of Equation 2.12 when 

m + n = 2 gives: 

𝑡 =  
1

𝑘

1

𝑛−1
(

𝛼

1−𝛼
)

𝑛−1
……….Equation 4.1 

where 

t = time (seconds), 

α = degree of cure, 

k = rate constant, 

m + n = reaction orders. 
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A variety of values for m and n have been reported in the literature as summarised 

in Table 2.5 in Chapter 2. Using the same resin system that was used in the current 

study, Pandita et al. (2012) and Wang et al. (2016) reported values of m and n as 

0.35 and 1.65 respectively and these have been used in the current study. The rate 

constant was modified in increments of 0.0001 in order to correlate the model with 

the DSC degree of cross-linking data. Figure 4.8 shows the comparison between the 

theoretical prediction using Equation 4.1 and experimental data at specified 

isothermal cross-linking temperatures. The average rate constant was used with the 

autocatalytic model shown in Figures 4.8 (a) – (c). In accordance with previous 

research using LY3505/XB3403 by Pandita et al. (2012), error bars of 5% were 

added, to identify whether there was a significant difference between the 

experimental data and the autocatalytic model. 

 

With reference to Figures 4.8 (a) – (c), up to approximately 80% of cross-linking, a 

close correlation was observed between the model and the experimental data. 

Beyond 80% of cross-linking, a discrepancy was present between the data sets, 

although values remained within the 5% error bars. The results correlated with that 

previously reported by Montserrat and Cima (1999), Teil et al. (2004) and Garschke 

et al. (2013) for an epoxy system where close agreement in the degree of 

conversion was observed until the later stages of cross-linking. Pandita et al. (2012) 

and Wang et al. (2016) reported that close correlation was seen up to 80% 

conversion for the same resin system used in this study. It was accepted by each of 

the authors that the effects of vitrification, changing the reaction from ‘chemical 

controlled’ to ‘diffusion controlled’, contributed significantly to the discrepancy. 
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Figure 4.8 Comparison between DSC experimental data and autocatalytic model at: 

(a) 50 °C; and (b) 60 °C. 
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Figure 4.8 (continued) Comparison between DSC experimental data and 

autocatalytic model at: (c) 70 °C. 

 

The activation energy of the LY3505/XB3403 resin system was determined using 

Equation 4.2 and plotting the rate constants against the reciprocal of the cross-linking 

temperature, is shown in Figure 4.10 and presented in Table 4.4. The Arrhenius 

equation is: 

 

𝑘 = 𝐴. 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
)……….Equation 4.2 (Pandita et al., 2012) 

where 

A = pre-exponential constant, 

Ea = activation energy, 

R = universal gas constant (8.314 J  K−1 mol−1), 

T = temperature (Kelvin), 

k = rate constant (s-1). 

 

https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
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Equation 4.2 can be re-written as: 

𝑙𝑛 𝑘 = − 
𝐸𝑎

𝑅
×

1

𝑇
+ 𝑙𝑛𝐴……….Equation 4.3 

 

Figure 4.9 Arrhenius plot for the cross-linking of the LY3505/XB3403 resin system. 

 

Table 4.4 Rate constants and activation energy for the LY3505/XB3403 resin 

system using Equation 4.1 and isothermal data generated using the DSC. 

Isothermal  

Cross-linking 
k ln k 1/T 

50 °C - Experiment 1 0.00018 -8.6 0.0031 

50 °C - Experiment 2 0.00017 -8.6 0.0031 

60 °C - Experiment 1 0.00029 -8.1 0.0030 

60 °C - Experiment 2 0.00032 -8.0 0.0030 

70 °C - Experiment 1 0.00059 -7.1 0.0029 

70 °C - Experiment 2 0.00058 -7.1 0.0029 

Activation Energy 

(kJ mole-1) 
55.58 
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The activation energy of 55.58 kJ mole-1 obtained from Figure 4.9 is comparable 

with the reported values of 62.29, 60.82 and 56.8 kJ mole-1 by Mahendran et al. 

(2009), Pandita et al. (2012) and Wang et al. (2016).  

 

4.2 Fourier Transform Infrared Spectroscopy 

4.2.1 Temperature Distribution within the Cuvette 

 

The cuvette holder used in the current research project contained an ‘in-built’ Peltier 

heater which was controlled by an external temperature controller and circulating 

water. The cuvette holder offered a temperature stability of 0.01 °C. The 

temperature gradient inside a silicone oil filled quartz cuvette was evaluated using 

an array of thermocouples as shown in Figure 3.3, Chapter 3. Figure 4.10 displays 

the temperature distribution during step-wise heating from 20 to 70 °C with a dwell 

for five minutes at each temperature as a function of (a) time and (b) temperature. 

Thermocouples 1 and 2 were positioned 2 mm from the top of the cuvette and they 

were separated by 5 mm. Thermocouples 3 and 4 were placed in the anticipated 

trajectory of the transmitted infrared beam during the FTIRS experiments. The 

temperature measured by thermocouples 3 and 4 were within +/- 0.3 °C of the 

desired set temperature. Thermocouples 5 and 6 showed a slightly higher 

temperature than the set value by up to 1 °C. The discrepancies of thermocouples 1 

and 2 can be explained by: 

(i) The position of the heating elements, as displayed in Figure 3.1, Chapter 3, 

whereby the elements do not cover the top of the sample. 

(ii) A hole in the insulation material placed inside the lid to allow for 

thermocouple insertion. 
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(iii) The possibility that the thermocouples were not fully immersed in the 

silicone oil, due to their proximity to the top of the cuvette. 

 

 

Figure 4.10 Temperature measurements at specified locations within the 

demountable quartz cuvette filled with silicone oil between 20-70 °C as a function of: 

(a) Time; and (b) Temperature. 
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4.2.2 Identification of Absorbance Peaks for the LY3505/XB3403 Resin 

System 

 

Figure 4.11 displays the spectra of the LY3505/XB3403 mixture at the start (prior to 

increasing the temperature from ambient) and after 600 minutes of cross-linking at 

70 °C. The spectra shown in Figure 4.11 and the absorbance peaks presented in 

Table 4.5 correlate with previous research on the same resin system by Pandita et 

al. (2012), Nair et al. (2015) and Wang et al. (2016), in addition to investigations into 

epoxy/amine systems by Mijovic and Andjelic, (1995) and Nikolic et al. (2010). 

 

 

Figure 4.11 Spectra of LY3505/XB3403 resin system at the beginning of cross-

linking and after 600 minutes at 70 °C.  
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Table 4.5 Near-infrared peak assignments identified for the LY3505/XB3403 resin 

system Pandita et al. (2012), Nair et al. (2015) and Wang et al. (2016). 

 Wave Number (cm-1) Assigned Peak Label 

4530 Epoxy band 1 

4620, 4677 Aromatic CH band 2,3 

4935 Primary amine 4 

5249 OH due to moisture 5 

5668 Terminal, aliphatic R-CH3 6 

5767 Methyl 1st overtone (C-H Stretching) 7 

5889 Combination of epoxy and primary amine 8 

6067 Terminal epoxy 9 

6635 

Primary and secondary amine 

combination 10 

 

As mentioned in Section 2.3.2, Chapter 2, the C–H stretching band at 4620 cm-1 has 

been used widely for normalising peaks associated with functional groups that 

participate in the cross-linking reactions. The C-H group does not take part in the 

cross-linking reactions. Despite other inert peaks being present at 4677, 5668 and 

5889 cm-1; the 4620 cm-1 peak is not overlapped with other absorbance bands and 

hence it was chosen as the reference peak in this work.  

 

The strong peak at 4530 cm-1 indicates the presence of the epoxy group which is 

consumed as cross-linking proceeds. The epoxy group is involved in each step of 

the cross-linking reaction and can be used for quantitative analysis of the degree of 

cross-linking. This peak is also isolated from other reactive functional groups and 

has been used by previous researchers for quantitative analysis of the cross-linking 

of thermosets (Poisson et al., 1996; González et al., 2012; Pandita et al., 2012;  
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Nair et al., 2015; Wang et al., 2016). Therefore, in the current work, the epoxy peak 

at 4530 cm-1 was used for quantitative analysis. 

 

Towards the end of curing, a small peak around 4560 cm-1 becomes apparent as 

the epoxy is depleted. This has been reported previously by Dumitrescu (2003b) 

and Pandita et al. (2012), although the origin of the peak is unknown. These authors 

removed the contribution from this peak to the epoxy absorbance band via Fourier 

self-deconvolution. 

 

An epoxy peak area at 6067 cm-1 observed a decrease in strength during cross-

linking. Billaud et al. (2002) noted that this peak’s suitability for following the degree 

of cross-linking is limited by its strength and proximity to nearby peaks, notably the 

epoxy and primary amine band at 5889 cm-1. A decrease in the combined primary 

and secondary amine absorption and the amine primary absorptions at 6635 cm-1 

and 4935 cm-1, respectively during cross-linking, was noted. 

 

4.2.3 Baseline Construction of the Absorption Peak Areas during the 

Cross-linking of LY3505/XB3403. 

 

The peak area of the absorbance bands was calculated using the Opus software 

supplied with the FTIR spectrometer. Figure 4.12 displays the construction of the 

baseline after specified times. The limits for the integration area were set manually 

as a function of the processing time. This was undertaken to account for the 

changes in the relative position and shape of the absorbance band as the cross-

linking proceeded. Upon achieving the desired isothermal cross-linking temperature, 
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an upward shift in the baseline of the spectra indicated an increase in the refractive 

index as a function of the extent of cross-linking (Powell et al., 1998). 

 

Figure 4.12 Integration of the absorbance spectra peak area during cross-linking of 

LY3505/XB3403 at 70 °C for specified times. 

 

The epoxy peak area is comprised of a single well-isolated peak at the beginning of 

cross-linking, as previously reported (Gillham, 1986; Poisson et al., 1996; Nikolic et 

al., 2010; Wang et al., 2016; Mosiewicki et al., 2011 and Pritchard, 2012). The 

presence of a peak at 4560 cm-1 becomes apparent part-way through cross-linking 

and has been reported to be a source of error when investigating cross-linking of 

epoxy/amine resin systems (Strehmel and Scherzer, 1994; Mijovic and Andjelic, 

1995 and Mijovic et al., 1996). Mahendran (2010) reported that this peak could be 

due to a combination of vibrations from ‘C-H stretching’ of the aromatic ring and 

‘aromatic conjugated stretching’. As cross-linking proceeds, the magnitude of the 

un-assigned peak area becomes greater relative to the epoxy peak area.  
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Figure 4.13 shows the integration of the 4530 cm-1 peak area after 600 minutes of 

cross-linking at 70 °C. The prominence of the un-assigned peak area at 4560 cm-1 

distorts the integration of the 4530 cm-1 peak area. Integration of the 4560 cm-1 peak 

area after 600 minutes reveals it contributes to approximately 4% of the initial epoxy 

peak area. This correlates with the 5% value reported by Pandita et al. (2012). 

 

 

Figure 4.13 Integration of the absorbance spectra of the LY3505/XB3403 resin 

system cross-linked at 70 °C after 600 minutes. 

 

Mahendran (2010) reported upon three integration methods for quantitative analysis 

of the LY3505/XB3403 resin system during FTIRS. The methods were: 

Method 1: Integration of the epoxy peak and the peak at 4560 cm-1. This produced a 

higher amount of residual epoxy content towards the end of the reaction. 

Method 2: Remove the contribution of the hidden peak gradually as it becomes 

visible. This produced low reproducibility due to difficulty in defining the baseline of 

the integration. 
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Method 3: Deconvolution. Good reproducibility of the peak area was present with 

clear boundaries. The area of the peak at 4560 cm-1 remained constant throughout 

cure and therefore method 3 was selected for quantitative analysis. 

 

Previous investigations into the cross-linking of LY3505/XB3403 by Mahendran 

(2010) and Pandita et al. (2012) employed a Fourier self-deconvolution routine to 

resolve the contribution of the un-assigned peak to the epoxy peak at 4530 cm-1. 

Similar to their work, a Lorentzian line shape was employed in the current study, 

with a bandwidth of 5 cm-1 and a resolution enhancement of 1.5 to investigate if the 

contribution of the unknown peak at 4560 cm -1 could be resolved. 

 

Fourier self-deconvolution enhances the spectral bandwidth to resolve overlapping 

peak areas. The routine mathematically enhances the separation of overlapping 

peaks by multiplication of the interferogram with a smoothening function and a 

Lorentzian or Gaussian band shape (Tooke, 1988; Mahendran 2010). This method 

does not increase the resolution of the instrument. The routine alters the peak size 

and shapes using Fourier self-deconvolution. In this work, the routine provided 

information upon the evolution of the hidden peak area at 4560 cm-1. 

 

Figure 4.14 displays spectra from Figure 4.13 following the deconvolution routine. 

Throughout cross-linking, the un-assigned peak was isolated from the epoxy peak at 

4530 cm-1. Similar to work undertaken by Pandita et al. (2012), the peak was 

approximately constant throughout cross-linking. This enabled clear boundaries to 

be identified for the integration of the epoxy peak throughout cross-linking. 
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Figure 4.14 Deconvoluted spectra of Figure 4.12 using the Fourier  

self-deconvolution routine in the OPUS software at: the start of cross-linking,  

after 60 minutes and 120 minutes. 

 

4.2.4 Impact of Deconvolution on the Degree of Cross-linking 

 

The impact of the deconvolution routine upon the degree of cross-linking was 

investigated using spectra obtained at 70 °C. The degree of cure, α, was determined 

using Equation 2.4. The deconvolution routine was not applied to the C-H reference 

peak at 4620cm-1. 

 

𝛼 = [
(𝐴𝐸𝑝𝑜𝑥𝑦 (4530)/𝐴𝐶𝐻 (4620))𝑡

(𝐴𝐸𝑝𝑜𝑥𝑦 (4530)/𝐴𝐶𝐻(4620))𝑡=0
] ……….Equation 2.4 

The degree of cross-linking using the raw spectra and the de-convoluted spectra is 

shown in Figure 4.15 (a) and (b). 



149 

 

 

 

Figure 4.15 Degree of cross-linking calculated using Equation 2.4 for 

LY3505/XB3403 at 70 °C using raw spectra and de-convoluted spectra:  

(a) Experiment 1; and (b) Experiment 2. 
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A similar relationship between the datasets is observed until approximately 80% of 

conversion. After 80% conversion, the prominence of the un-assigned peak at 

4560 cm-1 affects the baseline construction of the spectral peak area, as shown in 

Figure 4.13. This produced a conversion above 99% which does not correlate with 

Table 4.6. The de-convoluted spectra produced lower conversions whilst the epoxy 

area remained isolated over the entire cross-linking period. This produced a lower 

conversion of 94% which correlates with previous research into the 

LY3505/XB3403 resin system during cross-linking at 70 °C as shown in Table 4.6. 

 

Table 4.6 Reported conversions during the cross-linking of LY3505/XB3403 at 70 °C 

using FTIRS. 

Isothermal Cross-

linking 

Degree of 

Cure 

Reference Deconvolution 

400 minutes at 70 °C 96% Mahendran 

(2010) 

Yes 

600 minutes at 70 °C 95% Pandita et al. 

(2012)  

Yes 

400 Minutes at 70 °C 94% Wang et al. 

(2016) 

Not stated 

600 minutes at 70 °C 98% Harris (2011) 
 

Not stated 

 

It was decided that using the de-convoluted spectra was the most suitable technique 

for determining the epoxy peak area for the following reasons: 

(i) The retardation of the baseline construction method by the un-assigned 

peak at 4560 cm-1 caused un-expectedly high conversion values to be 

obtained. 

(ii) The de-convoluted spectra produced a well isolated epoxy peak throughout 

cross-linking where the baseline could be clearly defined. 
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Figure 4.16 depicts the degree of cross-linking at specified isothermal curing 

temperatures. The increase in the degree of cross-linking and cross-linking rate with 

increasing temperature correlates with data previously reported using the same resin 

system (Dumitrescu, 2003b; Pandita et al., 2012; Wang et al., 2016). Similar to the 

DSC data, an initial rapid reaction was experienced during the initial 50% of the 

reaction which ‘levelled off’ after approximately 80% of cross-linking.  

 

Figures 4.17 (a) – (c) show a comparison between the experimental cross-linking 

data at specified isothermal cross-linking temperatures and the theoretical prediction 

using Equation 4.1. Error bars of 5% were added to the predictive model values, 

showing that there was no significant difference between the experimental data and 

the autocatalytic model. As mentioned in Section 4.1.5, a ‘mismatch’ between the 

data sets can be observed during the later stages of cross-linking, due to the 

possible impact of vitrification upon the reaction control mechanism. However, the 

experimental values remain within the 5% error. 

 

The activation energy was determined to be 55.08 kJ mol−1 and the rate constants are 

shown in Table 4.7. The data are comparable with previously reported values 

obtained using transmission FTIR spectroscopy for the LY3505/XB3403 resin system. 

Pandita et al. (2012) and Wang et al. (2016) reported values of 60.9 kJ mol−1 and 

56.8 kJ mol−1 respectively.  
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Figure 4.16 Degree of cure for the LY3505/XB3403 resin system at 50, 60 and  

70 °C. The data was generated using conventional FTIR spectroscopy. 

 



153 

 

 

 

Figure 4.17 Comparison between transmission FTIR experimental data that were 

generated isothermally at: (a) 50 °C; and (b) 60 °C; and simulated data using  

Equation 4.1 with the average rate constant for each specified temperature. 
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Figure 4.17 (continued) Comparison between transmission FTIR experimental data 

that were generated isothermally at: (c) 70 °C; and simulated data using  

Equation 4.1 with the average rate constant for each specified temperature. 

 

Table 4.7 Rate constants and activation energy for the LY3505/XB3403 resin 

system using FTIRS data and Equation 4.1. 

Isothermal  

Cross-linking 

k 

(s-1) 
ln k 1/T 

50 °C - Experiment 1 0.00020 -8.62 0.0031 

50 °C - Experiment 2 0.00021 -8.68 0.0031 

60 °C - Experiment 1 0.00033 -8.15 0.0030 

60 °C - Experiment 2 0.00032 -8.02 0.0030 

70 °C - Experiment 1 0.00068 -7.14 0.0029 

70 °C - Experiment 2 0.00068 -7.16 0.0029 

Activation Energy 

 (kJ mole-1) 
55.08 
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4.3 Comparison between Independent Cross-linking Data obtained 

using Differential Scanning Calorimetry and Fourier Transform 

Infrared Spectroscopy 

 

Figures 4.18 (a) and (b) show the degree of cross-linking obtained from DSC and 

FTIRS. The gradient during the initial 30% of cross-linking was calculated to 

compare the initial reaction rate. The gradient lines are shown in Figure 4.18 (a) and 

(b) and the results for both experiments are summarised in Table 4.8. Generally, a 

quicker initial rate of cross-linking was observed for the FTIRS experiments. The 

magnitude of the discrepancy between the measurement techniques was largest 

with the cross-linking at 70 °C. In the case of FTIRS experiments, the cuvette 

containing the resin sample was inserted into a pre-heated cuvette holder at the 

desired isothermal cross-linking temperature. In comparison, the DSC resin samples 

were inserted at 30 °C and ramped at 40 K/minute to the desired isothermal cross-

linking temperature. It can be inferred that the resin was heated at a quicker rate for 

FTIRS experiments contributing to the increased rate of reaction.  

 

Furthermore, the contribution of the exothermic cross-linking to the sample 

temperature for FTIRS experiments may have contributed to the initial rate of 

reaction. Machavaram et al. (2014) observed a 15 to 25 °C sample temperature 

increase for 2.4 g of LY3505/XB3403 when cross-linked at 70 °C. Therefore, 

deviations from the desired isothermal temperature are possible. 
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Figure 4.18 Comparison of the Degree of Cross-linking for the LY3505/XB3403 resin 

system from isothermal FTIRS and DSC: (a) Experiment 1; and (b) Experiment 2. 
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Table 4.8 Initial rate of reaction during the cross-linking of LY3505/XB3403 at 

specified isothermal temperatures using DSC and FTIRS experiments. 

 
Initial Cross-linking Rate 

(0-50 minutes, dα/dt) 

Isothermal Cross-linking DSC FTIRS 

50 °C - Experiment 1 0.0037 0.0050 

50 °C - Experiment 2 0.0035 0.0045 

60 °C - Experiment 1 0.0065 0.0066 

60 °C - Experiment 2 0.0062 0.0060 

70 °C - Experiment 1 0.0119 0.0181 

70 °C - Experiment 2 0.0116 0.0192 

 

The data in Figures 4.18 (a) and (b) also show that experiments conducted at higher 

isothermal cross-linking temperatures ‘levelled-off’ earlier than temperatures 

conducted at lower temperatures. At the end of the cross-linking period, the extent 

of the reaction was greater for the FTIRS data. This may be explained by several 

factors: 

(i) The previously discussed differing methods of heating the samples to the 

desired isothermal cross-linking temperature. 

(ii) Samples tested using FTIRS were heated using a temperature controller 

maintaining a target temperature of 70 °C, which appears accurate to 0.2 °C 

from Figure 4.10. The contribution of the heat generated by the exothermic 

reaction to the environmental temperature may have impacted the sample 

temperature. Therefore, deviations from the desired temperature are 

possible. 
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(iii) Unlike the FTIRS technique, the DSC method was able to compensate 

for exothermic contributions from the sample. The heat sensors in 

intimate contact with the sample holder are accurate to 0.1 °C 

(PerkinElmer, 2001).  

(iv) In the later stages of cross-linking, vitrification causes a rapid reduction in 

the rate of cross-linking (Gillham, 1986). The relatively low reaction rate may 

yield magnitudes of heat below the 0.2 µW sensitivity of the calorimeter and 

hence are undetected.  

(v) Different thermal environments for each experimental technique 

contribute to the mean cross-linking temperature and hence cross-linking 

characteristics. 

 

Pandita et al. (2012) observed an increased degree of cross-linking of 

LY3505/XB3403 resin system using transmission FTIRS when compared to DSC 

and the data from the authors’ research is shown in Figure 4.19. The previously 

discussed factors were identified as possible sources for the observed discrepancy. 

The correlation between the measurement techniques was significantly improved 

when the authors developed a simultaneous DSC/FTIRS technique by positioning 

transmission/reflectance probes over the reflective DSC pans. The data strengthens 

the argument for developing hyphenated analytical techniques and highlights issues 

when cross-correlating data between thermal analysis techniques.  
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Figure 4.19 Degree of cross-linking of the LY3505/XB3403 resin system studied by 

conventional DSC, conventional FTIR and using a hyphenated simultaneous 

DSC/FTIR technique at 70 °C (Pandita et al., 2012). 

 

4.4 Rheology 

 

Figures 4.20 (a) – (c) show the increase in the storage modulus (G’) and loss 

modulus (G’’) during isothermal crosslinking of LY3505/XB3403 at 70 °C in three 

repeat experiments. The transducer required a minimum torque of 2 g.cm for 

meaningful data acquisition. The resin was loaded into the rheometer at room 

temperature and ramped at 40 K/minute to the specified isothermal cross-linking 

temperature. A frequency of 1 Hz and a strain of 4% were selected to prevent 

overloading of the transducer at the gelation region, although during the early stages 

of cross-linking the torque applied upon the sample was not sufficient to acquire 

meaningful data. Therefore, in each of the experiments, an initial period of noisy 
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data were obtained due to the low viscosity of the freshly mixed resin and the 

inability of the transducer to detect liquids with low viscosities. The parallel plate 

fixture generates shear on the sample and therefore measures the shear modulus. 

Upon cross-linking, the viscosity increased several orders of magnitude and 

subsequently the 2 g.cm minimum torque value of the instrument was surpassed to 

allow for meaningful data acquisition. Experiments were terminated soon after the 

G’/G’’ crossover to prevent overloading the load-cell of the instrument.  

 

 

Figure 4.20 Evolution of G’ and G’’ during isothermal cross-linking of the resin 

system LY3505/XB3403 at 70 °C: (a) Experiment 1. 
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Figure 4.20 (continued) Evolution of G’ and G’’ during isothermal cross-linking of the 

resin system LY3505/XB3403 at 70 °C: (b) Experiment 2; and (c) Experiment 3. 
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Due to the significant noise generated during the early stages of cross-linking, a 

tangent was drawn to the initial logarithmic increase of G’ and G’’ and data that 

occurred before the intersection of this line was removed. The tangent construction 

is shown in Figures 4.20 (a) – (c).  

 

Figures 4.21 (a) – (c) display the graphs following the removal of the data. This did 

not alter the G’/G’’ crossover and removed data acquired below the minimum torque 

value of the rheometer. The method was used for all the remaining rheological 

experiments. 

 

  

Figure 4.21 Evolution of G’ and G’’ during isothermal cross-linking of the resin 

system LY3505/XB3403 at 70 °C following the removal of data: (a) Experiment 1. 
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Figure 4.21 (continued) Evolution of G’ and G’’ during isothermal cross-linking of the 

resin system LY3505/XB3403 at 70 °C following the removal of data:  

(b) Experiment 2; and (c) Experiment 3. 
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Three distinct stages observed during the rheological cross-linking of an epoxy resin, 

were reported (Barton and Wright, 1985; Matějka, 1991; Cheng et al., 1994) in Section 

2.3.2.4, Chapter 2, and the relevance of each stage to Figures 4.21 (a) – (c) is 

discussed: 

(i) The G’’ value was dominant during the initial stages of cross-linking. The 

parameters used in the current study did not impart sufficient deformation 

to obtain meaningful data during most of this period. After 40 minutes the 

extent of cross-linking was sufficient to obtain a relatively steady loss 

modulus. At this stage, the G’’ magnitude was larger than the G’ value 

and relatively stable after approximately 55 minutes. In this state, the 

majority of the imparted energy was lost, and the material behaved as a 

liquid. 

(ii) After approximately 60 to 70 minutes in each experiment, G’ and G’’ 

dramatically increased due to the formation of a highly cross-linked 

material as a gel was formed. G’ and G’’ crossover and this stage is 

indicative of gelation (Tung and Dynes, 1982; Lange et al., 2000). The 

material transitions from behaving like a liquid to a semi-solid plastic  

(Teil et al., 2004). 

(iii) After approximately 70 minutes in each experiment, there was a period 

where G’’ was dominant and the rate of increase of G’ and G’’ levelled 

off. To prevent overloading of the transducer, the experiments were 

terminated soon after gelation and prevented data acquisition for the 

entirety of this stage.  

 

Table 2.9 in Section 2.3.2.5 presents the various criteria which have been used for 

rheological gelation determination. The frequency independence of G’ and G’’ has 

been considered to be the most precise method of gelation determination (Lange et 
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al., 1999b; Teil et al., 2004; Stark, 2013) although the criteria can require multiple 

experiments and has been reported to be unsuitable for epoxy systems below 80 °C 

(Lange et al., 2000). The G’/G’’ criteria has been widely adopted as a method for 

gelation determination of epoxy resins; it has shown to correlate with other criteria 

such as steady state viscosity extrapolations (Tung and Dynes, 1982), TMA 

experiments (Yu et al., 2005), the G’ frequency independence during rheology and 

strain measurements (Harsch et al., 2008). The G’/G’’ crossover has been shown to 

be obtainable at the cross-linking temperatures of 50 - 70 °C and these were used in 

the current study (Cheng et al., 1994). 

 

The repeatability of the G’/G’’ crossover method for defining gelation was 

investigated by undertaking five repeat experiments at 70 °C. A mean G’/G’’ 

crossover time of 68 minutes was recorded with a standard deviation of 2.3 minutes 

as summarised in Table 4.9. Hence, the capability to obtain repeatable gelation 

approximations was demonstrated and lies within the variation range reported by Yu 

et al. (2005) of 10% for an epoxy system. 

 

Table 4.9 Repeatability of gelation times during the cross-linking of LY3505/XB3403 

at 70 °C. 

Experiment G'/G'' (Minutes) 

1 61.0 

2 57.3 

3 57.2 

4 60.1 

5 54.7 

Mean 58.0 

S.D. 2.3 
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The change in magnitude of G’ and G’’ during isothermal cross-linking at 50, 60 and 

70 °C is presented in Figures 4.22 (a) and (b) and the gelation times are presented 

in Table 4.10.  

 

 

 

Figure 4.22 Evolution of G’ and G’’ during the cross-linking of LY3505/XB3403 at 

specified isothermal temperatures: (a) Experiment 1. 
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Figure 4.22 (continued) Evolution of G’ and G’’ during the cross-linking of 

LY3505/XB3403 at specified isothermal temperatures: (b) Experiment 2. 

 

Table 4.10 Gelation times at various isothermal temperatures and the corresponding 

degree of cure (DoC) when cross-correlating with the FTIRS and DSC data. 

 

 

 

 

 

 

 

 

As expected, the evolution of the mechanical properties and appearance of gelation 

were delayed at lower temperatures. The gelation time of 105-125 minutes at 60 °C 

Isothermal Cross-

linking 

Temperature (°C) 

Average 

G', G''  

Crossover 

(minutes) 

Average DoC 

via FTIRS at 

Time of 

G’/G’’  

Average DoC 

via DSC at 

Time of G’/G’’ 

50 °C 223 72 67 

60 °C 112 65 64 

70 °C 61 72 64 

(b) 
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agrees with the manufacturer’s data sheet (Huntsmann, 2017). It has been reported 

that gelation of a thermosetting resin system is independent of the cross-linking 

temperature and it occurs at a constant degree of cross-linking (Chambon, 1987; 

Lange et al., 2000; Yu et al., 2005). Upon inspection of the DSC and FTIRS data 

presented in Table 4.10, gelation appeared to occur at a degree of cross-linking 

between 64-74% and this is seen to correlate with the theoretical gelation point 

calculated using Equation 2.15. The discrepancy in the cross-correlated conversion 

at gelation between the rheological and DSC/FTIRS data sets may be explained by: 

(i) Inaccuracies when cross-correlation between differing thermal analytical 

techniques are present. These could be due to the differing sample sizes, 

thermal environment and thermal management methods of rheology, DSC 

and FTIRS (Degamber and Fernando, 2004; Pandita et al., 2012). 

(ii) Discrepancies in the FTIRS and DSC degree of cure data, as shown in 

Figure 4.18. 

 

Overloading of the transducer due to a logarithmic increase in the resin viscosity 

during cross-linking can be observed in Figure 4.23. Similar to Figure 4.22, an initial 

period of noise was present during the initial stages of cross-linking due to the in-

ability of the transducer to detect low viscosity liquids. The viscosity then increases 

logarithmically until termination of the experiment.  
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Figure 4.23 Typical plot of the evolution of the complex viscosity during the  

cross-linking of LY3505/XB3403 at 70 °C. 

 

4.5 Summary of Conventional Methods for Characterising Cross-linking 

Reactions 

 

The isothermal cross-linking of the LY3505/XB3403 resin system was analysed 

using DSC, FTIR spectroscopy and rheology. The degree of cure data from FTIR 

spectroscopy showed a higher final conversion in comparison to the DSC data. This 

was attributed to the differing thermal control, thermal environment and sample size. 

The baseline construction of DSC data, the instruments sensitivity and sample 

distribution may also have influenced the results.  

 

The auto-catalytic model used showed a good correlation with each data set, 

although discrepancies were observed during the later stages of cross-linking. The 

activation energies were comparable to previously reported values. The kinetic 
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results obtained in this Chapter will be used in later sections for comparing the 

conventional methods with hyphenated cure monitoring techniques, which is the 

main theme of this thesis. 

 

The gelation times for LY3505/XB3403 were determined by the G’/G’’ crossover 

when conducting isothermal parallel plate rheological experiments. A clear G’/G’’ 

crossover was obtained, which correlated with values quoted by the supplier.  
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5.  CURE MONITORING USING SIMULTANEOUS 

DIFFERENTIAL SCANNING CALORIMETRY AND THE 

FRESNEL FREFLECTION SENSOR 

 

5.1 Development of the Hyphenated Technique for the Differential 

Scanning Calorimetry 

 

This chapter reports on the development of a hyphenated thermal and optical 

analytical technique by incorporating a Fresnel reflection sensor (FRS) into a 

differential scanning calorimeter (DSC). The technique was used to track the cross-

linking kinetics of the epoxy/amine resin system LY3505/XB3403 and an aerospace 

resin provided by Cytec/Solvay. 

 

5.1.1 Calibration of the Fresnel Reflection Sensor using Standard 

Refractive Index Oils 

 

The response of the FRS to a range of standard refractive index oils, when placed 

between the two prisms of an Abbe refractometer was investigated. A thermocouple 

was also placed between the prisms, in contact with the liquid, to obtain 

independent temperature data of the liquid that was contained between the prisms; 

this was in addition to that obtained from the instrument display panel. After a five-

minute temperature stabilisation period, the maximum temperature variation 

recorded from the thermocouple was ±0.3 °C.  
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The response of five repeat measurements from the Abbe refractometer and the 

FRS, using reference oils with refractive indices of 1.4000, 1.4500, 1.5000, 1.6000 

and 1.7000, between 25 to 40 °C are shown in Figures 5.1 (a) and (b). Table 5.1 

presents the values recorded manually from the Abbe refractometer at 25 °C; they 

are in excellent agreement with those supplied by the manufacturer.  

 

Upon increasing the temperature, a linear decrease in the refractive index is observed 

for each oil. The thermo-optic coefficient of the oils was determined by the gradient of 

the Abbe refractometer data (dn/dT) in Figures 5.1 (a) and (b); these values are listed 

alongside the data specified by the manufacturer in Table 5.1. A good correlation is 

observed between the three datasets. The coefficient of determination (R2) values 

shown in Figure 5.1 all lie above 0.94 indicating that the regression equations account 

for at least 94% correlation in the data. Error bars were not displayed as the scatter 

was negligible. 

 

On heating the oil exhibiting a refractive index of 1.4, Figure 5.1(a) shows that an 

increase in the normalised Fresnel reflection is observed as the contrast with the 

fibre core refractive index (nf=1.45) is increased. Similarly, upon heating the oil with 

a refractive index of 1.45, an increase in the normalised Fresnel reflection is 

observed, although the magnitude of the reflection is relatively small due to the 

similarity in refractive index of the oil and the fibre core (ns=1.45). 

 

Ide and Yuskel (2016) calibrated an FRS system using defined concentrations of 

glycerol exhibiting refractive index values between 1.33 and 1.44, with the sensor 

fibre-core with a refractive index of 1.45. The magnitude of the FRS response 
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decreased as the refractive index of the glycerol was increased and this correlates 

with the results presented in Figure 5.1(a). 

 

With reference to Figure 5.1(b), the magnitude of the normalised Fresnel reflection 

decreases upon increasing the temperature, due to the increased refractive index 

offset with the core. A more negative gradient is observed as the offset between the 

reference oil with the fibre increases. Chen et al. (2011) also used an FRS system 

with a fibre core of 1.45. The sensor response was tested from 50 – 120 °C with 

cross-linked epoxy resin samples surrounding the sensor. The refractive indices of 

the resins ranged from 1.52 to 1.56. A near-linear reduction in the magnitude of the 

Fresnel reflection was observed with heating. The results correlate with that displayed 

in Figure 5.1(b).  

 

 

Figure 5.1 Simultaneous data acquisition from the Abbe refractometer and a FRS for 

standard refractive index oils between 25 to 40 °C. Five repeat readings are shown 

at each temperature: (a) Oils with a refractive index 1.4 and 1.45.  
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Figure 5.1 (continued) Simultaneous data acquisition from the Abbe refractometer 

and an FRS for standard refractive index oils between 25 to 40 °C. Five repeat 

readings are shown at each temperature: (b) Oils with a refractive index of 1.5, 1.6 

and 1.7. 

 

Table 5.1 Refractive indices and thermo-optic coefficients quoted by the 

manufacturer (Cargille, USA) and those obtained experimentally via the Abbe 

refractometer. 

Refractive Index at 25 °C Thermo-optic Coefficient (°C-1) 

Manufacturer’s 

Data 

Experimentally 

Derived 

Manufacturer’s 

Data (dn/dT) 

Experimentally 

Derived (dn/dT) 

1.4000 1.4008 ±0.0004 -0.0004 -0.0004 

1.4500 1.4504 ±0.0003 -0.0004 -0.0004 

1.5000 1.5003 ±0.0002 -0.0004 -0.0004 

1.6000 1.5998 ±0.0002 -0.0004 -0.0005 

1.7000 1.6997 ±0.0004 -0.0005 -0.0006 

 

 

The FRS data were normalised to its response in air, prior to its immersion in the 

refractive index oil. As discussed in Section 2.4.6, Chapter 2, the normalised data, for 
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each oil, were plotted alongside the predicted Fresnel reflection at normal incidence 

using Equation 2.10: 

𝑅 = (
𝑛1−𝑛2

𝑛1+𝑛2
)

2

……….Equation 2.10 

where 

n1 = refractive index of fibre core, 

n2 = refractive index of the liquid surrounding the cleaved end, 

R = Fresnel reflection coefficient at normal incidence. 

(Crosby et al., 1996; Sampath et al., 2015; Singh, 2015; Goldstein, 2016). 

 

The experimental data compares favourably with the theoretical prediction; whereby a 

parabolic relationship is observed. The oils with a lower refractive index than the fibre 

core show an increase in Fresnel reflection as the temperature is raised  

(Figure 5.1(a)), whilst those above the fibre core index experience a decrease (Figure 

5.1(b)). In accordance with Equation 2.10, an increased mismatch between n1 (index 

of the fibre core) and n2 (index of the oil) will result in larger Fresnel reflections. The 

data presented in Figure 5.2 reflects observations made during similar studies by 

Crosby et al. (1996) and Hewa-Gamage and Chu (2002). Small differences between 

the two data sets can be attributed to measurement inaccuracies as the refractive 

indices of the sample approach that of the optical fibre core. 
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Figure 5.2 Comparison of theoretical Fresnel reflection alongside the 

experimentally-derived FRS data using standard refractive index oils between  

25 and 40 °C. 

 

5.1.2 Stability of the Light Source and Detector 

 

The intended use of the FRS was to monitor isothermal cross-linking reactions over 

10 hours. Hence, the long-term stability of the light source and detector were 

investigated. Figure 5.3 shows the response of the FRS at room temperature for  

15 hours within the DSC chamber. With reference to previous fibre-optic Fresnel 

reflection sensing systems demonstrated by Chang-Bong and Chin (2004), Buggy et 

al. (2007) and Xu et al. (2013), they utilised a 2x2 coupler to split the power equally 

between a Fresnel sensor and a power meter, where the power meter allowed 

normalisation of the data to the light source. The laser driver used in the current study 

exhibited temperature and current-control of +/- 0.005 °C and +/- 0.1% respectively. 

The long-term stability of the instrumentation is shown in Figure 5.3. The small 

fluctuations can be attributed to fluctuations in temperature, humidity and power, 
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although the magnitude was deemed insignificant. The stability of the light source and 

detector allowed for a simpler system to be used without requiring a power meter. 

 

 

Figure 5.3 Fresnel reflection data obtained in air at 30 °C using hyphenated 

DSC/Fresnel. 

 

5.1.3 Interaction between the Fresnel Reflection Sensor and the 

Differential Scanning Calorimeter Sample Pan 

 

The integration of the FRS sensor into the DSC meant that it was in close proximity to 

the base of a DSC pan. An investigation was carried out to establish the conditions 

required to minimise the magnitude of the reflected light from the base of the pan from 

being coupled back into the FRS. Figure 5.4 illustrates the magnitude of the Fresnel 

reflections for specified substrates within the DSC as a function of distance between 

the end-face of the cleaved optical fibre and the pan. It is seen that when the end-face 

of the cleaved optical fibre (FRS) is above 1.2 mm, the reflection from the substrates is 
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negligible. The heights of conventional aluminium and alumina DSC pans are 15 and 

25 mm respectively. It was required to minimise the reflection from the substrate 

coupling back into the cleave-end of the optical fibre; this was necessary to ensure that 

the acquired data represented that corresponding to Fresnel reflections exclusively.  

A few techniques were attempted to reduce the reflectivity of the conventional 

aluminium DSC pans, including abrasion with P800 silicon carbide abrasive paper and 

sputter coating with carbon, as seen in Figure 5.4. However, these were not 

successful, and the decision was to use alumina pans as they displayed a significantly 

lower reflectivity at the measured heights. Hence alumina pans were chosen for the 

hyphenated DSC/FRS experiments. This decision was a compromise, as alumina has 

a relatively low thermal conductivity compared to aluminium. A substrate or pan with a 

high thermal conductivity is desired to enable efficient heat transfer between the 

furnace compartment of the calorimeter and the sample. 

 

Figure 5.4 Response of FRS as a function of height from the base of DSC pan types. 
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5.1.4  Calibration of the Differential Scanning Calorimeter 

 

The FRS was lowered into the DSC using the micrometer translation stage shown in 

Figure 3.4, Chapter 3. The sensor was positioned approximately 1 mm from the 

base of the DSC pan.  The DSC was calibrated using indium with alumina pans. 

Data acquisition of the FRS was synchronised with the DSC by momentarily 

disengaging the light source which produced a downward ‘spike’ in the data.  

Figure 5.5 displays the thermogram for indium where the calibration was conducted 

with and without illuminating the FRS. The enthalpy of fusion for indium was within 

the +/-0.6 Jg-1 recommended tolerance (Gmelin, 1995). The average enthalpy of 

fusion with and without the light source was 28.73 and 28.45 J/g respectively. The 

small standard deviation indicates adequate repeatability. The limits of the enthalpy 

integration were between 155.5 and 162 minutes and the FRS induced a 0.23 J/g 

average increase in the measurement. Therefore, the FRS introduced a 0.00065 J/s 

enthalpy increase. 

 

The melt onsets for six repeat experiments were within the recommended +/- 0.3 °C 

tolerance (Gmelin, 1995). An increase of 0.31 °C in the melt onset was observed 

when the light source was activated. The small standard deviations for the various 

parameters are summarised in Figure 5.5 and they represent six individual 

experiments. 
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Figure 5.5 Summary of the enthalpy and melt onset for indium using the 

DSC/Fresnel system. The effect of the light source is also included.  The data are 

derived from six independent experiments. 

 

5.1.5  Impact of Light Source on the Differential Scanning Calorimeter 

 

The impact of the light source on the stability of the DSC was investigated when the 

probe was in contact with the alumina pan. The temperature within the DSC was 

maintained at 30 °C for 30 minutes. The light source was switched on for five 

minutes and then switched off for a further five minutes; this sequence was repeated 

a few times. The effect of this light on/off sequence is shown in Figure 5.6(a). Upon 

illumination of the sample compartment, an abrupt “exothermic” event is detected by 

the DSC when the laser was switched on and an equally rapid return to the baseline 

is observed when the light source was switched off. The magnitude of this apparent 

exotherm caused by the laser is 0.54 ± 0.0018 mW. From Figure 5.7(a) variability is 
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observed for each on/off cycle. This may be attributed to the upward slope in the 

baseline of the DSC signal.  

 

A similar experiment was undertaken where the alumina pan was filled with LY3505 

resin and the FRS was positioned 100 µm below the surface of the resin and 

approximately 1 mm from the base of the pan. The output from this experiment is 

shown in Figure 5.6(b). The resin had a focusing effect upon the heat generated by 

the light source and caused a 0.57 mW exothermic shift in the baseline. This may be 

due to the resin absorbing the heat generated by the laser source whereas 

previously the heat dissipated in air. With reference to 5.7(b), similar magnitudes of 

the FRS upon the DSC were recorded upon engaging the laser power on and off.  

 

A positive gradient in the DSC trace in Figure 5.6(a) indicates the calorimeter had 

not established thermal equilibrium. In Figure 5.6(b), the introduction of the LY3505 

resin to the pan and sensor position of approximately 1 mm from the base of the pan 

enabled thermal equilibrium to be achieved as evidenced by the relatively flat 

baseline. This provided appropriate conditions for isothermal cross-linking 

experiments as a horizontal baseline facilitates calculation of the enthalpy of 

reaction. 
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Figure 5.6 Impact of the Fresnel light source on DSC when the cleave-end of the 

optical fibre was (a) in contact with base of empty alumina pan and (b) 1 mm from 

the base of a pan containing LY3505 resin. 
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Figure 5.7 Magnitude of the FRS upon the DSC for each on/off cycle for (a) the 

sensor in contact with an empty alumina pan and (b) the sensor 1 mm from the base 

of an alumina pan containing LY3505 resin. 
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5.2  Hyphenated Differential Scanning Calorimetry/Fresnel using the 

LY3505/XB3403 Resin System 

 

5.2.1 Isothermal Cross-linking 

 

The response of the DSC during isothermal cross-linking at 50, 60 and 70 °C is 

shown in Figures 5.8 (a) and (b) for data obtained during conventional DSC and 

DSC/FRS, respectively. The same sample loading method and heating regime were 

used as with the conventional DSC experiments. Alumina pans were used for 

FRS/DSC experiments due to their low reflectivity.  

 

The cross-linking experiments completed at 50 °C using the FRS/DSC showed a 

peak reaction after 56 and 66 minutes; this correlated with the conventional DSC 

data. The enthalpy of the cross-linking showed smaller values when compared with 

the conventional DSC data, where the values remained within 4%. 

 

As expected, an increased enthalpy and peak of reaction were observed upon 

increasing the cross-linking temperature to 60 and 70 °C. The results compared 

favourably with the conventional DSC experiments and previously reported DSC 

and FTIR data presented in Tables 4.3 and 4.6. From Table 5.2, similar values were 

obtained during DSC/FRS when compared with conventional DSC. 

 

Discrepancies in the data during experiments undertaken at 70 °C, as presented in 

Table 5.2, may be attributed to inhomogeneous mixing. A five-minute mixing period 

and subsequent visual inspection of the resin may have been insufficient to ensure a 

homogenous mixing. 
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Figure 5.8 DSC traces for cross-linking of LY3505/XB3403 obtained using the 

hyphenated DSC/Fresnel and conventional techniques at specified isothermal 

cross-linking temperatures: (a) Experiment 1 (b) Experiment 2. 
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Table 5.2 Summary of the enthalpy of crosslinking and other relevant parameters 

from the conventional and hyphenated DSC/FRS experiments during isothermal 

experiments. DoC = Degree of cure 

 

FRS/DSC: DSC 

Isothermal Cross-linking 

Temperature 
∆H (J/g) 

Time to Peak 

Exotherm 
DoC after  

(minutes) 600 minutes 

50 °C - Experiment 1 314:335 59:58 80%:84% 

50 °C - Experiment 2 305:317 66:74 78%:80% 

60 °C - Experiment 1 348:337 36:28 86%:85% 

60 °C - Experiment 2 324:358 41:33 85%:90% 

70 °C - Experiment 1 375:379 8:16 94%:95% 

70 °C - Experiment 2 360:371 16:15 91%:94% 

 

The FRS data were normalised by its output when measured in air. Similar 

normalised Fresnel reflection values were observed for each sensor when immersed 

in the LY3505/XB3403 at 30 °C as shown in Table 5.3. Upon heating to the desired 

isothermal cross-linking temperature, a decrease in the signal occurred as the 

refractive index of the resin system was reduced. The magnitude of the decrease 

was greatest for experiments completed at 70 °C. The FRS data were plotted to 

show the increase during isothermal cross-linking in Figures 5.8 (a) and (b), together 

with the degree of cross-linking determined via the DSC using the data in Figures 

5.7 (a) and (b). 
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Table 5.3 Normalised Fresnel reflection readings during cross-linking experiments. 

 Normalised Fresnel Reflection Data 

Experiment 

Start of 

experiment 

at 30 °C. 

At desired 

isothermal 

cross-

linking 

temperature. 

After 600 

minutes at 

isothermal 

cross-

linking. 

Increase 

during 

isothermal 

cross-

linking. 

50°C - Experiment 1 
0.0203 0.0175 0.0349 0.0174 

50°C - Experiment 2 
0.0201 0.0179 0.0357 0.0178 

60°C - Experiment 1 
0.0199 0.0162 0.0350 0.0188 

60°C - Experiment 2 
0.0217 0.0169 0.0348 0.0179 

70°C - Experiment 1 
0.0205 0.0155 0.0345 0.0190 

70°C - Experiment 2 
0.0197 0.0151 0.0338 0.0187 

 

Upon reaching the isothermal value, an increase in the signal is attributed to cross-

linking. As the reaction proceeds, the average density and molecular weight increase 

giving a corresponding increase in the refractive index. The FRS response increases 

during cross-linking as the difference between the refractive indices of the fibre core 

and the cross-linking resin increases. This has previously been reported during the 

cross-linking of epoxy resin systems by Crosby et al. (1996), Liu et al. (1997) and 

Mahendran et al. (2010). 

 

To compare the FRS and DSC datasets, three positions were determined: the point 

where the plot deviates from the initial linear evolution (Point A); the crossover of the 

extrapolation of the initial and final linear regions (Point B) and; the point where the lot 

deviates from the final linear evolution (Point C). The points are shown in Figures 5.9 

(a) and (b) and compared in Figure 5.10. Each of the points occurs earlier at higher 
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temperatures due to the increased rate of cross-linking. The points occur at similar 

times for both measurements during each experiment. Figure 5.10 indicates a similar 

evolution of the thermal and optical signals during cross-linking at each temperature. 

 

The initial rate of reaction for each experiment is indicated by the gradient of the 

FRS data upon reaching the desired isothermal cross-linking temperature and is 

shown in Figure 5.9 (a). The rate of reaction is higher at increased temperatures and 

correlates well with the conventional DSC data as presented in Table 5.4 and shown 

in Figure 5.11.  

 

A lower rate of reaction toward the end of the experiments is likely to be due to the 

glass transition temperature of the cross-linking resin exceeding that of the isothermal 

cross-linking temperature causing vitrification. The rate of the reaction is quantified in 

Table 5.5 and shown in Figure 5.11. The greatly reduced reaction rate occurs after 

approximately 420, 330 and 275 minutes for the data obtained at 50, 60 and 70 °C, 

respectively. The increase in the FRS was greatest for the experiments performed at 

higher temperatures as presented in Table 5.5 and shown in Figures 5.9 (a) and (b). 

 

The FRS shows a close agreement to the degree of cure obtained from the DSC. 

The graphs compare favourably as evidenced by the similar trend in the initial rate 

of reaction with temperature and the similarity for points A, B and C. This 

relationship between the refractive index and degree of cure obtained from the DSC 

has previously been demonstrated by Vacher et al. (2004) and Crosby et al. (1996), 

although their research was undertaken as independent or separate experiments. 

The current work has demonstrated the first hyphenated DSC/Fresnel reflection 

sensor-based technique. 
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Figure 5.9 Simultaneous FRS/DSC data acquisition showing the degree of cross-

linking using DSC and the normalised Fresnel reflection at isothermal cross-linking 

temperatures of 50, 60 and 70 °C: (a) Experiment 1; and (b) Experiment 2. 
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Figure 5.10 Time to reach points A, B and C during the cross-linking of 

LY3505/XB3403 at 50, 60 and 70 °C during DSC/FRS. A = Deviation from initial 

linear region; B = Intersection of extrapolation of initial and final linear regions; and 

C = Deviation of from final linear region. See Figures 5.9 (a) and (b) 

 

Table 5.4 Initial rate of cross-linking during the cross-linking of LY3505/XB3403 as 

detected by the FRS and DSC. 

 

Initial Rate of  

Cross-linking (0-50 Minutes) 

 dα/dt 

Normalised 

Fresnel 

Reflection/minute 

Isothermal  

Cross-linking 

DSC/FRS: 

DSC Data 

Conventional 

DSC 

DSC/FRS: 

FRS Data 

50 °C - Experiment 1 0.0033 0.0037 0.0005 

50 °C - Experiment 2 0.0031 0.0035 0.0006 

60 °C - Experiment 1 0.0071 0.0065 0.001 

60 °C - Experiment 2 0.0062 0.0062 0.0009 

70 °C - Experiment 1 0.0107 0.0119 0.0018 

70 °C - Experiment 2 0.0105 0.0116 0.0018 
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Table 5.5 Rate of cross-linking of LY3505/XB3403 toward the end of the isothermal 

heating as detected by the FRS and DSC. 

 
Rate of Cross-linking towards the  

End of Cross-linking (550-600 Minutes) 

 dα/dt 
Normalised Fresnel 

Reflection/minute 

Isothermal Cross-

linking 

 DSC/FRS: 

DSC Data 

Conventional 

DSC 

DSC/FRS: 

FRS Data 

50 °C - Experiment 1 2.E-04 1.E-05 2.E-07 

50 °C - Experiment 2 1.E-04 1.E-05 3.E-06 

60 °C - Experiment 1 1.E-04 8.E-05 3.E-07 

60 °C - Experiment 2 3.E-05 1.E-04 2.E-06 

70 °C - Experiment 1 1.E-06 2.E-05 6.E-07 

70 °C *- Experiment 2 5.E-06 7.E-05 9.E-07 

 

 

Figure 5.11 Magnitude of gradient of the FRS and DSC signal at the beginning and 

end of the cross-linking experiments. See Figure 5.9. 



192 

 

5.2.2 Isothermal Cross-linking Kinetics 

 

The autocatalytic model (Equation 4.1) was plotted alongside the isothermal kinetic 

data obtained using the hyphenated DSC/Fresnel at 50, 60 and 70 °C, as shown in 

Figures 5.12, 5.13 and 5.14 respectively. With reference to Figures 5.12 (a) and (b), 

the DSC, FRS and autocatalytic model showed a close correlation during cross-

linking at 50 °C until approximately 75% conversion.  After approximately  

400 minutes, the autocatalytic model showed an increased conversion compared to 

the DSC and FRS data; this may be due to the reaction rate changing from being 

chemical controlled to diffusion controlled. Vyazovkin and Sbirrazzuoli (1996b),  

Ruiz et al. (2006) and Rabearison et al. (2011) have all reported this discrepancy 

upon comparing the autocatalytic model with isothermal cross-linking of epoxy resin 

systems. 

 

Interestingly, the FRS increases at an increased rate when compared to the DSC 

from 400 to 600 minutes; this may be explained by the following reasons: 

(i) The FRS may be detecting minor changes in the cross-linking which fall 

below the 0.2 mW sensitivity detection of the DSC. 

(ii) Heating below the glass transition temperature of a cross-linking system 

can lead to enthalpic relaxation, also known as physical ageing         

(Hay, 1995). The FRS may be detecting physical ageing of the resin. 

Previously, Tanio et al. (2006) reported that the refractive index of a 

glass increases with undercooling.  

 

The data from the experiments completed at 60 °C are shown in Figures 5.13 (a) 

and (b). On comparing this with the 50 °C experiments, an increased initial drop in 
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the FRS signal is observed. This is due to the reduction in the refractive index of the 

resin when heating from 30 to 60 °C. Similar to the 50 °C experiments, close 

correlation between the model, DSC and FRS was observed until approximately 

75% conversion.  

 

At 70 °C a close correlation was observed with the DSC, FRS and the autocatalytic 

model throughout cross-linking.  After 75% conversion, a closer correlation is 

observed in Figures 5.14 (a) and (b) when compared to those shown in Figures 5.12 

and 5.13. On investigating the cross-linking of epoxy systems using conventional 

isothermal DSC, Montserrat and Cima (1999), Janković (2010) and Román et al. 

(2013) also observed an improved correlation of the autocatalytic model with data 

generated at higher temperatures. The authors noted the time to vitrification would 

affect correlation between the data but attributed small differences to experimental 

scatter.  

 

 

Figure 5.12 FRS and DSC data from isothermal cross-linking experiments during 

simultaneous DSC/Fresnel at 50 °C: (a) Experiment 1. 
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Figure 5.12 (continued) FRS and DSC data from isothermal cross-linking 

experiments during simultaneous DSC/Fresnel at 50 °C: (b) Experiment 2. 

 

 

Figure 5.13 FRS and DSC data from isothermal cross-linking experiments during 

simultaneous DSC/Fresnel at 60 °C: (a) Experiment 1. 
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Figure 5.13 (continued) FRS and DSC data from isothermal cross-linking 

experiments during simultaneous DSC/Fresnel at 60 °C: (b) Experiment 2. 

 

 

Figure 5.14 FRS and DSC data from isothermal cross-linking experiments during 

simultaneous DSC/Fresnel at 70 °C: (a) Experiment 1. 
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Figure 5.14 (continued) FRS and DSC data from isothermal cross-linking 

experiments during simultaneous DSC/Fresnel at 70 °C: (b) Experiment 2. 

 

The Arrhenius relationship (Equation 5.1) calculates the temperature dependency of 

the rate constant for the autocatalytic model (Equation 2.12)  

𝑘 = 𝐴 ∙ exp (
−𝐸

𝑅𝑇
)………. Equation 5.1 

where 

A = pre-exponential factor, 

K = Rate constant, 

Ea = activation energy, 

R = Universal gas constant (8.314 J mol-1), 

T = Temperature (Kelvin). 

 

Figure 5.15 shows the rate constants for the cross-linking reactions of the 

LY3505/XB3403 resin system. The corresponding rate constants and activation 

energies, presented in Table 5.6, are in general agreement with the conventional 

DSC data and those reported by Mahendran (2010) and Pandita et al. (2012), as 
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presented in Table 5.7. Upon comparing the rate constants for the conventional and 

DSC/FRS data, similar values were obtained. Minor discrepancies may be due to 

one or more of the following reasons: 

 

(i) Despite insulation of the system, the introduction of a custom-made lid 

and introduction of the FRS alters the thermal environment of the 

calorimeter. Calibration of the instrument was completed with indium to 

compensate for the change in environment. 

(ii) Intrinsic variability of the LY3505/XB3403 resin system. 

 

 

Figure 5.15 Arrhenius plot for the cross-linking LY3505/XB3403 during FRS/DSC. 
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Table 5.6 Rate constants and activation energy for the LY3505/XB3403 resin 

system obtained using hyphenated DSC and conventional DSC. 

  Rate Constant, k (s-1) 

  

Conventional  

DSC 

Experiment 1 

Conventional 

DSC 

Experiment 2 

DSC/FRS 

Experiment 1 

DSC/FRS 

Experiment 2 

Isothermal 

Cross-Linking  

Temperature (°C) 

K (s-1) K (s-1) K (s-1) K (s-1) 

50 0.00018 0.00017 0.00016 0.00017 

60 0.00033 0.00032 0.00029 0.00027 

70 0.00059 0.00058 0.00053 0.00056 

Activation Energy 

(kJ mol-1) 

58.68 55.58 

 

Table 5.7 Previously reported activation energies for LY3505/XB3403. 

Reference 

Pandita et al. 

(2012) 

Pandita et al. 

(2012) 

Mahendran et 

al. (2010) 

Wang et al. 

(2016) 

Method 
DSC/FTIRS 

Conventional 

DSC 

Conventional 

DSC 

Transmission 

FTIRS 

Activation Energy 

(kJ mol-1) 
60.22 60.82 60.82 56.8 

 

The close correlation of the optical and thermal data during the cross-linking of 

LY3505/XB3403 demonstrates the performance of the FRS as a cure monitoring 

technique. The simultaneous data acquisition by the DSC and the FRS upon the 

same sample ensured identical cross-linking conditions and, for the first time, 

permits direct comparison between measurement techniques.  

 

The rate constants and activation energy for experiments completed using 

DSC/FRS correlate with data from a conventional DSC and with previously reported 



199 

 

data in the literature. Therefore, the modifications to the instrument appear to have 

not significantly altered the performance of the DSC to track cross-linking kinetics. 

 

5.2.3 Detecting the Glass Transition Temperature Subsequent to 

Isothermal Cross-linking 

 

Following isothermal cross-linking in the DSC/FRS equipment, three successive 

ramps from 30 to 150 °C at 10 K/minute were performed to detect the glass 

transition temperature, Tg. The Tg was calculated using the method described in 

ASTM-D3418 (2015) and discussed in Section 2.3.1.3. Figures 5.16 (a) to (c) show 

typical thermograms upon heating through the glass transition region after cross-

linking at 70 °C. Heating above the Tg of a cross-linked polymer has shown to 

facilitate changes in the specific volume (Machavaram et al. (2014) and Yu et al. 

(2005). As reported by Giordano et al. (2004), Machavaram et al. (2014) and Robert 

and Dusserre (2014), a change in the thermo-optic coefficient was also observed 

from the FRS signal upon approaching and passing the Tg. The point of the 

transition was determined by the intersection of extrapolated lines before and after 

the transition as demonstrated by Giordano et al. (2004) and Robert and Dusserre 

(2014). 

 

With reference to Table 5.8 and Figure 5.16 (a), the first temperature ramp reveals a 

Tg which is larger than the isothermal cross-linking temperature. This indicates 

vitrification occurred during the isothermal cross-linking and contributed to the low 

rate of reaction towards the end of crosslinking, shown in Figures 5.12 - 5.14.  

During the first temperature ramp (Figure 5.16(a)), when the temperature rises 

above the Tg, de-vitrification can occur, allowing for a greatly increased rate of 
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reaction (Assche et al., 1997; Wunderlich, 1981). This post-cross-linking contributes 

toward an increased Tg in the second ramp (Figure 5.16(b)). An increased Tg was 

observed for each experiment, as shown in Table 5.8. Further post-cross-linking 

occurs during the second ramp and is observed by an increased glass transition 

during the third ramp, as shown in Figure 5.16(c). 

 

Table 5.8 presents a summary of the glass transition values measured by the DSC 

and FRS and in each case the two datasets were within 1 °C. This study has 

demonstrated conclusively that the observed change in the thermo-optic coefficient is 

a consequence of approaching and passing the Tg. Although previous researchers 

have observed a change in the thermo-optic coefficient upon heating an epoxy resin 

through the Tg, this current work represents the first direct correlation between optic 

and thermal data in an identical environment, as opposed to independent and 

separate experiments. 

 

The Tgs obtained following isothermal cross-linking using conventional DSC are 

presented in Table 5.8. Upon comparison with the Tgs obtained during DSC/FRS, 

similar values were obtained and correlate to ±2 °C. Variations may be explained by 

intrinsic scatter in the resin system. 

 

In Section 2.2.1, Equation 2.9 was derived, that relates the refractive index to the 

molar refractivity and the molar volume. Using the binomial theorem, the equation 

approximates to a linear function of refractive index as a function of refractivity. The 

refractive index depends upon the chemical nature of the molecules and the molar 

volume.  

𝑛𝑟 =  {(1 + 
2𝑅𝑀

𝑉𝑀
) / (1 −

𝑅𝑀

𝑉𝑀
)}

1

2
………. Equation 2.9 
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From Figures 5.16 (a) – (c), a change in the normalised Fresnel reflection FRS occurs 

at the Tg. The chemical bonds and therefore the molar refractivity should remain un-

changed during this period. The relationship between the normalised Fresnel 

reflection with temperature appears to be influenced by a difference in the relationship 

of the resin density with temperature in the glassy and gel state. 

 

 

Figure 5.16 Thermogram obtained from DSC during a non-isothermal scan through 

the Tg for the LY3505/XB3403 resin system along with data obtained from the Fresnel 

reflection sensor: (a) First non-isothermal heating ramp 
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Figure 5.16 (continued) Thermogram obtained from DSC during a non-isothermal 

scan through the Tg for the LY3505/XB3403 resin system along with data obtained 

from the Fresnel reflection sensor: (b) Temperature ramp 2; and (c) Temperature 

ramp 3. 
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Table 5.8 Glass transition temperatures of LY3505/XB3403 after cross-linking using 

the simultaneous DSC/Fresnel technique and using conventional DSC. 

Isothermal Cross-
linking 

Temperature 

DSC/ 
Fresnel  
Tg 1 (°C) 

DSC/ 
Fresnel  
Tg 2 (°C) 

DSC/ 
Fresnel  
Tg 3 (°C) 

DSC 
 Tg 1 
(°C) 

DSC 
 Tg 2 
(°C) 

DSC 
 Tg 3 
(°C) 

50 °C - Experiment 1 57.6/56.6 69.05/68.1 72.6/70.7 56.3 68.2 72.2 

50 °C - Experiment 2 56.9/56.6 68.4/69.1 73.0/71.4 55.2 67.9 72.7 

60 °C - Experiment 1 66.7/65.9 69.6/68.3 71.0/71.0 67.4 72.5 73.9 

60 °C - Experiment 2 67.5/68.9 69.4/68.5 70.9/70.2 67.6 71.7 74.5 

70 °C - Experiment 1 69.0/70.0 71.5/71.6 73.2/72.3 73.6 75.3 75.2 

70 °C - Experiment 2 71.9/70.1 73.0/71.5 73.8/72.8 74.0 75.2 75.7 

 

5.2.4 Detecting the Glass Transition Temperature for a 

Stoichiometrically Un-Balanced Resin System 

 

The previous detection of the Tg using a FRS was undertaken using 

stochiometrically balanced systems (Giordano et al., 2004; Machavaram et al., 

2014; Robert and Dusserre, 2014). The capability of using the FRS to study the 

effect of stochiometry on the Tg was investigated by altering the stoichiometric ratio 

by +/- 3, 6 and 9%. This was performed by altering the quantity of hardener. The 

samples were cured at 70 °C for 10 hours before three heating ramps were 

performed from 30 to 150 °C at 10 K/minute.  The Tg was determined using the DSC 

and FRS with the method shown in Figures 5.16. Table 5.9 presents the Tg 

determined at each stoichiometric ratio. The close correlation between the two 

detection methods shows that the sensor can detect Tgs of a non-stoichiometric 

epoxy resin system.  
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Table 5.9 Glass transition temperatures of LY3505/XB3403 systems with specified 

stoichiometric ratios following isothermal cross-linking at 70 °C for 600 minutes. 

Stoichiometry Change 

 in Hardener (Weight %) 

DSC/Fresnel 

Tg 1 (°C) 

DSC/Fresnel 

Tg 2 (°C) 

DSC/Fresnel 

Tg 3 (°C) 

9 54.2/54.3 54.6/55.3 54.9/55.1 

6 64.5/64.3 64.8/64.2 65.1/65.3 

3 68.7/68.6 70.2/70.1 70.7/70.9 

0 71.2/71.2 74.1/74.1 74.5/74.4 

-3 71.5/70.9 75.5/75.7 77.3/76.9 

-6 64.1/63.8 65.2/64.4 65.0/65.2 

-9 54.8/54.5 56.2/55.7 56.3/56.6 

 

Figures 5.17 (a) – (c) show the Tgs for each temperature ramp following isothermal 

cross-linking at 50, 60 and 70 °C. The data are summarised in Figure 5.18 showing 

an increasing glass transition temperature after each sequential ramp due to post 

cross-linking. The glass transition temperatures of the systems, containing 0 wt% 

and −3 wt% hardener, were the largest in all three temperature ramps.  

 

Meyer et al. (1994) investigated the effect of changing the stoichiometry on the Tg of 

a DGEBA/DDS system when altering the hardener content by ±20% and using 

various cross-linking conditions. The Tg of the cross-linked system was then 

determined using dynamic mechanical thermal analysis (DMTA). The Tg of the 

epoxy rich system showed an increased Tg (216 °C) when compared to the 

stoichiometrically balanced system (206 °C). The authors stated that during post-

cross-linking of epoxy rich systems, etherification of the epoxy group can occur. The 

etherification process can therefore allow for increased consumption of epoxy 
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groups leading to a higher cross-link density and Tg. Figures 5.17 (a) – (c) correlate 

with Meyer et al. (1994), by showing a reduction in the Tg of the epoxy rich systems. 

 

 

 

Figure 5.17 Graphic representation of variation in glass transition temperature with 

stoichiometry change following isothermal cross-linking at 70 °C:  

(a) Temperature ramp 1; and (b) Temperature ramp 2. 
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Figure 5.17 (continued) Graphic representation of variation in glass transition 

temperature with stoichiometry change following isothermal cross-linking at 70 °C:  

(c) Temperature ramp 3. 

 

 

Figure 5.18 Histogram showing variation in the Tg following isothermal cross-linking 

at 70 °C. 
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5.3 Isothermal Cross-linking of Cytec/Solvay Phase Separating 

 Resins 

 

A series of epoxy resin formulations were prepared in collaboration with 

Cytec/Solvay Ltd. The resins were cured using the previously described combination 

DSC/Fresnel assembly, under isothermal conditions at 180 °C. Figures 5.19 (a) and 

(b) show the cross-linking data from DSC and the FRS. The sample was permitted 

to equilibrate in the DSC at 30 °C for 1 minute before heating at 40 K/minute to  

180 °C. This caused the observed initial drop in the FRS signal. As cross-linking 

proceeded, an increase in the Fresnel signal was observed throughout the 

experiment. The DSC thermogram shows a large exothermic reaction, peaking at 

approximately 35 minutes. At the end of the isothermal period, the horizontal DSC 

baseline suggesting a cessation of the cross-linking reactions or the detection limit 

of the instrument being reached. 

 

Figure 5.19 Isothermal cross-linking of Cytec/Solvay resin system at 180 °C without 

a thermoplastic additive: (a) Experiment 1. 
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Figure 5.19 (continued) Isothermal cross-linking of Cytec/Solvay resin system at  

180 °C without a thermoplastic additive: (b) Experiment 2. 

 

Formulations of the epoxy system containing 10, 20 and 30% by mass of a 

thermoplastic material were also prepared to induce phase separation. Typical data 

from the DSC/Fresnel experiments for the 10, 20 and 30 % thermoplastic additive 

are shown in Figures 5.20 (a) – (c); relevant data from the experiments are 

presented in Table 5.10. 

 

The enthalpy of the reaction was determined by drawing a horizontal baseline from 

the end of the isothermal cross-linking period. Similar values for the peak reaction 

time and enthalpy were obtained for 0 to 20% thermoplastic, the data is presented in 

Table 5.10. The enthalpy of reaction was reduced by approximately 6% for the 

sample containing 30% thermoplastic.  

 

With reference to Table 5.11, a reduction in the enthalpy of the reaction has 

generally been reported in the literature. Mackinnon et al. (1993), Su et al. (1995), 
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Swier et al. (1999) and Thomas et al. (2010) have all reported reductions in the 

enthalpy of reaction when introducing thermoplastic additives to epoxy resin 

systems. The authors cite dilution of the system by the thermoplastic as a 

contributing factor for the reduced enthalpy. As the cross-linking reaction 

progresses, the epoxy concentration decreases further, causing a reduction in the 

entropy of mixing leading to phase separation. Similar to the previously reported 

examples presented in Table 5.11, a decrease in the enthalpy of reaction was 

observed as the thermoplastic content was increased to 30 wt %.  

 

With reference to Figures 5.20 (a) – (c), an initial decrease in the FRS is observed 

whilst heating to the isothermal cross-linking temperature. The signal then increased 

in intensity until approximately 45 minutes. Signal fluctuation begins after 

approximately 44, 45 and 48 minutes for samples containing 10, 20 and 30 wt% 

thermoplastic, respectively. The fluctuations persisted for approximately 21 minutes 

for samples containing 10 wt% thermoplastic and approximately 16 minutes for 

those containing 20 and 30 wt% thermoplastic. Previously, Dimopoulos et al. (2009) 

reported similar FRS data fluctuation during the cross-linking of an aerospace epoxy 

resin system known to display phase separation. A UV lamp was used to heat the 

resin system for 2 hours at 140 °C. Fluctuations in the FRS data were observed 

from the beginning of the reaction to after approximately 40 minutes. The authors 

proposed two possible explanations for the fluctuations:  

(i) Despite degassing, tiny air bubbles passing by the sensor head. 

(ii)  The formation and movement of thermoplastic-rich regions.  
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Figure 5.20 Isothermal cross-linking of Cytec/Solvay resin system with specified 

quantities of thermoplastic additive: (a) 10 wt%; and (b) 20 wt%. 
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Figure 5.20 (continued) Isothermal cross-linking of Cytec/Solvay resin system with 

specified quantities of thermoplastic additive: (c) 30 wt%. 

 

Table 5.10 Relevant data from DSC/FRS experiments during the isothermal cross-

linking of the Cytec/Solvay resins systems at 180 °C. 

 

DSC data 
FRS Data 

 Time (minutes) 

wt% 

Thermoplastic 
ΔH (J/g) 

Peak  

Reaction 

Time 

(minutes) 

Commencement 

of Fluctuating 

Signal  

Termination 

of 

Fluctuating 

Signal  

Duration of 

Fluctuation 

Region 

0 266 35 NA NA NA 

0 275 35 NA NA NA 

10 261 36 44 65 21 

10 264 33 45 65 20 

20 271 33 45 62 17 

20 273 33 46 62 16 

30 245 35 49 65 16 

30 249 34 48 65 17 
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Figure 5.21 shows SEM micrographs of samples following the isothermal cross-

linking. A featureless morphology is present for the resin without the thermoplastic. 

Particle-like features of approximately 1 µm diameter were evident with 10% 

thermoplastic; these features increased in size and quantity as the content was 

increased to 20%. For the 30% thermoplastic system an interpenetrating 

morphology was present.  

 

Bonnet et al. (1999) reported on the microstructural changes upon adding 10, 20, 

30, 45 and 60 wt% polyetherimide to an epoxy-diamine system after cross-linking for 

12 hours. Optical microscopy showed particle-like thermoplastic phases for samples 

containing 10% thermoplastic. The thermoplastic regions grew in size for samples 

containing 20% thermoplastic. Above 30% a bi-continuous structure was reported. 

Similar findings have been reported for epoxy systems containing quantities of 

polyethersulphone (PES) (Yamanaka and Inoue, 1989; Blanco et al., 2004) and 

polysulphone (PS) (Tercjak et al., 2005). These findings correlate with  

Figures 5.21 (a) – (d). 
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Figure 5.21 SEM micrographs of cryo-fracture surfaces of Cytec/Solvay resins 

containing specified concentration of thermoplastic: 

 (a) 0%; (b) 10%; (c) 20%; and (d) 30%. Image provided by Cytec/Solvay. 

 

With reference to Figure 5.21 (a) the featureless SEM micrograph indicates phase 

separation has not occurred during the cross-linking of the system containing  

0% thermoplastic. The absence of the thermoplastic appears to allow for a steady-

increase from the FRS signal throughout cross-linking and correlates with data 

previously reported upon the cross-linking of epoxy resin systems by Crosby et al. 

(1996), Liu et al. (1997) and Mahendran et al. (2010). 
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Upon the addition of 10% thermoplastic, a microstructure containing particle-like 

features were present and approximately 1 µm in size, comparable with the 8 µm core 

of the optical fibre. During cross-linking, this produced a period of FRS fluctuations 

from 44 to 65 minutes. Similar behaviour was reported by Dimopolous et al. (2009) 

and the authors stated that the behaviour is likely due to the movement of 

‘thermoplastic rich’ phases during cross-linking. This proposed explanation is 

supported by the DSC/FRS and SEM images in the current study. The termination of 

the fluctuations during the later stages of cross-linking may be explained by formation 

of a cross-linked network that restricts particle movement. 

 

The system containing 20% thermoplastic showed FRS fluctuations from 

approximately 46 to 62 minutes; this period commenced at a similar time to the 10% 

thermoplastic system but decreased in length by 3 to 4 minutes. The particle 

morphology from SEM micrographs grew in size and quantity when compared to the 

10% thermoplastic sample to approximately 1-2 µm in diameter. 

 

An interpenetrating morphology was observed upon increasing the thermoplastic 

content to 30%. The microstructural changes correlate with previous reports of adding 

specified thermoplastic quantities to epoxy systems, whereby a particle-like 

morphology develops into an interpenetrating morphology upon the addition of 

increased thermoplastic content (Yamanaka and Inoue, 1989; Blanco et al., 2004; 

Tercjak et al., 2005) The fluctuation period initiates 3 minutes later than the 20% 

thermoplastic systems and has a similar duration.  
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Table 5.11 Literature citing the effect of thermoplastics upon the cross-linking of 

epoxy resin systems. 

Resin System Additive Effect on 
Cross-linking 

Notes Reference 

DGEBA/44DDS 20 wt% 
amine 
terminated 
PS 

Reduced from 
666J/g to 
506.5 J/g 

Particulate 
phase - TP 
acts as a 
dilutent 

Mackinnon 
et al.,1993 

DGEBA/44DDS 30 wt% 
amine 
terminated 
PS 

Reduced from 
666J/g to 
431.7 J/g 

Co-continuous 
phase - TP 
acts as a 
dilutent 

Mackinnon 
et al.,1993 

TGDDM/DDS 20%  
Poly 
carbonate 

Increased Tg 
by 10-15 °C 
but reduced 
initial rate by 
approximately 
20%. 

Incorporation 
of the PC into 
the 
TGDDM/DDS 
system. 

Su et al., 
1995 

DGEBA/Aniline 20% PES Negligible 
effect on total 
enthalpy 

Particulate 
phase - TP 
acts as a 
dilutent 

Swier et al., 
1999 

DGEBA/Anhydride 
hardener 

20 wt% 
CTBN 

Reduced 
enthalpy by 
approximately 
10%. 

Reduction in 
the reactive 
groups causes 
fall in enthalpy 
(dilution 
effect). 

Thomas et 
al., 2010 

Epoxy/thermo-
plastic 

30 wt % 
thermo-
plastic 

Reduced 
enthalpy by 
approximately 
10%  

Co-continuous 
phase 
observed. 

Current 
work 

 

5.4 Summary 

 

The focus of this work was to develop a combination DSC and FRS analytical 

technique to enable direct comparison between thermal and optical data during 

cross-linking during real-time cross-linking processes. The calibration of the DSC 

was demonstrated with the top-cover attached and the FRS probe in situ. The FRS 

probe was demonstrated to correlate with the predicted performance over a range of 
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refractive indices and shown to display long-term stability. The impact of the FRS on 

the DSC was also quantified. 

 

The DSC/FRS combination technique was then used to study the cross-linking of 

LY3505/XB3403 at 50, 60 and 70 °C. An excellent correlation between the degree 

of cross-linking and the increase in the normalised Fresnel reflection was 

demonstrated. The autocatalytic model was used to model the reaction kinetics. The 

model showed good correlation with the experimental data. 

 

Following isothermal cross-linking of samples, non-isothermal scans were 

completed to determine the glass transition characteristics of the system. It was 

observed that a change in the thermo-optic coefficient in the FRS signal correlated 

within 1 °C to the glass transition properties determined by the DSC method. Thus, it 

was conclusively shown that the FRS probe can be used to determine the glass 

transition characteristics of an epoxy resin system. Further experiments wherein the 

stoichiometric ratio was altered demonstrated the glass transition could be detected 

in non-stoichiometric systems. 

 

The combination DSC/FRS technique was then used to study the cross-linking of a 

set of aerospace resin formulations prepared in collaboration with Cytec/Solvay Ltd. 

The resin systems were designed to display phase-separation during cross-linking 

at 180 °C. Periods of sensor fluctuation was observed during cross-linking of 

systems containing thermoplastic. It is believed the fluctuations were caused by 

phase separation. SEM images of the cross-linked material showed a two-phase 

morphology indicative of phase separation. The experiments appear to demonstrate 

that phase separation can be detected during the cross-linking of epoxy resin 

systems using the FRS.  
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6. EVALUATION OF THE FRESNEL REFLECTION SENSOR 

WITH LY3505/XB3403 CONTAINING GRAPHENE 

NANO-PARTICLES 

 

This chapter reports on the effect of dispersed graphene nano-particles (GNPs) on 

the cross-linking characteristics of the LY3505/XB3403 resin system. The GNPs 

were blended with the LY3505 resin using high-shear mixing by the Gwent Group 

(UK) and supplied to the author. The required mass of the XB3404 hardener was 

added to the resin, mixed and degassed as described in Section 3.2.2, Chapter 3. 

The resin system was analysed using the hyphenated DSC/FRS technique as 

described in Chapter 5. The introduction of the GNPs cause fluctuations in the 

Fresnel reflection sensor (FRS) signal during the early stages of cross-linking. A 

series of experiments were designed to identify the cause of the fluctuations.  

 

6.1 Simultaneous Differential Scanning Calorimetry /Fresnel 

 Reflection Sensor 

 

The technique developed in Section 5 was used to examine the impact of introducing 

various weight percentages (wt%) of GNPs on the chemical and physical characteristics 

of LY3505/XB3403, during and after cross-linking. Alumina pans were used. 
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6.1.1 Isothermal Cross-linking 

 

Isothermal cross-linking experiments were performed at 70 °C for the resin 

systems containing 0, 0.01, 0.1, 0.5, 1 and 2 wt% GNP. This temperature was 

chosen, as previous cross-linking experiments using LY3505/XB3403 appeared to 

have reached near completion after 600 minutes. Similar to the conventional DSC 

analysis of LY3505/XB3403, a large exothermic reaction was present, which 

reduced in intensity before reaching a horizontal baseline, as shown in  

Figures 6.1 (a) – (f). 

 

With reference to Figure 6.1(a), without the addition of any GNP, the FRS data 

showed an initial drop as the temperature was heated to the desired isothermal 

cross-linking temperature. The refractive index of the resin increased with cross-

linking time, which produced an increase in the normalised FRS data. The data 

previously presented in Section 5.2.1 is also plotted in Figure 6.1(a) for comparison 

purposes, and similar thermal and optical responses are observed. 

 

Upon the addition of 0.01 wt% GNP, small fluctuations were observed during the 

early stages of cross-linking as shown in Figure 6.1(b). The fluctuations reduced in 

frequency and amplitude before reaching a relatively stable signal after 

approximately 30 minutes. 

 

An increase in the amplitude and frequency of the fluctuations was observed upon 

increasing to 0.1 wt% GNP, as shown in Figure 6.1(c). The fluctuations diminish and 

a relatively stable signal was achieved after 33 minutes. Similarly, the fluctuations 
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were increased upon the addition of 0.5 wt% GNP, as shown in Figure 6.2(d), where 

the signal stabilises after approximately 37 minutes. 

 

Further increases to the fluctuation amplitude were observed for 1 wt% GNP and  

2 wt% GNP as shown in Figure 6.1(e) and Figure 6.1(f). The stabilisation of the 

signal was delayed from previous experiments to 48 and 51 minutes for 1 and  

2 wt% GNP, respectively. 

 

 

 

Figure 6.1 Isothermal cross-linking of LY3505/XB3403 at 70 °C with: (a) 0% GNP. 
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Figure 6.1 (continued) Isothermal cross-linking of LY3505/XB3403 at 70 °C with: 

(b) 0.01 wt%; and (c) 0.1 wt% GNP. 
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Figure 6.1 (continued) Isothermal cross-linking of LY3505/XB3403 at 70 °C with: 

(d) 0.5 wt%; and (e) 1 wt% GNP. 
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Figure 6.1 (continued) Isothermal cross-linking of LY3505/XB3403 at 70 °C with: 

(f) 2 wt% GNP. 

 

In Section 2.3.3, Chapter 2, the impact of graphene particulates on the cross-linking 

kinetics of epoxy resins was discussed and Table 2.14 summarised the literature 

results. However, it was noted that consensus was not achieved in the literature with 

regards to the effect of introducing low quantities of GNPs into epoxy resin systems 

(Teng et al., 2011; Ryu et al., 2014; Galpaya et al., 2015; Li et al., 2015; Prolongo et 

al., 2016). Complex interactions between the resin, hardener and particulates 

influence the cross-linking behaviour (Galpaya et al., 2015). In the current study, 

similar magnitudes of the enthalpy of cross-linking were observed for each wt% 

GNP as shown in Figure 6.2.  
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Figure 6.2 Magnitude of enthalpy during cross-linking at 70 °C of LY3505/XB3403 

containing specified wt% of GNP.  

 

The normalised Fresnel reflection data for each concentration of GNPs are shown 

in Figure 6.3(a) with an expanded view of the first 40 minutes of crosslinking 

shown in Figure 6.3(b). The increase in fluctuation amplitude and frequency is 

evident as the wt% of GNP is increased.  
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Figure 6.3 Response of the FRS during isothermal cross-linking of LY3505/XB3403 

at 70 °C containing specified wt% of GNP: (a) Over 600 minutes; and (b) Expanded 

view from 0-40 minutes. The graphs have been moved in the y-axis to allow 

visibility. 

 

Table 6.1 lists the times when the noise becomes negligible, the normalised Fresnel 

reflection at the start of isothermal cross-linking, after 600 minutes and the increase 
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over this period. The ‘normalised Fresnel reflection upon increasing 70 °C’ data 

point was taken as the lowest value at 70-71 °C. A general trend of a decreasing 

initial normalised Fresnel reflection value with increasing GNP content was 

observed. The introduction of the GNPs produced a blackening effect on the resin, 

preventing measurement of the refractive index using the Abbe refractometer. Upon 

reaching 70 °C, reduced normalised Fresnel values were observed with increasing 

GNP content. This could be explained by the absorption of light by the GNP 

preventing Fresnel reflection. There was an increase in the normalised Fresnel 

reflection over the 600-minute cross-linking period, although the magnitude of the 

increase was greater for the systems containing up to 1 wt% GNP. Systems 

containing 2 wt% showed approximately 25% lower increase during cross-linking. 

 

Table 6.1 A summary of the times at which the fluctuations were detected in the 

FRS signal during the cross-linking of LY3505/XB3403 with specified wt% of GNP. 

wt% 
GNP 

Approximate 

time when 

noise becomes 

negligible 

(minutes) 

Normalised 

Fresnel reflection  

on reaching  

70 °C. 

Normalised 

Fresnel reflection 

after 600 Minutes 

of isothermal 

cross-linking 

Magnitude of 

increase in 

normalised 

Fresnel reflection 

during 600-

minute cross-

linking period. 

Experiment Experiment Experiment Experiment 

 1 2 1 2 1 2 1 2 

0 N/A N/A 0.0185 0.0183 0.0375 0.0419 0.0190 0.0236 

0.01 32 30 0.0139 0.0143 0.0321 0.0347 0.0182 0.0204 

0.1 33 36 0.0133 0.0149 0.0298 0.0346 0.0165 0.0197 

0.5 37 36 0.0149 0.014 0.0343 0.0321 0.0194 0.0181 

1 38 39 0.0110 0.0151 0.0315 0.0344 0.0205 0.0193 

2 51 50 0.0090 0.0135 0.0203 0.0280 0.0113 0.0145 
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Dimopoulos et al. (2009) reported fluctuations in the FRS signal during the early 

stages of cross-linking of an epoxy/amine system containing carbon nanotubes. 

They postulated that the fluctuations were caused from either the movement of air 

bubbles, which were not removed during degassing, or due to the stochastic 

movement of particulates within the sensing region. In the current work, the 

degassing routine mentioned in Section 3.2.1 was used for all resin systems, 

indicating degassing issues were not responsible for the fluctuations.  

 

In order to observe the interaction of the epoxy/GNP with the FRS over a defined 

period, the sensor was inserted into an alumina pan containing LY3505/0.1 wt% 

GNP (no amine). The DSC/FRS technique was used to study the effect of the GNP 

without the amine hardener. The sample was held at 30 °C for 20 minutes before 

ramping to 70 °C with a dwell for 10 hours. The output from the thermocouple and 

the FRS are shown in Figure 6.4. At 30 °C, the stochastic behaviour of the FRS 

signal emanates from a consistent minimum value of 0.0294. This value is equal to 

that recorded from neat LY3505. As the temperature was increased to 70 °C, the 

minimum baseline value was reduced from 0.0386 to 0.0299, whilst an increase in 

the fluctuation intensity was observed.  
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Figure 6.4 FRS signal emanating from the epoxy resin (LY3505) containing  

0.1 wt% GNP at 30 and 70 °C using hyphenated DSC/FRS. 

 

To observe the fluctuation in the FRS signals further, the FRS probe was inserted 

into a LY3505/0.1 wt% GNP sample at room temperature with an increased 

acquisition rate of 10 Hz, compared to the previously used 2 Hz. Figure 6.5 shows 

the FRS signals over a one-minute interval. Similar to Figure 6.4, a stochastic 

signal is seen. The minimum normalised Fresnel reflection value is equal to that 

when the sensor is immersed in LY3505 resin.  

 

A magnified plot of the FRS data for LY3505 containing 0.1 wt% GNPs is shown in 

Figure 6.5; the fluctuations increased the FRS signal. One or more of the following 

reasons may have contributed to the observed fluctuations in the FRS signal 

during the initial stages of cross-linking: 

(i) Local temperature and refractive index fluctuations due to the presence 

of the GNP. Thermal gradients in the sample, introduced by the DSC and 
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the FRS, may have caused convection within the resin and hence 

contributed towards the fluctuations. 

(ii) Intermittent creation of a Fabry-Perot “cavities” between the tip of the 

sensor and GNPs. It is speculated that some of the noise may be 

attributed to the formation of interference fringes. The variation of the 

fluctuations may have been due to the sensor/GNP distance in addition 

to their relative orientation. 

(iii) Specular reflections from GNP particles within the sensing region.  

 

It is unclear if the GNPs interfere with the FRS data due to Fabry-Perot-type 

interference, reflection or by temporary proximity of the GNPs around the sensor. 

Interestingly, Figure 6.5 appears to show an isolated fluctuation that resembles 

Fabry-Perot interference fringes. The minimum baseline value appears to be 

indicative of a moment when there were no particles lying within the sensing region, 

as this reproducible minimum value was equal to that of the neat resin. The upward 

fluctuations may represent periods where agglomerations of GNP pass within the 

interaction region. It is unclear how far the sensing region reaches into the resin. 

The amplitude of the fluctuations may be influenced by particle size, shape, quantity, 

orientation and proximity to the sensor. Sections 6.2 and 6.3, later in this chapter, 

aim to further investigate these hypotheses. 
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Figure 6.5 FRS signal emanating from the LY3505 resin containing 0.1 wt% 

GNP at room temperature using an increased acquisition rate of 10 Hz. A 

schematic representation of the cause of the fluctuations is also shown. 

 

6.2 Impact of Ultrasonic Mixing of Resin on the Fresnel Reflection 

 Sensor Signal 

 

As discussed in Section 2.3.3, it has been reported widely that GNPs have a 

tendency to agglomerate (King et al., 2013; Chandrasekaran et al., 2014; Wan et al., 

2014a). It was suspected that the fluctuations of the FRS were a result of the 

movement of micron sized particles across the sensor. Previously, Zaman et al. 

(2012); King et al. (2013) and Prolongo et al. (2014) reported that uniform dispersion 
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of GNPs can be achieved using sonication techniques. Therefore, the impact of 

sonicating the resin/GNP mixture as a function of time was investigated. The 

response of the FRS on the resin/GNP as a function of the sonication time, at room 

temperature is presented in Figure 6.6. The sonication process was undertaken using 

50% of the sonication amplitude that was available, as above this level, a rapid 

increase in the temperature was observed. With reference to Figure 6.6, the 

sonication of the resin/GNP did not remove the fluctuations but appears to have 

removed the largest perturbations. This may have been due to de-cohesion of the 

agglomerated GNPs. Beyond this, no significant reductions were observed.  

 

At the end of the experiment, 100% amplitude was used for 3 minutes despite 

introducing significant temperature increases. A decrease in the fluctuation intensity 

was observed. It is possible that the ‘higher amplitude’ mixing broke-up some GNP 

agglomerations.  

 

Figure 6.6 Impact of sonication of the resin/GPN on the FRS signal for LY3505 

containing 2% GNP (no hardener) after various times, using an amplitude of 12 kHz. 
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6.3 Effect of Freezing the Epoxy Resin on the Output from the 

Fresnel Reflection Sensor 

 

LY3505/GNP resins were frozen using liquid nitrogen with the FRS probe inserted, 

to investigate if restricting particle movement would affect the observed fluctuations 

in the FRS signal. The sensor and a thermocouple were immersed in epoxy/GNP 

sample contained in an aluminium dish. The dish was then lowered into a bath of 

liquid nitrogen. After cooling, the sample was left to return to room temperature. 

 

Figure 6.7 shows the effect of cooling the neat resin on the output from the FRS. 

The signal remained constant at room temperature for 20 minutes, before liquid 

nitrogen was introduced. Upon adding the liquid nitrogen, the temperature was 

reduced to -196 °C. This caused a reduction in the refractive index and thus the 

FRS signal recorded a decrease. As the resin warmed, a period of large Fresnel 

fluctuations was observed. Following this, the signal gradually returned to its original 

value at room temperature. 

 

At approximately -100 °C, large fluctuations in the FRS signal are observed. 

Interestingly, the first of these fluctuations causes a normalised Fresnel reflection 

value of 1 to be recorded momentarily. This value is equivalent to that recorded in 

air and is shown in the insert of Figure 6.7. The fluctuations continue during warming 

until approximately -0 °C where the signal returns to the original value of 0.039 

indicating the sensor is fully submerged in the neat resin. 
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Figure 6.7 The response of a FRS when immersed in LY3505 (without GNP) and 

cooled using liquid nitrogen. The insert shows a period where the signal 

momentarily records 1 during warming 

. 

Mani et al. (2016) investigated the effect of melting ice on the FRS signal. As the ice 

warmed, a gradual increase in the FRS signal was observed until approximately  

−45 °C. Between −45 and −4 °C, abrupt changes in the signal were observed, 

similar to those observed between 45 and 60 minutes in Figure 6.7. The authors 

gave the following reason for the abrupt changes. As the temperature increased, the 

differing thermal expansion coefficients of the silica fibre and the ice may have 

produced a strained region around the sensor. This could be exacerbated by the 

light absorption of the sample close to the sensing region. Eventually the strain 

becomes large enough to cause de-bonding of the fibre and the surrounding 

medium. The abrupt change initially changed to that of the freshly cleaved fibre in 

air. Following this, further fluctuations were observed. It was postulated by the 

authors that upon de-bonding, Fabry-Perot interference between the sensor and the 
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light, reflected by the ice, caused continued fluctuations. After complete melting of 

the ice, the FRS signal returned to the signal recorded in water. 

 

Similar to the work of Mani et al. (2016), Figure 6.7 shows an abrupt change in the 

Fresnel signal during warming, to a value equivalent to that recorded in air. This 

indicates possible de-bonding of the sensor and the resin. It is possible that Fabry-

Perot interferences were present until melt of the resin after 70 minutes, when the 

signal returned to that upon first insertion to the resin. 

 

Figure 6.8 displays the FRS signal during a similar experiment where the sensor 

was immersed in LY3505 containing 2% GNP during four cooling regimes. Similar to 

the cross-linking experiments shown in Figure 6.3, the addition of GNP caused 

fluctuations in the FRS signal at room temperature. An increase in the intensity of 

the fluctuations was observed at higher concentrations. Four cooling/thaw cycles 

were undertaken for each resin/GNP concentration. With reference to Figure 6.8, a 

large abrupt increase in the signal occurs during the first cooling regime which 

saturates the sensor response. As the resin warmed, the fluctuations reduced in 

amplitude and increased in intensity before returning to the original fluctuating 

behaviour above -20 °C. 

 

Upon the second cooling regime, a steady normalised Fresnel reading of 0.071 was 

recorded between 129 and 135 minutes, whilst the temperature was below -180 °C. 

Between 136 and 145 minutes, the FRS signal decreased linearly as the 

temperature increased from -180 ° C to -56 °C. The relatively steady signal 

response of the FRS whilst the resin was frozen indicated that the movement of 

particles within the liquid resin could be the primary source of the observed 

fluctuations in the output from the FRS.  
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Between 145 and 153 minutes, the resin warmed from -56 ° C to -18 °C and large 

fluctuations in the sensor signal occurred which were reduced in magnitude as the 

temperature increased. After 153 minutes, the signal returned to the fluctuating 

behaviour observed upon first insertion as the resin warmed from -18 °C to room 

temperature. 

 

The third cooling regime also induced a steady normalised Fresnel signal below  

-180 °C with a value of 0.061. The signal response and refractive index of the 

system decreased as the resin warmed from -178 °C to -80 °C. From -78 °C to  

-18 °C, large signal fluctuations occurred. The sensor response returned a similar 

value as it warmed from -18°C to room temperature. 

 

A steady signal response was also observed during the fourth cooling regime. The 

normalised Fresnel value of 0.094 was recorded at -200°C and the value then 

decreased as the resin warmed to -60 °C. From -60 °C to -16 °C, large fluctuations 

occurred which caused saturation of the signal and decreased in amplitude with 

time. The signal response then returned to the characteristic fluctuating state 

present upon first insertion.  

 

During the cooling regimes, four distinct zones were observed: 

(i) Initial fluctuation: Fluctuation of the sensor at ambient temperature before 

cooling. The movement of GNP particles is expected to be in-part 

responsible for the fluctuations. 

(ii) Steady signal state: Upon cooling, the frozen state of the resin prevents 

particle movement causing the sensor response to become steady at 

temperatures below -90 °C. A different normalised Fresnel reflection was 

detected on each cooling cycle at -200 °C. This may be due to variations 
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in the particles size, concentration and proximity to the sensing region on 

each cooling regime. 

(iii) Large fluctuations: These fluctuations caused saturation of the signal 

during warming, starting between -90 °C and -60 °C and finishing at  

-20 °C. The fluctuations reduced in amplitude and increased in intensity 

as the resin warmed. Similar fluctuations were observed during the 

cooling of the resin containing no GNP (Figure 6.7). It is postulated that 

de-bonding of the sensor and the resin may have occurred due to strains 

induced by the thermal expansion coefficient difference between the resin 

and the optical fibre; hence contributing toward the signal fluctuations. 

(iv) Re-immersion of the sensor: As the resin warmed above -20 °C, the 

sensor response returned to the fluctuating state observed upon initial 

insertion.  

 

The removal of the characteristic FRS fluctuations upon freezing of the resin was 

observed at each GNP concentration.  
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6.4 Hyphenated Rheology/Fresnel Reflection Sensor 

 

In Section 6.1.1, the FRS displayed fluctuations for the LY3505/XB3403/GNP 

systems that diminished during cross-linking. It was then shown in Section 6.3 that 

freezing the samples reduced movement of the GNP in the epoxy resin and the 

fluctuations subsided. It was considered that during cross-linking, gelation may 

restrict the movement of the GNPs particles. To investigate this hypothesis, a FRS 

was introduced into a rheometer to enable direct comparison of the optical and 

rheological characteristics during cross-linking at 70 °C. 

 

6.4.1 LY3505/XB3403 

 

Figure 6.9 shows the rheology/FRS result for the LY3505/XB3403 resin system 

without GNP at 70 °C. Erratic data were initially generated by the load-cell that was 

used; it was not meant to be used for resins with low viscosities. As cross-linking 

proceeded, the 2 g.cm minimum torque sensitivity of the rheometer was surpassed, 

and meaningful data were recorded. As the cross-linking reaction progressed, G’ 

and G’’ increased. The crossover of these parameters is at approximately 60 

minutes and this, as discussed previously, was taken as an indication of the gelation 

point.  

 

Upon comparison with conventional rheometry, as described in Section 4.4, it was 

apparent that the introduction of the FRS had not produced any observable 

difference in the rheological data. 
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The FRS signal showed an initial decrease as the temperature of the resin system 

was increased from ambient to the required isothermal cross-linking temperature. 

Following this period, the increase in the FRS signal was due to the refractive index 

increasing as a function of cross-linking. Some signal fluctuation was observed in 

the early stages of cross-linking as seen in Figures 6.9 (a) and (b). This may be 

attributed to the movement of the shearing action of the parallel plates. After 

approximately 20 minutes, no fluctuations are observed.  

 

 

Figure 6.9 Simultaneous rheology/FRS and conventional rheology during cross-

linking of LY3505/XB3403 at 70 °C: (a) Experiment 1. 
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Figure 6.9 (continued) Simultaneous rheology/FRS and conventional rheology 

during cross-linking of LY3505/XB3403 at 70 °C: (b) Experiment 2. 

 

6.4.2 Rheological Characteristics of the LY3505/XB3403 Resin System 

with Graphene Nano-particles 

 

The LY3505/XB3403 resin system containing 2 wt % GNPs was selected for 

isothermal hyphenated rheology/FRS experiments at 50, 60 and 70 °C.  

Figures 6.10 (a) – (c) show data obtained at each isothermal cross-linking 

temperature. Similar to previous experiments, a noisy period was observed during 

the early stages of cross-linking in the rheological data, where the viscosity of the 

resin was below the sensitivity of the instrument. Meaningful data were then 

acquired as the viscosity of the resin increased and surpassed the minimum torque 

value of 2 g.cm of the rheometer. As cross-linking progressed, a logarithmic 

increase in G’ and G’’ was observed. The increase in G’ and G’’ was delayed at 

lower temperatures, as well as the crossover of G’/G’’. The experiments were 
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terminated after gelation to prevent overloading of the rheometer transducer. The 

addition of graphene nano-particles introduced fluctuations in the FRS data, as 

observed previously with the DSC/Fresnel technique.  

 

With reference to Figure 6.10(a) when the experiments were conducted at 50 °C, 

the FRS data showed large fluctuations up to approximately 140 minutes. The 

fluctuations appeared to reduce in magnitude and frequency with cross-linking time. 

It is postulated that the cross-linking network restricts the movement of the GNPs 

which reduces the frequency of the fluctuations. From approximately 150 minutes 

onwards, a relatively stable signal was acquired, which increased linearly after 

approximately 160 minutes. These observations were observed at earlier times for 

experiments cross-linked at 60 and 70 °C, as shown in Figure 6.10 (b) and (c). 

 

To draw correlation between the FRS data and the rheometer data, a linear line was 

extrapolated from the relatively linear FRS data toward the end of the experiments, 

as shown in Figures 6.10 (a) – (c). The time when the data deviated before this 

extrapolation was then compared with the G’/G’’ crossover and was termed the 

‘onset of linearity’. In comparison to the G’/G’’ crossover, the onset of linearity was 

generally detected at earlier times as shown in Figure 6.11, for each of three repeat 

experiments. The difference between the two times decreased at higher 

temperatures. The data show that the FRS can be used to estimate the gelation 

time of this epoxy/GNP system.  
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Figure 6.10 Hyphenated rheology/FRS during cross-linking of  

LY3505/XB3403/2 wt% GNP at: (a) 50 °C; and (b) 60 °C. 

 

 

(b) 
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Figure 6.10 (continued) Hyphenated rheology/FRS during cross-linking of  

LY3505/XB3403/2 wt% GNP at: (c) 70 °C. 

 

 

Figure 6.11 Comparison of the G’/G’’ crossover and the onset of linearity during 

hyphenated rheology/FRS of LY3505/XB3403/2 wt% GNP.  
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6.5 Summary 

 

The introduction of GNPs was found to have a negligible effect on the enthalpy of 

reaction for the LY3505/XB3403 resin system. The FRS output showed a fluctuating 

signal during cross-linking that increased in intensity and frequency with the GNP 

concentration. In each experiment, the initial noise fluctuations in Fresnel reflection 

diminished with cross-linking time. 

 

Previous authors had noted the importance of sonication as an effective way to 

disperse GNPs. Sonication of the resin containing the GNP appeared to reduce 

some of the larger fluctuations but failed to remove them completely. High amplitude 

mixing appeared to reduce the fluctuations even further, although the technique 

generated rapid temperature increases which could have affected the chemical 

integrity of the resin. 

 

To test the hypothesis that the GNPs were responsible for the observed fluctuations 

in the FRS signal during the initial stages of cross-linking, the resin with the FRS 

was frozen using liquid nitrogen. For each concentration of GNP tested (0.1, 1 and  

2 wt%), the fluctuations were reduced upon freezing. The steady signal indicated 

that local refractive index variations, due to the presence of GNPs, as opposed to 

Fabry-Perot standing waves, were responsible for the fluctuations. The fluctuations 

continued as the resin thawed. 

 

The FRS was also introduced in a rheometer to investigate the relationship between 

the G’/G’’ gelation estimation with the dissipation of fluctuation observed during 

cross-linking. A good correlation was observed at the higher temperature cures, with 



244 

 

the fluctuation dissipation point showing increased reproducibility at times before 

G’/G’’. 

 

Overall the FRS technique was demonstrated to be capable of tracking the degree 

of cure. The detected fluctuations in the FRS signals gave an indication of the 

content of graphene particulates within the system, by their frequency and intensity. 

It has also been shown that the fluctuations appeared to have been caused by 

stochastic movement of the particles and that the dissipation can be an indicator of 

gelation. The fluctuating sensor reading was comparable to the epoxy/thermoset 

system during phase separation, which was reported in Section 5.3. 
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7. HYPHENATED DIFFERENTIAL SCANNING CALORIMETRY, 

 FRESNEL REFLECTION SENSOR AND FOURIER TRANSFORM 

 INFRARED SPECTROSCOPY 

 

7.1 Development of the Differential Scanning Calorimetry /Fresnel 

Reflection Sensor /Fourier Transform Infrared Spectroscopy 

Technique 

 

The development of the DSC/FRS/FTIRS technique commenced with the design 

and construction of the FRS/FTIRS probe. The DSC pan had to be modified 

because the FRS required a non-reflective surface and the FTIRS relied on 

reflections off the surface of the pan. This was achieved by making part of the 

surface of the DSC pan non-reflective. The probe was introduced into the custom-

modified DSC and it was calibrated in the normal manner using indium. The cross-

linking kinetics of the LY3505/XB3403 resin system was carried out at 50, 60 and  

70 °C. The data from the DSC/FRS/FTIRS technique were compared with those 

derived from the conventional DSC instrument. The cross-linking kinetic parameters 

were derived and compared for the two analytical methods. 

 

7.1.1 Reflectivity of the Differential Scanning Calorimeter Pans 

 

To render part of the surface of the DSC pan non-reflective (in order to fulfil the 

requirements for the FRS), half the surface was covered and sprayed with a graphite 

spray. The effectiveness of the non-reflective coating was assessed by lowering the 

FRS, with the aid of a micrometer translation stage, to quantify the reflectivity as a 

function of the distance from the base of the pan. It was found that the graphite 
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coating prevented reflected light from the base of the DSC pan being coupled back 

into the FRS. An investigation was also undertaken to establish if the uncoated 

reflective area of the pan was sufficient to conduct transmission/reflection FTIRS. 

Approximately 20 mgs of LY3505/XB3403 was dispensed into a pan and the 

Fresnel/FTIRS probe was lowered towards the pan; due care was taken to ensure 

that the optical fibres that enabled FTIRS were positioned over the reflective portion 

of the DSC pan. The probe was lowered to the height of the sidewall of the DSC pan, 

1.5 mm. Figure 7.1 shows the intensity of the epoxy and amine absorbance bands at 

4530 cm-1 and 4935 cm-1 as a function of distance from the reflective portion of the 

base of the pan. A linear relationship was observed between the peak areas and the 

distance from the top-base of the DSC pan. During DSC/FTIRS/FRS, the probe was 

held 3.3 mm from the top-base of the DSC pan. It was concluded that the signal 

strength was adequate at this distance. 

 

 

Figure 7.1 Epoxy and amine peak areas as a function of the height of the FTIRS 

probe from the top-base of the DSC pan. 
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Figure 7.2 shows the spectra of freshly mixed LY3505/XB3403, obtained from 

conventional transmission spectroscopy, alongside that from the FTIRS/Fresnel 

probe using the part-reflective DSC pans. The probe was held at 3.3 mm from base 

of a sprayed pan using a micrometer translation stage to replicate the distance in 

later FTIRS experiments that were carried out within the DSC. A similar response 

was evident from the two techniques. The absorbance bands for the epoxy  

(4530 cm-1) and CH reference peak (4620 cm-1) were adequate for tracking the 

cross-linking reactions. With reference to Figure 7.2, each of the assigned peaks in  

Table 4.5, in Chapter 4, were observed. At wavenumbers below approximately  

4400 cm-1, a ‘noisy’ region was present for the spectra acquired by the FRS/FTIRS 

probe. This was due to the wavelength range (4200-25000 cm-1) of the fibres as 

detailed by the manufacturer (Thorlabs, 2017). Figure 7.2 demonstrates the 

capability of the FRS/FTIRS probe to acquire transmission/reflection infrared 

spectra. 

 

Figure 7.2 Spectra of freshly mixed LY3505/XB3403 at 70 °C from a conventional 

transmission cell and the FRS/FTIRS probe. The arrows represent the absorbance 

peaks that were used to calculate the peak areas for the kinetic analysis. 
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7.1.2 Cure Monitoring outside the Differential Scanning Calorimeter 

 

Prior to integrating the FRS/FTIRS probe in the DSC, it was evaluated outside the 

instrument to track the cure of LY3505/XB3403. A mixed resin sample was 

dispensed onto a modified pan and placed onto a hot-plate. A thermally insulated 

brick (see Figure 3.10) was sculptured to accommodate the DSC pan and to permit 

the insertion of the FRS/FTIRS probe using a micrometer translation stage. The  

hot-plate was turned on after the probe was positioned as required, and the  

cross-linking of the resin system was monitored for 10 hours. A thermocouple was 

placed in close proximity to the DSC pan and the output is shown in Figure 7.3. The 

observed fluctuations in the data from the thermocouple may be attributed to the 

mode of operation of the hot-plate, whereby the heating is activated and switched off 

intermittently when temperature falls above or below a set range. Since the 

thermocouple was measuring the air temperature below the insulation brick, as 

shown in Figure 3.10, local air turbulence could also have contributed to the 

observed fluctuations.  
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Figure 7.3 Thermocouple reading in air during the cross-linking of the 

LY3505/XB3403 resin system at 70 °C. The thermocouple is denoted as item (vi) in 

Figure 3.10. 

 

Figure 7.4 illustrates the evolution of the degree of cure obtained via the FRS/FTIRS 

probe for the LY3505/XB3403 resin system at 50, 60 and 70 °C. A sampling 

frequency of 2 Hz was used in accordance with previous experiments. The evolution 

of the FRS and FTIRS data correlated closely with previously reported data in 

Chapters 4 and 5. However, the discrepancy between the FRS and FTIRS data sets 

was apparent at 50 °C. This may be associated with the difficulty in maintaining 

isothermal conditions within the test fixture. The “blips” in the FRS output was 

probably due to the on/off mode of operation of the hot-plate. This does suggest that 

the FRS may be used to detect non-isothermal conditions. These experiments 

demonstrated the feasibility of using a half reflective/non-reflective DSC pan for 

conducting simultaneous FRS and FTIRS measurements. These experiments also 

demonstrated that a single probe, containing optical fibres for acquiring FRS and 

FTIRS, was ‘fit-for-purpose’. It was concluded that introducing the probe to the DSC 

should be pursued as it would provide a more stable thermal environment for the 

FRS and FTIRS experiments. 
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Figure 7.4 Simultaneous FTIRS and Fresnel acquisition during curing of 

LY3505/XB3403 using a partially reflective DSC pan. These experiments were 

conducted on a hot-plate using a thermally insulated enclosure. 

 

7.1.3 Calibration of the Differential Scanning Calorimeter with the 

Fresnel Reflection Sensor /Fourier Transform Infrared 

Spectroscopy Probe 

 

The accommodation of the FRS/FTIRS probe into the DSC required the platinum lids 

to be drilled to a diameter of 3.7 mm. To ensure minimal perturbation to the thermal 

environment and ease of location of the probe within the DSC, the platinum lids were 

attached to the end of the sample and reference probe, using silicone rubber. This 

allowed for the probes to be placed at a fixed height inside the DSC via the translation 

stage. The DSC was calibrated with the FTIRS probe illuminating the reference and 

sample compartments. Fresnel sensors were placed over the sample and reference 

compartments. The calibration of the DSC was undertaken using indium and the DSC 

pans were made partially reflective, as described previously. Figure 7.5 shows the 

characteristic melting of indium following calibration. The onset and the enthalpy of 
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melting are within the recommended tolerances (Gmelin, 1995). A temperature 

ramped scan was performed using a partially sprayed and conventional DSC pan. 

The onset and heat of fusion are presented in the insert in Figure 7.5. 

 

 

Figure 7.5 Thermograms for indium after calibration with FRS/FTIRS probe inserted 

in the DSC. Note: S.D. = Standard deviation 

 

7.2  Isothermal Cross-linking 

 

7.2.1  Differential Scanning Calorimetry Data Obtained via the Fresnel 

Reflection Sensor /Fourier Transform Infrared Spectroscopy Probe 

 

As with the previous experiments, a large exothermic reaction was observed for the 

LY3505/XB3403, which peaked in intensity part-way through the reaction. The rate of 

reaction and ∆H increased with temperature as expected (Turi et al., 1997; Hardis  

et al., 2013). A horizontal baseline from the end of the cross-linking period was used 

for the integration as undertaken previously by following ASTM E1356 (2014).  
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Figure 7.6 (a) and (b) shows typical isothermal cross-linking characteristics obtained 

via the DSC for the LY3505/XB3403 resin system at 50, 60 and 70 °C. The data for 

the conventional DSC has also been included to aid comparison.  

 

 

Figure 7.6 Typical DSC data obtained during cross-linking of the LY3505/XB3403 

resin system at 70 °C using the simultaneous DSC/Fresnel/FTIRS technique:  

(a) Experiment 1; and (b) Experiment 2. 
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The enthalpy of the reaction is shown in Figure 7.7 for each experiment; the 

conventional DSC data is also shown for comparison. The initial cross-linking rate 

and final degree of cross-linking are presented in Table 7.1. As expected, an 

increase in the ∆H and degree of cure was present upon increasing from 50 to  

70 °C. Upon comparison with the conventional data, a higher initial rate of cross-

linking was obtained during DSC/FRS/FTIRS. After approximately 300 minutes 

the extent of cross-linking for conventional DSC surpasses that of 

DSC/FTIRS/FRS and to achieve similar conversion values after 600 minutes. 

 

At 50 °C an average degree of conversion of 84% was obtained after 600 

minutes which correlated with the 87.5% obtained during conventional DSC. The 

initial rate of reaction was lowest at 50 °C. Some discrepancy in the initial rate of 

reaction may be explained by inhomogeneous mixing of the resin and hardener. 

 

Upon increasing the cross-linking temperature to 60 °C the initial rate of reaction 

increased by approximately 85%. The extent of cross-linking increased to 89% 

which compares closely to the 92% obtained during conventional DSC.  

 

The initial rate of reaction increased a further 87% when increasing the cross-linking 

temperature to 70 °C. At the end of cross-linking, a conversion of 95% correlated 

with the 94% obtained during conventional experiments. 

 

The discrepancy between conventional DSC and DSC/FRS/FTIRS was largest at 

the lower temperatures. This observation was previously reported by Pandita et al. 

(2012), when modifying a Diamond DSC to introduce fibre-optic probes into the 

sample and reference compartments, to conduct simultaneous DSC/FTIRS. In their 

work, differences between the conventional and DSC/FTIRS were attributed to the 
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influence of the fibre optic probes upon the thermal environment. In the current 

work, the impact of the FRS/FTIRS probe upon the thermal environment was 

minimised by using fused silica to construct the probe, which has relatively low 

thermal conductivity. The platinum lids attached to the end of the probe were also 

designed to maintain adequate insulation and emulate the conditions during 

conventional DSC.  

 

The data presented in Figure 7.6 (a) and (b) is reflected in Figures 7.8 (a) – (c) for 

each of the temperatures 50, 60 and 70 °C, together with the conventional DSC 

data plotted to aid comparison. The previously discussed increase in the initial rate 

of reaction and similar final conversion values can be observed.  

 

Figure 7.7 Magnitude of the enthalpy of reaction during isothermal cross-linking of 

LY3505/XB3403 using DSC/FRS/FTIRS and conventional DSC at specified 

temperatures. 
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Figure 7.8 Degree of cross-linking obtained from DSC during isothermal DSC and 

DSC/FRS/FTIRS experiments for the LY3505/XB3403 resin system completed at: 

(a) 50; and (b) 60 °C. 
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Figure 7.8 (continued) Degree of cross-linking obtained from DSC during isothermal 

DSC and DSC/FRS/FTIRS experiments for the LY3505/XB3403 resin system 

completed at: (c) 70 °C. 

 

Table 7.1 Degree of cure and initial rate of reaction of LY3505/XB3403 during 

isothermal DSC/FRS/FTIRS and conventional DSC experiments. 

Isothermal Cross-
linking 

Initial Rate of  

Cross-linking (dα/dt) 

Degree of Cure after 600 

Minutes 

DSC/FRS/ 

FTIRS 

Conventional 

DSC 

DSC/FRS/ 

FTIRS 

Conventional 

DSC 

50 °C - Experiment 1 0.0046 0.0037 83% 87% 

50 °C - Experiment 2 0.0041 0.0035 85% 88% 

60 °C - Experiment 1 0.0079 0.0065 89% 92% 

60 °C - Experiment 2 0.0080 0.0062 88% 91% 

70 °C - Experiment 1 0.0150 0.0119 95% 95% 

70 °C - Experiment 2 0.0148 0.0116 94% 93% 
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7.2.2  Fourier Transform Infrared Spectroscopy Data  

 

Figure 7.9 shows the progression of the spectra obtained from LY3505/XB3403 after 

specified cross-linking times. Similar to the work reported in Section 4.2.3, the 

depletion of the de-convoluted epoxy peak at 4530 cm-1 was calculated by 

normalisation to the inert C-H peak at 4620 cm-1. Concurrent with the conventional 

transmission FTIRS, an increase in the initial rate of cross-linking and final extent of 

degree of cure was experienced with increasing temperature and a summary is 

presented in Table 7.2.  

 

A similar initial rate of reaction was obtained at 50 °C when comparing the spectra 

obtained using conventional FTIRS and DSC/FRS/FTIRS. As the temperature 

increased, the initial rate of the conventional FTIRS was 10% and 25% faster than 

the DSC/FRS/FTIRS at 60 and 70 °C, respectively. This may be due to the different 

thermal management systems of the techniques. The sample temperature during 

DSC/FRS/FTIRS was maintained by the DSC and was accurate to 0.01 °C (Perkin-

Elmer, 2003) whilst the conventional transmission FTIRS was controlled by a 

cuvette holder with recirculating water. The contribution of the exothermic cross-

linking to the sample temperature may have caused the observed discrepancy in the 

initial rate of reaction. As previously mentioned, Machavaram et al. (2014) observed 

a 15-25 °C temperature increase during cross-linking of LY3505/XB3403 at 70 °C, 

which may lead to sample temperature deviations during conventional FTIRS. 

These findings are in accordance with Pandita et al. (2012) who also observed an 

increase in the initial rate of reaction of LY3505/XB3403 during conventional FTIRS 

when compared to DSC/FTIRS. 
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The degree of cross-linking increased with temperature and showed a good 

correlation with the conventional FTIRS data as shown in Table 7.2,  

Figures 7.10 (a) − (c) and Figure 7.11. A summary of previous investigations into the 

cross-linking of LY3505/XB3403 at 70 °C using FTIRS was presented in Table 4.6, 

Chapter 4. The data obtained during DSC/FRS/FTIRS correlates with previous data 

on the cross-linking of the LY3505/XB3403 resin system using conventional FTIR 

(Pandita et al., 2012; Mahendran, 2010) and evanescent wave spectroscopy (Harris, 

2011; Wang et al., 2016) and a multimode fibres chemical sensor (Nair et al., 2015).  

 

 

Figure 7.9 Spectra taken at various stages of cure of LY3505/XB3403 at 70 °C 

using simultaneous DSC/Fresnel/FTIRS technique. The arrows represent the 

absorbance peaks that were used to calculate the peak areas for the kinetic 

analysis. 
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Table 7.2 Degree of cure and initial rate of reaction of LY3505/XB3403 during 

isothermal DSC/FRS/FTIRS and conventional FTIRS experiments. 

Isothermal Cross-
linking 

Degree of Cure after 600 

Minutes 

Initial Rate of  

Cross-linking (dα/dt) 

DSC/FRS/ 

FTIRS 

Conventional 

FTIRS 

DSC/FRS/ 

FTIRS 

Conventional 

FTIRS 

50 °C - Experiment 1 88% 89% 0.0044 0.0050 

50 °C - Experiment 2 88% 90% 0.0055 0.0045 

60 °C - Experiment 1 91% 94% 0.0074 0.0066 

60 °C - Experiment 2 94% 92% 0.0066 0.0060 

70 °C - Experiment 1 96% 96% 0.0138 0.0181 

70 °C - Experiment 2 97% 94%  0.0144 0.0192 

 

 

 

Figure 7.10 Degree of cross-linking of LY3505/XB3403 using spectral data during 

simultaneous DSC/FRS/FTIRS and conventional transmission FTIRS at: (a) 50 °C. 

 



260 

 

 

 

 

Figure 7.10 (continued) Degree of cross-linking of LY3505/XB3403 using spectral 

data during simultaneous DSC/FRS/FTIRS and conventional transmission FTIRS at: 

(b) 60 °C; and (c) 70 °C. 
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Figure 7.11 Degree of cure after 600 minutes of cross-linking of LY3505/XB3403 

using DSC/FRS/FTIRS and conventional FTIRS at specified temperatures. 

 

7.2.3 Fresnel Reflection Sensor Data 

 

The normalised FRS data obtained during DSC/FRS/FTIRS for the cross-linking of 

LY3505/XB3403 at 50, 60 and 70 °C is shown in Figures 7.12 (a) and (b). Upon 

heating to the desired isothermal cross-linking temperature, a decrease in the signal 

is due to the reduction of the resin refractive index. Upon reaching the desired 

isothermal cross-linking temperature, an increase in the FRS signal is observed due 

to cross-linking. The initial rate of reaction was determined by calculating the 

gradient of the initial linear slope shown in Figures 7.12 (a) and (b) and presented in 

Table 7.3. As expected, the initial rate of reaction increased with cross-linking 

temperature. The data showed a close comparison with the initial rates reported in 

Chapter 5 during the cross-linking of LY3505/XB3403 under similar conditions using 

DSC/FRS. A greatly reduced rate of reaction was observed toward the end of the 

isothermal cross-linking and is also quantified by the gradient of the signal as 



262 

 

presented in Table 7.3. Lower rates of reaction were determined at higher 

temperatures indicating more extensive cross-linking. 

 

During isothermal cross-linking, a larger increase in the Normalised FRS signal 

occurred at higher temperatures. This trend has previously been reported during the 

cross-linking of epoxy resin systems by Crosby et al. (1996) and Harris (2011), 

although these investigations were not conducted within a DSC heating chamber. 

The magnitude of the signal increase correlated closely to that obtained during 

DSC/FRS, as discussed in Chapter 5 and presented in Table 7.3. 

 

 

Figure 7.12 FRS signals during isothermal cross-linking of LY3505/XB3403 at 50, 60 

and 70 °C: (a) Experiment 1. 
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Figure 7.12 (continued) FRS signals during isothermal cross-linking of 

LY3505/XB3403 at 50, 60 and 70 °C: (b) Experiment 2. 

 

Table 7.3 Values from FRS at various points during the isothermal cross-linking of 

LY3505/XB3403 using hyphenated DSC/FRS/FTIRS. 

  Normalised Fresnel Reflection (Arbitrary Units) 

  Initial rate  

Rate towards  

End of 

Cross-linking 

(550-600 Minutes) 

Increase during  

Isothermal  

Cross-linking 

Isothermal Cross-

linking 

DSC/ 

FRS/ 

FTIRS 

DSC/ 

FRS 

DSC/ 

FRS/ 

FTIRS 

DSC/ 

FRS 

DSC/ 

FRS/ 

FTIRS 

DSC/ 

FRS 

50 °C - Experiment 1 0.00040 0.0005 3.E-06 2.E-07 0.0147 0.0174 

50 °C - Experiment 2 0.00050 0.0006 2.E-06 3.E-07 0.0153 0.0178 

60 °C - Experiment 1 0.00012 0.0010 1.E-06 3.E-07 0.0163 0.0188 

60 °C - Experiment 2 0.00080 0.0009 1.E-06 2.E-07 0.0159 0.0179 

70 °C - Experiment 1 0.00020 0.0018 1.E-06 6.E-07 0.0168 0.0190 

70 °C - Experiment 2 0.00021 0.0018 1.E-06 9.E-07 0.0172 0.0187 
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Points A, B and C, which were previously defined in Chapter 5 and shown in Figures 

5.9 and 5.10, were determined for the FRS data during DSC/FTIRS/FRS to compare 

the datasets. Figure 7.13 compares the time of each point at 50, 60 and 70 °C from 

the FRS data obtained in Chapter 5 and chapter 7. A similar trend is observed for 

each point at each temperature indicating a close correlation between the datasets. 

 

Figures 7.14, 7.15 and 7.16 present the normalised FRS data with the degree of 

cure measured simultaneously from the FTIRS and DSC data. In each Figure, the 

close correlation between the data sets  

 

Figure 7.13 Time to reach points A, B and C (see Figure 7.12) during the cross-

linking of LY3505/XB3403 at 50, 60 and 70 °C during DSC/FRS and 

DSC/FRS/FTIRS. A = Deviation of plot from initial linear region; B = Intersection of 

extrapolation of initial and final linear regions; C = Deviation of plot from final linear 

region. 
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Figure 7.14 Degree of cure of LY3505/XB3403 obtained from DSC and FTIRS 

alongside normalised Fresnel reflection using the hyphenated DSC/FRS/FTIRS 

technique at 50 °C: (a) Experiment 1; and (b) Experiment 2. 
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Figure 7.15 Degree of cure of LY3505/XB3403 obtained from DSC and FTIRS 

alongside normalised Fresnel reflection using the hyphenated DSC/FRS/FTIRS 

technique at 60 °C: (a) Experiment 1; and (b) Experiment 2. 
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Figure 7.16 Degree of cure of LY3505/XB3403 obtained from DSC and FTIRS 

alongside normalised Fresnel reflection using the hyphenated DSC/FRS/FTIRS 

technique at 70 °C: (a) Experiment 1; and (b) Experiment 2. 

  



268 

 

7.2.4  Kinetic Data  

 

The autocatalytic model (Equation 4.1) was plotted alongside the DSC and FTIRS 

data acquired during DSC/FRS/FTIRS. Error bars of 5% were added to the 

predictive model values and are shown in Figures 7.17, 7.18 and 7.19 for 

experiments conducted at 50, 60 and 70 °C, respectively. At each temperature, the 

model showed a good correlation with the DSC data. A deviation was observed 

between the model at the data at 50 and 60 °C after approximately 80% conversion. 

This mismatch has previously been reported between the autocatalytic model and 

epoxy-amine resin systems as discussed in Section 4.1.5 and reported by 

Montserrat and Cima (1999), Teil et al. (2004) and Garschke et al. (2013). 

Comparable with conventional DSC experiments, the model predicted a higher 

conversion after approximately 80% degree of cure. The rate constants of each 

measurement are shown in Table 7.4 and Figure 7.20, showing a close correlation 

with the data from conventional DSC and DSC/FRS.  

 

The autocatalytic model also shows an excellent correlation with the FTIRS data; 

the rate constants are similar to those obtained during the conventional FTIRS 

experiments (Table 7.4 and Figure 7.20) and DSC data.  
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Figure 7.17 Comparison between the degree of cross-linking and the autocatalytic 

model at 50 °C: (a) DSC data; and (b) FTIRS data. 
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Figure 7.18 Comparison between the degree of cross-linking and the autocatalytic 

model at 60 °C: (a) DSC data; and (b) FTIRS data. 
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Figure 7.19 Comparison between the degree of cross-linking and the autocatalytic 

model at 70 °C during simultaneous DSC/FRS/FTIRS:  

(a) DSC data; and (b) FTIRS data. 
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Table 7.4 Average rate constants for autocatalytic model from conventional methods 

compared to hyphenated DSC/FTIRS/FRS.  

  DSC/FRS/FTIRS DSC/FRS Conventional 

  
DSC  

k (s-1) 
FTIRS  
k (s-1) 

DSC  
k (s-1) 

DSC  
k (s-1) 

FTIRS  
k (s-1) 

50 °C - Experiment 1 0.00020 0.00020 0.00016 0.00018 0.00020 

50 °C - Experiment 2 0.00022 0.00023 0.00017 0.00017 0.00021 

60 °C - Experiment 1 0.00034 0.00036 0.00029 0.00029 0.00033 

60 °C - Experiment 2 0.00033 0.00035 0.00027 0.00032 0.00032 

70 °C - Experiment 1 0.00070 0.00070 0.00053 0.00059 0.00068 

70 °C - Experiment 2 0.00069 0.00070 0.00056 0.00058 0.00069 

Activation Energy 
(kJ/mol-1) 

55.03 54.38 54.95 55.54 55.43 

 

 

 

Figure 7.20 Histogram showing the average rate constants obtained for the 

autocatalytic model during DSC, FTIRS. DSC/FRS and DSC/FRS/FTIRS at  

50, 60 and 70 °C. 
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7.2.5  Correlation of Isothermal Differential Scanning Calorimetry, 

Fourier Transform Infrared Spectroscopy and Fresnel Reflection 

Sensor Data 

 

The data from the DSC, FRS, FTIRS and the autocatalytic model is shown in 

Figures 7.21, 7.22 and 7.23 for experiments conducted at 50, 60 and 70 °C 

respectively. Equation 4.1 was plotted using the average rate constants assigned to 

the respective DSC and FTIRS data. A close correlation was observed between the 

simultaneously conducted data sets and with previous experiments.  

 

At 50 °C, an excellent correlation was observed between the data until 

approximately 400 minutes, where the FRS and FTIRS increase at an accelerated 

rate relative to the DSC data. A stronger correlation between the final degree of 

conversion was observed between the DSC and FTIRS data during the hyphenated 

DSC/FRS/FTIRS than for the cross-correlation of independent conventional 

experiments. This is reflected in the correlation of the autocatalytic model rate 

constants shown in Figure 7.20 and listed in Table 7.4. 

 

Upon increasing the cross-linking temperature to 60 and 70 °C, the initial rate of 

cross-linking and extent of cross-linking increased. The evolution of the FRS 

showed a good correlation with the DSC and FTIRS data. Similarly, the FRS signal 

continued to increase after approximately 400 to 600 minutes whilst the DSC and 

FTIRS data remain relatively consistent. The correlation between the DSC and 

FTIRS was stronger than the cross-correlation of the independently performed 

conventional experiments which were presented in Chapter 4. This is reflected by 

the rate constants for each experiment. 
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The following factors were cited to explain the correlations. 

(i) Thermal environment: During the simultaneous DSC/FRS/FTIRS, the same 

thermal environment guarantees identical cross-linking conditions for the 

resin. During conventional DSC and FTIRS cross-linking experiments, 

differing insulation, sample sizes and thermal management systems were 

employed which affect the sample temperature and therefore the cross-

linking conditions. In this study, the DSC/FRS/FTIRS experiments harness 

the excellent thermal management of the DSC to regulate the sample 

temperature to ±0.01 °C whilst ensuring identical sample conditions during 

the acquisition of DSC and FTIRS data. 

(ii) Common analyte: Using a common sample eliminates the effect of any 

intrinsic variability within the resin formulation.  

 

A stronger correlation between the spectral and thermal data sets was achieved 

when performing simultaneous DSC/FRS/FTIRS, although discrepancies were still 

observed toward the end of cross-linking, which may be explained by the following 

reasons: 

(i) DSC data: Due to suspected vitrification, a relatively low reaction rate produced 

a low magnitude of heat evolved by the exothermic cross-linking reaction. This 

may have fallen below the 0.2 mW sensitivity of the DSC and caused the 

relatively stable reading. The modifications to the DSC may have exacerbated 

this, despite the steps taken to insulate the system.  

(ii) The FTIRS data shows a larger increase during the later stages of cross-linking 

upon comparison with the DSC data, where the largest discrepancy of 5% was 

observed at 50 °C. This may be attributed to the previously discussed limitations 

of DSC, where quantities of heat below the detection limit (0.2 µW) can go 

undetected during the later stages of cross-linking. FTIRS obtains quantitative 
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data on the strength of functional groups within the resin system and can detect 

minor changes in cross-linking (Degamber and Fernando, 2004). 

(iii) The FRS signal continued to increase throughout the cross-linking experiments. 

It is postulated that the increase was due to a combination of cross-linking and 

enthalpic relaxation of the resin. The FRS signal continued to increase from 

approximately 400 to 600 minutes during experiments completed at 60 and  

70 °C whilst the quantitative FTIRS data remained relatively stable, indicating 

cross-linking density was not responsible for the refractive index change. 

Prolonged heating below a resin’s glass transition temperature can cause 

enthalpic relaxation (Hay, 1995) which causes a volume decrease and an 

increase in the refractive index; (Robertson and Wilkes, 1998). This has 

previously been shown to be applicable for thermoset materials (Montserrat, 

2000). 

 

The optical, thermal and spectral cross-linking data during simultaneous 

DSC/FRS/FTIRS showed an excellent correlation with the autocatalytic model. The 

kinetic data also correlated with data reported using conventional DSC and FTIRS 

analysis in the current study and data from previous publications. The unique probe 

design allowed for the integration of refractive index and spectral sensors into the 

platinum lids of the DSC. The simultaneous acquisition of optical, thermal and 

spectral data allows for direct comparison. 
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Figure 7.21 DSC, FRS and FTIRS data alongside the autocatalytic model during 

simultaneous DSC/FRS/FTIRS of LY3505/XB3403 at 50 °C:  

(a) Experiment 1; and (b) Experiment 2. 
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Figure 7.22 DSC, FRS and FTIRS data alongside the autocatalytic model during 

simultaneous DSC/FRS/FTIRS of LY3505/XB3403 at 60 °C:  

(a) Experiment 1; and (b) Experiment 2. 
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Figure 7.23 DSC, FRS and FTIRS data alongside the autocatalytic model during 

simultaneous DSC/FRS/FTIRS of LY3505/XB3403 at 70 °C:  

(a) Experiment 1; and (b) Experiment 2. 
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7.3  Non-isothermal Differential Scanning Calorimetry Experiments 

 

The glass transition temperatures were measured using the methods as discussed 

in Section 5.3. A typical DSC/FRS dataset is shown in Figures 7.24 (a) to (c) and the 

complete datasets are displayed in Table 7.5. A lower ramped temperature range of  

30 to 100 °C was used to prevent degradation of the probe. In the previous 

experiments the temperature range used was 30 to 150 °C. Thus, only the first glass 

transition temperatures are reported. The average glass transitions temperatures 

were within ±2 °C of those obtained during conventional DSC and simultaneous 

DSC/Fresnel.  

 

During the temperature ramp, an endothermic event was superposed on the glass 

transition region as shown in Figure 7.24 (a). This is suspected to be due to the release 

of enthalpic relaxation. This observation was made during conventional DSC and Hay 

(1995) has previously reported this to be due to physical ageing of the resin system. 

The observation supports the previous notion that the increase in the FRS signal during 

the later stages of isothermal heating is in-part due to enthalpic relaxation. 

 

A change in the thermo-optic coefficient closely correlated with the glass transition 

temperature measured using the DSC. This was shown during DSC/FRS in  

Section 5.2.3 and has previously been reported during ramped FRS experiments by 

Giordano et al. (2004), Machavaram et al. (2014) and Robert and Dusserre (2014).  

As discussed previously in Section 5.2.3, it was shown that physical changes such as 

the glass transition should not affect the refractive index, as there is no change in the 

chemical nature of the molecules. The change in the thermo-optic coefficient indicates 
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a change in the relationship of the resin density with temperature in the glassy and gel 

state. 

 

 

 

Figure 7.24 Thermogram obtained from DSC during a non-isothermal heating 

through the glass transition temperature for the LY3505/XB3403 resin system along 

with data obtained from the Fresnel reflection sensor using DSC/FRS/FTIR 

technique: (a) Temperature ramp 1; and (b) Temperature ramp 2. 
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Figure 7.24 (continued) Thermogram obtained from DSC during a non-isothermal 

scan through the glass transition temperature for the LY3505/XB3403 resin system 

along with data obtained from the Fresnel reflection sensor using DSC/FRS/FTIR 

technique: (c) Temperature ramp 3. 

 

Table 7.5 Glass transition temperature values during temperature ramps from  

30-100 °C following isothermal cross-linking of LY3505/XB3403 during 

DSC/FRS/FTIRS. 

Isothermal Cross-linking 

Temperature 

DSC/Fresnel 

Tg (°C) 

50 °C - Experiment 1 55.8/53.8 

50 °C - Experiment 2 55.5/55.2 

Average 55.7/54.5 

60 °C - Experiment 1 67.0/67.5 

60 °C - Experiment 2 66.2/65.8 

Average 66.6/66.6 

70 °C - Experiment 1 73.3/73.9 

70 °C - Experiment 2 71.9/72.2 

Average 72.6/73.1 
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7.4  Summary 

 

The development of the simultaneous DSC/FRS/FTIRS analytical technique has 

been demonstrated by the introduction of a fibre optic probe into a DSC instrument. 

The probe housed a FRS and a bundle of IR transmitting fibres to enable FTIRS. 

DSC pans were modified to have reflective and non-reflective sections for 

transmission/reflection FTIRS and Fresnel refractometry, respectively.  

 

Prior to integrating the fibre optic probe into the DSC, the cross-linking of the 

LY3505/XB3403 resin system was tracked using the FRS/FTIR probe and a hot-

plate. Spectral data, comparable to that using conventional FTIRS were acquired. 

The FRS signal increased as cross-linking proceeded. A good correlation between 

the data were present. The temperature fluctuations caused by the mode of 

operation of the hot-plate were detected by the FRS. This was manifested as spikes 

in the FRS signal when the temperature controller in the hot-plate switched on and 

off. 

 

The probe was then integrated into the DSC instrument and the calibration was 

carried out in the conventional manner. The modified-pan arrangement enabled 

adequate calibration. 

 

Cross-linking of LY3505/XB3403 was then demonstrated at 50, 60 and 70 °C.  

A good correlation between the thermal, spectral and optical data existed at each 

temperature. The FTIRS data showed an increased degree of cross-linking when 

compared to the DSC data, where a maximum increase of 5% was observed at  
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50 °C. Between 400 and 600 minutes, the FRS signal showed an upward increase 

whilst the DSC and FTIRS data remained relatively consistent. It is suspected that 

the FRS detected an optical event related to enthalpic relaxation (also known as 

physical ageing), which manifested as an endothermic peak superposed on the 

glass transition during ramped experiments. The cross-linking kinetics were studied, 

the rate constants and activation energies correlated with previous data. 

 

Ramped heating revealed comparable glass transition values for the resin system 

using DSC and the FRS probe. Similar to previous experiments in Chapter 4, a 

close correlation was observed between the change in the thermo-optic coefficient 

and the stepwise change in the heat-flow. 
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8. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 

 

The focus of this research was to develop the integration of a FRS into a DSC 

instrument to allow for a direct comparison between thermal and optical properties 

during isothermal and non-isothermal cross-linking of commercially available epoxy 

resin systems. The development of two novel hyphenated analytical techniques was 

demonstrated to track the cross-linking of an epoxy resin system. During DSC/FRS 

and DSC/FRS/FTIRS the FRS data correlated closely with thermal and spectral data 

demonstrating its performance to track cross-linking kinetics. 

 

This chapter includes a synopsis of the results presented in previous chapters and 

demonstrates compliance with the aims and objectives outlined in Chapter 1. Each 

section is summarised with the experimental outcomes and conclusions. The last 

part of this chapter proposes recommendations for future research. 

 

8.1 Conclusions 

 

8.1.1  Conventional Analytical Techniques 

 

The cross-linking kinetics of the LY3505/XB3403 resin system was investigated 

using differential scanning calorimetry (DSC) and Fourier transform infrared 

spectroscopy (FTIRS) at 50, 60 and 70 °C. The average degree of cure increased 

by approximately 3% during FTIRS experiments.  
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The autocatalytic model (see Equation 2.13) showed a good correlation and fit to the 

experimentally derived cross-linking data. The activation energy was calculated to 

be 55.58 kJ mol-1 and 55.08 kJ mol-1 during DSC and FTIRS experiments, 

respectively. The isothermal rate constants and activation energy correlated to 

within 10% of previous research into the resin system. 

 

A conventional parallel plate rheometer was used to characterise the viscosity of the 

resin system as a function of temperature. The evolution of the storage (G’) and loss 

modulus (G’’) were determined. The cross-over point between the two was then 

taken as an indication of gelation. The rheometer-based gelation times at 50, 60 and 

70 °C were 223, 112 and 61 minutes respectively.  

 

The FRS was integrated into the Abbe refractometer to demonstrate calibration of 

the sensor. 

 

8.1.2  Differential Scanning Calorimetry/Fresnel Reflection Sensor 

 

The DSC that was used for conventional thermal analysis was modified using a 

custom-made top-lid, accommodating two micrometer translation stages to allow a 

FRS sensor to be lowered into the DSC sample chamber. 

 

Isothermal cross-linking of the LY3505/XB3403 resin system at 50, 60 and 70 °C 

revealed an excellent correlation between the degree of cross-linking and the 

increase in the FRS signal. The extent of conversion and the activation energies 

remained within 5% of the conventional data and indicated that the introduction of 

the optical fibre did not significantly compromise the sensitivity of the DSC. 
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Ramped heating, following the isothermal cross-linking in the DSC was used to 

determine the Tg. A change in the thermo-optic coefficient was also observed from 

the FRS in the glass transition region.  

 

The simultaneous DSC/FRS was used to detect phase separation in a resin system 

of interest to the sponsor (Cytec/Solvay) and detect the glass transition temperature 

in non-stoichiometric systems. 

 

8.1.3 LY3505/XB3403 Resin system with Graphene Nano-particles 

 

The introduction of GNP into the resin system was seen to generate significant 

fluctuations in the FRS signal, during the early stages of cross-linking. The 

fluctuations increased in frequency and intensity with increasing GNP concentration 

and dissipated as cross-linking commenced. 

 

LY3505/GNP samples without the hardener also exhibited fluctuations. It was 

suspected that the stochastic movement of particles around the cleaved end-face of 

the optical fibre was responsible for the fluctuations. Freezing a sample of 

LY3505/GNP in liquid nitrogen caused the fluctuations to cease. Permitting the liquid 

nitrogen to evaporate naturally led to the fluctuations reappearing. 

 

The hyphenated FRS/rheometer technique was used to investigate if the 

fluctuations ceased after gelation. The time taken to achieve a linear FRS signal 

decreased with increasing temperature and this time correlated to the gelation time 

(G’/G’’). It can be concluded that the FRS can be used to estimate the gelation time. 
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8.1.4 First Demonstration of Simultaneous Differential Scanning 

Calorimetry /Fresnel Reflection Sensor /Fourier Transform 

Infrared Spectroscopy 

 

A probe was designed to house a bundle of near-infrared transmitting optical fibres 

and a demountable FRS. The platinum lids were drilled to create an orifice to allow 

for insertion into the DSC. In order to prevent specular reflection interfering with the 

FRS signal, half of an aluminium DSC pan was sprayed with graphite. The FRS was 

aligned over the non-reflective side of the pan with the NIR bundle of optical fibres 

aligned over the reflective part of the DSC pan. 

 

The probe was then introduced into the DSC to study the isothermal cross-linking of 

LY3505/XB3403 at 50, 60 and 70 °C. Excellent agreement was observed 

throughout the cross-linking process between the three data sets. Discrepancies 

observed during conventional DSC and FTIRS were reduced significantly when 

performing the experiments simultaneously.  

 

The autocatalytic model rate constants and glass transition temperatures following 

cross-linking compared with conventionally performed experiments.  

 

The simultaneous DSC/FRS/FTIRS was demonstrated in this study for the first time. 
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8.2 Recommendations for Future Research 

 

The research presented highlights the use of the FRS measurements for ‘in situ’ 

cure monitoring, by incorporating the sensor into a DSC. This section suggests 

research to further understand the sensor response. 

 

During the cross-linking of the phase separating resins using the DSC/FRS system, 

signal fluctuations appeared to be due to phase separation. Experiments where a 

FRS probe is incorporated into a heated microscopic cell may enable any 

observable microstructure changes to be directly linked to any optical phenomena. 

 

Fluctuations in the FRS response, when immersed in LY3505/GNP systems, were 

believed to be due to the stochastic effect of particles, although it was unclear what 

affected the intensity of the peaks. Experiments designed to investigate the impact 

of particle size, shape and orientation could be explored to further understand the 

effect of each upon the signal.  

 

Combined DSC/FRS/FTIRS is a powerful technique that could be utilized for cross-

linking analysis of resins demonstrating phase separation. The combination of the 

three measurement techniques can provide qualitative and quantitative cross-linking 

information in addition to information regarding phase separation.  
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