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Abstract 

 

Cure protocols of thermoset resins usually comprise two isothermal steps where resins 

undergo molecular cross-linking processes. The cure conditions are crucial to ensure a 

consistent and reliable manufacturing of the piece and have been the subject of an 

important body of research. While most studies have been carried out by traditional 

calorimetry or infrared spectroscopy under dynamic conditions, the development of new 

sensors and in-situ characterization techniques has resulted on a renewed interest on the 

subject under industrial isothermal protocols. Here, we monitor the curing reaction of 

both un-filled and nanofilled epoxy resin using broadband dielectric spectroscopy 

(BDS) and correlate the results with in-situ FT-IR and Raman spectroscopy. Hence, the 

proposed methodology provides complementary information on the chemical reactions 

and molecular dynamics associated to the cure cycle and can be an efficient tool for 

real-time monitorization of thermoset composites manufacturing. 

 

Keywords: epoxy resin, graphene, nanocomposite, in-situ curing, broadband dielectric 

spectroscopy 
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1. INTRODUCTION 

 

Curing of thermoset resin is accomplished in industry according to certain protocols 

suggested by resin manufacturers. Each resin has its own “industrial processing recipe” 

composed of strict temperature and time conditions aimed at achieving optimal 

properties and performances. Hence, it is mandatory for manufacturers and industries to 

comprehend the chemical reactions and the underlying physical changes occurring in 

the resin when following the suggested curing and post-curing conditions. 

Understanding these features and the whole cure cycle will provide quality control and 

avoid potential structural failures in parts due to under-curing and/or premature 

demolding. 

 

A number of conventional techniques, such as differential scanning calorimetry (DSC), 

dynamic mechanical analysis (DMA), infrared spectroscopy (FT-IR) and Raman 

spectroscopy, have been used for cure monitoring and for predicting resin key 

properties [1-6]. Among them, broadband dielectric spectroscopy (BDS) also referred to 

as dielectric analysis (DEA) or as impedance spectroscopy, appears to be the most 

promising and popular method, although in many cases the reported measurements are 

non-isothermal and the preferred frequency range is not as adequate as expected [7]. 

BDS has been shown to be a powerful technique in order to follow in real time kinetics 

of relevant processes as crystallization [8, 9]. Moreover, several published studies [2, 3, 

10-15] have demonstrated the usefulness of dielectric measurements for monitoring the 

curing reaction of thermosets. Senturia et al. [11] commented and reviewed various 

indirect methods that have been employed to analyze dielectric relaxations in curing 

systems. Zahouily et al. [3] investigated the kinetics of cationic and radical 

photopolymerization by using both real-time FT-IR spectroscopy and dielectric 

analysis. For a given UV curable formulation, a correlation was established between the 

extent of monomer conversion during the photopolymerization and the dielectric 

properties of the polymer obtained. Pethrick et al. [2] studied the changes in physical 

properties during and after the cure of a blend composed of an epoxy resin system with 

a poly(ether sulfone). They concluded that the use of real-time dielectric measurements 

during curing can be a very useful tool for the morphological characterization of phase-

separated structures. They demonstrated that at high thermoplastic content (< 20 %) a 

distinct relaxation process dependent of the time of cure appears, ascribed to the 
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polarization of the occluded thermoplastic phase. While Müller et al. [15] determined 

the degree of curing of melamine-formaldehyde resins from the changes in ion 

viscosity. Their dielectric spectroscopy results were proven by correlating them with 

dynamic mechanical analysis and differential scanning calorimetry. 

 

In a similar approach, monitoring the curing of epoxy composites has been also 

reported. Partially cured epoxy/organoclay nanocomposite samples were analyzed by 

Preda et al. [14] They investigated the influence of post thermal treatment on the 

dielectric response of the materials. After considering the samples as dielectrically 

stable, their properties were studied using BDS. They studied conduction and electrode 

polarization phenomena observed at low frequencies and the effect of water uptake on 

the dielectric behavior of the nanocomposite. On the other hand, Polansky et al. [7] 

developed a portable measuring system using impedance spectroscopy, for the on-line 

monitoring of epoxy/glass fiber composites curing and post-curing simulating industrial 

conditions. Their results were supported by other established methods for determining 

the degree of curing. While Jacobsen et al. [16] quantified the residual stress state 

building up during curing in a chopped strand mat (CSM) glass/epoxy composite and 

Kim et al. [17, 18] established correlations between dielectric properties and the key 

processing transitions of minimum viscosity, gelation and vitrification of carbon 

fiber/epoxy composite prepregs using impedance spectroscopy. 

 

According to McIlhagger et al. [19] the application of dielectric measurements has been 

prevented by the limited availability of robust sensors and instrumentation suitable for 

the industrial environment. In line with this statement, most of the studies herein 

reported have developed alternative measuring configurations with tailored-made tool 

mounted sensors. 

 

Despite all these previous investigations, establishing proper chemical kinetics and 

correct relations between state of cure, temperature, and the various dielectric 

magnitudes and relaxations is still a matter of research [20]. In addition, to the best of 

the authors´ knowledge, nothing has been reported considering both curing and post-

curing stages of an epoxy/graphene nanocomposite. Thus, the aim of this research is to 

understand the underlying chemical processes that occur in an epoxy/graphene 

nanocomposite as it cures and post-cures and correlate them to the corresponding 
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changes in dielectric properties and molecular relaxations occurring in the network. In 

order to do so, a systematic in-situ measurement protocol was designed simulating 

industrial curing and post-curing settings. Contrary to what has been reported elsewhere 

[7], isothermal curing and post-curing cycles were considered employing a commercial 

broadband dielectric spectrometer, instead of tailored-made devices coupled to a hot 

press. The evolution of curing was also followed by FT-IR and Raman spectroscopy. 

The methodology herein discussed will serve as a reliable way for manufacturers and 

industries to control the curing process of a thermoset resin and to guarantee the 

trustworthiness of the suggested processing conditions and cure cycle. 

 

 

2. EXPERIMENTAL 

 

2.1. Materials 

 

An epoxy resin based on diglycidyl ether of bisphenol A (DGEBA), commercially 

known as Araldite® XB 5940, and an anhydride type hardener Aradur® HY 5914 was 

supplied by Hunstman (see Figure 1). A resin:hardener 80:20 mix ratio in parts by 

weight was used according to the supplier specifications. Thermally reduced graphene 

oxide (TRGO) avING-1 was supplied by Avanzare. 

 

 

 

Figure 1. Diglycidyl ether of bisphenol A (DGEBA). 

 

Epoxy/TRGO nanocomposites were prepared with 1 wt. % of filler. TRGO was initially 

dispersed in the resin using a three-roll mill (Exakt 80 E) following the conditions 

established in previous studies (Table 1) [21, 22]. Then, the nanofluid was mixed 

thoroughly with the hardener to ensure homogeneity in a vacuum reactor at 2400 rpm 

and 60 °C for 45 min. 
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Table 1.Mixing conditions of epoxy/TRGO nanofluids in a three roll mill. 

 Gap 1 (µm) Gap 2 (µm) Speed (rpm) Time (min) 

Cycle 1 100 50 200 10 

Cycle 2 50 25 250 10 

Cycle 3 30 15 300 30 

 

Samples (20 mm diameter and 1 mm thickness) were prepared by pouring a fixed 

amount of 375 ± 0.01 mg of the viscous resin or nanocomposite in a silicone mold 

preheated at 80 °C. A curing thermal treatment was applied placing the samples in an 

oven at 80 °C during 4 h, followed by a post-curing stage at 140 °C for 8 h. 

 

2.2. In-situ Monitoring of the Curing and Post-Curing Reaction 

 

2.2.1. Broadband Dielectric Spectroscopy Measuring Protocol 

 

Broadband dielectric spectroscopy (BDS) measurements were performed on an ALPHA 

high resolution dielectric analyzer (Novocontrol). A supplementary characterization of 

oven cured and post-cured epoxy resin and epoxy/TRGO nanocomposite was followed. 

Samples were mounted in the dielectric cell between two parallel gold-plated electrodes. 

Consecutive isothermal frequency sweeps were measured over a frequency window of 

10-1 <  f/Hz < 107 (f= /2 where f and  are the frequency and angular frequency of the 

applied electric field) in the temperature range from room temperature to 150 °C in 5 °C 

steps with a ± 0.01 °C deviation in temperature. Resulting dielectric magnitudes are 

shown as Supporting Information S1. 

 

In addition, a home-built dielectric cell assembly was designed for the in-situ 

monitoring of the isothermal curing and post-curing treatment of the epoxy resin and the 

epoxy/TRGO nanocomposite. As shown in Figure 2, the assembly consists of 4 

elements: i) a tailor-made silicone ring with dimensions of 20 mm (internal diameter), 

30 mm (external diameter), and 5 mm (depth); ii) a Kapton® spacer ring (0.1 mm, 

internal and external diameters 18 and 20 mm, respectively); iii) two gold plated 

electrodes (top and bottom electrodes) of 20 mm diameter and 2 mm thickness; iv) two 

gold plated electrodes (safety electrodes) of 30 and 40 mm diameter and 2 mm 

thickness. The bottom electrode was inserted inside the silicone ring, and the kapton 
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ring was placed on top of this electrode, to avoid any short circuit in case of contact 

between the lower and upper electrodes. Then, 375 ± 0.01 mg of un-cured resin were 

poured into the cavity and the top electrode was inserted closing the silicone ring cavity. 

A set of two extra bigger electrodes was included for safety reasons. 

 

 

 

 

 

 

 

Figure 2. Dielectric cell: a) schematic assembly; b) cross-section; c) final setup; d) 

silicone ring. 

 

A measuring protocol was designed to accurately simulate the in-situ isothermal curing 

and post-curing treatments of the epoxy resin and the epoxy/TRGO nanocomposite, as 

shown in Figure 3. The curing and post-curing conditions (temperature and time) were 

chosen according to a standard industrial protocol provided in the supplier´s data sheet. 

Room temperature samples were heated up to 80 °C and kept at that temperature during 

4 h (curing stage). A second heating up to 140 °C was performed, maintaining that 

temperature during 8 h (post-curing stage). Then, samples were cooled down to room 

temperature. The average heating/cooling rate was of 2 °C/min. Dielectric magnitudes 

and their evolution with the thermal treatment were recorded every 30 min over a 

frequency window of 10-1 < f/Hz < 107. At least, 3 measurements were done for each 

sample and the experimental error was 1 %. 
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Figure 3. Thermal treatment protocol for monitoring in-situ curing and post-curing 

stages. 

 

 

2.2.2. Fourier Transform Infrared Spectroscopy (FT-IR) 

 

IR spectra were collected on a Spectrum One Spectrometer (Perkin Elmer) to gain 

insight into the structural changes occurring during the curing stage of the epoxy resin 

and the epoxy/TRGO nanocomposite as a function of time. Data were collected from 

4000 cm-1 to 700 cm-1 at a resolution of 4 cm-1. A curing cell consisting of two circular 

KBr crystals embedded in a metallic heating frame was coupled to the spectrometer (see 

Supporting Information S2). One drop of either the fluid resin or of the nanocomposite 

was added between the two crystals in order to monitor the evolution of the curing 

process with time. Once the curing temperature (80 °C) was reached, data were 

collected every minute during 4 h. A reference spectrum was collected from cleaned 

KBr crystals at a resolution of 4 cm-1. At least, 3 measurements were done for each 

sample. 

 

The reaction kinetics was determined from the comparison of the spectra at different 

intervals, based on the evolution of specific absorbance bands, referred to as “x” in 

equation 1, corresponding to the functional groups appearing and/or disappearing during 

the curing reaction. The extent of reaction or conversion degree was calculated by 

taking as reference an invariant band located at 1510 cm-1, corresponding to the C-C 

bonds of the aromatic ring according to the following ratio [23, 24]: 
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𝛼𝐼𝑅  (𝑡) = 1 − [
𝐼𝑥(𝑡)/𝐼1510(𝑡)

𝐼𝑥(0)/𝐼1510(0)
]       (eq. 1) 

 

where 𝐼(𝑡) and 𝐼(0) correspond to the peak area at time “t” and at the beginning of 

curing (t=0), and “ref” corresponds to the reference peak, respectively. 

 

2.2.3. Raman Spectroscopy 

 

Raman spectroscopy was performed using a Raman spectrometer (Renishaw 2000) with 

an acquisition time of 15 min during 4 h at 80 °C to monitor the curing reaction. The 

spectral region from 1500 to 1950 cm-1 was collected using a laser with an excitation 

line of wavelength =514 nm. At least, 3 measurements were done for each sample. 

 

In order to determine the degree of conversion of each functional group during the 

curing reaction, the intensity of specific spectral bands, referred to as “x” in equation 2, 

was normalized by a reference band located at 1609 cm-1, as follows: 

 

𝛼𝑅𝐴𝑀𝐴𝑁(𝑡) = 1 −  [
𝐼𝑥(𝑡)/𝐼1609(𝑡)

𝐼𝑥(0)/𝐼1609(0)
]      (eq. 2) 

 

where 𝐼(𝑡) and 𝐼(0)correspond to the peak intensity at time “t” and at the beginning of 

curing (t=0), and “ref” corresponds to the reference peak, respectively. 

 

 

3. RESULTS AND DISCUSSION 

 

Although the curing process of an epoxy resin is well understood, the one of an epoxy 

nanocomposite is not. In general, during curing, an epoxy resin goes through several 

stages. In the first stage, the resin changes from a liquid state with minimum viscosity to 

a gelation state. Then, as curing proceeds, the resin reaches vitrification converting the 

gel into a vitreous crosslinked solid. At a second stage, normally known as post-curing, 

the resin undergoes further heating to achieve full cure, the chemical network is 

hardened and the expected mechanical rigidity is obtained. 
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In the following sections, a systematic in-situ study of the dielectric behavior of an 

epoxy resin and an epoxy/TRGO nanocomposite is presented. Results are discussed 

based on the changes of the dielectric magnitudes according to the stages of the curing 

process. 

 

3.1. Stage I: Curing 

 

3.1.1. Evolution of Dielectric Properties of Epoxy Resin and Epoxy/TRGO 

Nanocomposite during Curing 

 

Samples subjected to the isothermal in-situ curing protocol previously described (Figure 

3) were analyzed aiming to understand the relation between the chemical kinetics of a 

thermosetting system and the corresponding changes in dielectric properties. From the 

dielectric point of view, a curing process is dominated by two different mechanisms: 1) 

the migration of ion or charged molecules highly influenced by the viscosity of the 

system, and 2) the dipolar response related to the motions of the chains that begin to 

crosslink [3, 13, 25, 26]. Thus, two dielectric magnitudes are of special interest. Firstly, 

the ionic conductivity that appears as a key magnitude at early stages of curing. 

According to several authors [3, 11, 13, 17], the electrical conductivity, the real part of 

the complex electrical conductivity, is perhaps the most useful overall probe of cure 

state, since for most polymers, electrical conductivity follows closely the changes in 

viscosity. Secondly, the dielectric loss, imaginary part of the dielectric permittivity, can 

be very useful to monitor relaxation processes occurring at molecular level taking place 

during the vitrification of the resin system. Figure 4 shows the evolution with curing 

time of these two dielectric magnitudes as a function of frequency for an epoxy resin 

and for an epoxy/TRGO nanocomposite. 

 

At the initial stages of the curing process, the conductivity curves of the resin show 

three well differentiated regions characteristic of ionic liquids [27, 28], as seen in Figure 

4a. In the low frequencies region, an increment on conductivity associated to blocking 

effects in the electrodes is observed; during the mid-frequencies, a plateau associated to 

the DC conductivity is observed; while at high frequencies, an AC contribution 

associated to dispersion sets in. As the curing process continues, the three distinguished 
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regions tend to convert into a well-defined plateau at low frequency and a frequency 

dependent conductivity region at higher frequencies. During curing it is expected that 

viscosity increases and limits the motion of ion or charged molecules, that is, the ionic 

contribution is hindered by the gelation of the matrix [12, 13, 29]. Several authors 

attribute this ionic contribution to the translational movement of Na+ and Cl- ions left 

from the synthesis of epoxy systems [3, 12, 13, 26, 29]. 

 

Additionally, in the initial stage, conductivity data exhibit a bump at higher frequencies 

that shifts towards lower frequencies as curing time proceeds. In order to evaluate the 

origin of this contribution, the dielectric loss has been represented in Figure 4c. By 

doing this, the conductivity appears as a frequency dependent contribution that 

decreases linearly, while relaxation processes appear as maxima. The molecular dipolar 

relaxation response becomes detectable in the initial stage as a maximum in the 

permittivity loss in the same frequency range as the corresponding bump observed in 

the conductivity measurements. This maximum shifts to lower frequencies when 

increasing curing time and it can be ascribed to the segmental relaxation. 

 

For comparison purposes, the segmental relaxation of an oven-cured resin is presented 

as Supporting Information, S1. The evolution of this relaxation with curing time can be 

interpreted as consequence of the polymer chain restrictions during the curing process, 

and thus, be associated to the vitrification of the matrix where cooperative motion 

cannot occur due to the insufficient free volume [17]. A curing time of 3 h seems to be a 

critical point in the curing process, after which the segmental relaxation is no longer 

noticeable, and thus vitrification seems to be completed. 
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Figure 4. Evolution of dielectric magnitudes (conductivity and permittivity loss) with 

curing time and frequency of: a), c) epoxy resin; b), d) epoxy/TRGO nanocomposite. 

Arrows indicate evolution with curing time (30 min intervals). 

 

For a deeper understanding of the dielectric behavior, data extracted from selected 

frequencies from Figure 4 are plotted in Figure 5. At 3 h, it looks that curing rate starts 

to reach maximum values, and a rapid change on conductivity with time is observed 

(see Figure 5a). Towards the end of cure, conductivity seems to level out, especially at 

high frequencies. Similar results were found by Zahouily et al. [3] They followed the 

evolution of electrical resistivity with irradiation time of a UV-cured epoxy resin and 

found that as curing reaction proceeds, a decrease in ion mobility due to crosslinking 

occurs. As the reaction slows down, the rate of increase in ion viscosity also slows 

down; showing that cure is near completion. Since electrical conductivity and 

permittivity loss are related to each other, it is expected that both magnitudes reflect the 

same behavior in a different manner. A decrease in permittivity loss with time is noticed 

since ion and dipole mobility become more restricted as curing proceeds [1]. The point 

at which dipolar relaxation ceases to be detected corresponds to the vitrification of the 

matrix. Certain discrepancies are reported in the literature regarding the frequency at 

which vitrification can be detected. Pethrick et al. [2] used 10 kHz, while Kim et al. 

[17] use 0.1 Hz. Moreover, Day et al. [30] suggested that monitoring curing times at 

frequencies < 10 Hz, and > 103 Hz is inaccurate because blocking and polarization 

effects, and low sensitivity, respectively. Our study shows that conductivity and 

dielectric permittivity start to level off with curing time, as an indication of vitrification, 

from 102 Hz onwards, as seen in Figure 11. 
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The behavior of epoxy/TRGO nanocomposites differs from that of the pure resin. 

Adding conducting fillers like TRGO determines a change on the behavior of the 

dielectric magnitudes during curing, as shown in Figure 4b. The bump observed in the 

mid-frequencies on the conductivity curves shifts to lower frequencies as curing 

evolves, reaching a conducting plateau due to the inclusion of TRGO after 2 h of curing 

(Figure 5b). Hence, TRGO appears to accelerate the curing process of the epoxy resin. 

Furthermore, since the overall conductivity values of the epoxy/TRGO nanocomposite 

are between 1-8 orders of magnitude higher than those of the neat epoxy resin, the 

electrical conductivity contribution from the TRGO seems to mask the contributions 

occurring in the epoxy matrix [31, 32]. In fact, the permittivity loss data shown in 

Figure 4d only exhibit the conductivity contribution, characterized by a contribution 

that decreases linearly with the frequency on a Log-Log scale. 

 

  

  

 

Figure 5. Evolution of the dielectric magnitudes (conductivity and permittivity loss) 

with curing time at selected frequencies: a), c) epoxy resin; and b), d) epoxy/TRGO 

nanocomposite. 
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3.1.2. Chemical Reactions Occurring During Curing of Epoxy Resin and 

Epoxy/TRGO Nanocomposite 

 

The underlying chemical reactions occurring during the curing of a thermoset system 

composed of an epoxy resin and an anhydride-type hardener have been reported 

elsewhere [33, 34]. Three major reactions take place: i) secondary alcohols from the 

epoxy backbone react with the anhydride forming a mono-ester; ii) carboxylic acid 

reacts with an epoxy group forming a di-ester and a new secondary hydroxyl group; iii) 

epoxy groups react with a secondary alcohol forming a (-hydroxy) ether linkage. The 

first two reactions are dominant reactions occurring in anhydride cured epoxy resin 

systems, with etherification occurring to a much lesser extent and at later stages. One 

can determine the extent of the curing reaction by following the appearance and/or 

disappearance of specific FT-IR spectral bands. As shown in Figure 6 the intensity of 

the bands located at 1860 and 1780 cm-1 ascribed to the stretching of C=O bonds of the 

anhydride hardener decrease with curing time [6], while the band located at 1740 cm-1, 

corresponding to the formation of ester groups, increases [34, 35]. Both trends are a 

clear evidence of the curing reaction taking place in the epoxy resin as well as in the 

epoxy/TRGO nanocomposite. Spectral bands located at lower wavenumbers and 

associated to the etherification reaction [34, 36] are shown as Supporting Information 

S3. 

 

  

 

Figure 6. FT-IR spectra evolution with curing time of: a) epoxy resin; b) epoxy/TRGO 

nanocomposite. Arrows indicate evolution with curing time. 
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Raman spectroscopy also serves for monitoring the curing reaction of epoxy resins. The 

different spectra obtained at 80 °C during the curing step can be seen in Figure 7, 

showing the same trend with regard to the characteristic spectral bands: increase of the 

band at 1740 cm-1 (formation of ester groups), and decrease of the bands at 1780 and 

1860 cm-1 (consumption of hardener). Unfortunately, following this type of reaction in 

an epoxy/TRGO nanocomposite was not possible due to the high conductivity of TRGO 

which hindered the identification of the corresponding spectral bands. 

  

 

Figure 7. Raman spectra evolution with curing time of epoxy resin at different 

wavenumber ranges. Arrows indicates evolution with curing time. 

 

3.1.3. Correlating Curing Kinetics with Dielectric Behavior of Epoxy Resin and 

Epoxy/TRGO Nanocomposite 

 

The curing time dependent permittivity loss and conductivity results (see Figure 5) 

allow us to propose the following relations to monitor in real time their variation during 

the curing stage [1]: 

 

𝛼𝜀(𝑡) =  
log (𝜀′′(0))−𝑙𝑜𝑔 (𝜀′′(𝑡))

𝑙𝑜𝑔 (𝜀′′(0))−𝑙𝑜𝑔 (𝜀′′(𝑡𝑚𝑎𝑥))
       (eq. 3) 

 

𝛼𝜎(𝑡) =  
log (𝜎(0))−log (𝜎(𝑡))

log (𝜎(0))−log (𝜎(𝑡𝑚𝑎𝑥))
       (eq. 4) 

 

Where 𝜀′′(0) is the permittivity loss at the beginning of curing, 𝜀 ′′(𝑡) is the permittivity 

loss at curing time “t”, and 𝜀′′(𝑡𝑚𝑎𝑥) is the permittivity loss at the end of the cure 

process, i.e. maximum time (4 h). Analogously, 𝜎(0) is the conductivity at the 
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beginning of curing, 𝜎(𝑡) is the conductivity at curing time “t”, and 𝜎(𝑡𝑚𝑎𝑥) is the 

conductivity at the end of the cure process, i.e. maximum time (4 h). Both magnitudes 

were recorded at f = 104 Hz. 

 

Figure 8 shows the degree of conversion of the epoxy resin and the epoxy/TRGO 

nanocomposite based on the evolution of permittivity loss and conductivity. As 

expected, the trend for both magnitudes is similar. At the beginning, curing goes faster 

for the epoxy resin, reaching 50 % of conversion during the early stages of the curing 

process. Afterwards, crosslinking is accelerated by the presence of TRGO, 

accomplishing 100 % of curing after 2 h. The reaction of the epoxy resin on the other 

hand, progresses gradually up to 4 h. 

 

  

 

Figure 8. Degree of conversion of an epoxy resin and an epoxy/TRGO nanocomposite 

during curing based on: a) permittivity loss; and b) conductivity. Both magnitudes were 

recorded at f= 104 Hz. 

 

Similarly, by FT-IR and Raman spectroscopy one can follow the conversion degree by 

discussing the changes on the bands at 1860 cm-1 (disappearance of hardener) and 1740 

cm-1 (formation of ester groups), as shown in Figure 9. However, the quantitative 

analysis of the 1740 cm-1 band and its correlation with chemical species (ester groups) 

is not as straightforward since hydrogen bonding can occur inter- and intra-molecularly 

in the resin during curing, altering the quantification [4, 5]. Both techniques seem to 

support the same behavior. The epoxy resin tends to have a fast initial curing and then 

slows down after 2-3 h of reaction, while in presence of TRGO the curing reaction is 

accelerated. 
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Due to the fact that the three techniques (FT-IR, Raman spectroscopy, and dielectric 

spectroscopy) observe and measure different molecular probes, the conversion degrees 

from FT-IR and Raman do not exactly match those obtained by dielectric conversion. 

However, they all seem to coincide in the fact that a curing time of 3 h for the epoxy 

and of 2 h for the epoxy/TRGO nanocomposite appear as critical points. Shorter times 

will only lead to gelation of the resin, while going beyond that critical point will 

guarantee that optimal curing will be achieved. Moreover, establishing a good 

correlation between the three techniques allows us to understand simultaneously the 

chemical reactions and physical changes associated to gelation occurring during the 

cure cycle. 

 

  

  

 

Figure 9. Conversion degree of epoxy resin and epoxy/graphene nanocomposite 

calculated from the changes in the area of selected peaks. Top: by FT-IR; bottom: by 

Raman spectroscopy. 

 

3.2. Stage II: Post-Curing 
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As a rule of thumb, a post-curing stage is generally imposed for increasing the glass 

transition temperature and for improving the mechanical properties of the epoxy system. 

With regard to the dielectric behavior, a slight decrease in the conductivity of the resin 

and a shift of the permittivity loss to lower frequencies occur during post-curing, as seen 

in Figure 10. On the contrary, the variations on the epoxy/TRGO nanocomposite are 

inexistent. These variations are less significant than those obtained in the curing stage. 

During post-curing the noteworthy reduction in segmental mobility leads to a marked 

decrease in the rate of reaction, as the reaction becomes diffusion or mobility controlled. 

Consequently, the changes in the dielectric magnitudes with time and frequency are not 

as notorious as in the curing stage, as can be seen in Figure 11 [7, 11]. 

 

  

  

 

Figure 10. Evolution of dielectric magnitudes (conductivity and permittivity loss) 

during post-curing of: a), c) epoxy resin; b), d) epoxy/TRGO nanocomposite. Arrows 

indicate evolution with post-curing time (30 min intervals). 
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Figure 11. Evolution of dielectric magnitudes (conductivity and permittivity loss) with 

post-curing time at selected frequencies: a), c) epoxy resin; and b), d) epoxy/TRGO 

nanocomposite. 

 

The complete cycle (curing + post-curing) of both the epoxy resin and epoxy/TRGO 

nanocomposite can be interpreted based on the evolution of an experimental measured 

magnitude, such as electrical conductivity, and its correlation with the materials 

properties (viscosity and degree of curing) as shown in Figure 12. With regard to the 

resin, during the heating ramp, conductivity reaches the maximum value due to the 

minimum viscosity and thereof highest ionic mobility. Once curing temperature is 

reached, conductivity decreases progressively due to mobility restrictions, as curing 

effects dominate over thermal effects. During the second heating ramp, the system is in 

a rubbery state and the molecules regain their mobility, allowing the diffusion-driven 

curing to slowly continue during the post-curing stage. This increase in mobility also 

favors motion of migrating charges, resulting in an increase of conductivity in the epoxy 

resin. Curing restricting effects dominate again over thermal effects and as post-curing 

proceeds conductivity tends to decrease but in a less notorious way. Finally, when 

cooling down conductivity drops considerably reaching typical values of isolating 
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dielectric materials at room temperature. The difference between initial and final 

conductivity can be ascribed to the differences in viscosity and thus in ionic mobility 

between a viscous fluid and a totally cured resin. 

 

The changes are less notorious for the nanocomposite due to the electrical conductivity 

contribution from the TRGO that seems to mask both the dielectric relaxation and also 

the conductivity contribution of the epoxy matrix. Important to mention that initial and 

final conductivity values after completing the whole cure cycle are very similar. This is 

a promising result from a manufacturer´s point of view, since they can somehow predict 

final electrical properties based on the initial values of the nanocomposite before even 

curing. 

 

 

Figure 12. Conductivity evolution with the cure cycle (curing + post-curing) of an 

epoxy resin and epoxy/TRGO nanocomposite. 

 

 

4. CONCLUSIONS 

 

A measuring protocol for monitoring in real-time and in-situ the complete isothermal 

cure cycle (curing + post-curing) of an epoxy resin and an epoxy/TRGO nanocomposite 

has been designed using broadband dielectric spectroscopy. Results based on the 

evolution of two dielectric magnitudes (conductivity and permittivity loss) allow us to 
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conclude that curing of the resin occurs rapidly at the early stages and then progresses 

gradually. In presence of TRGO, crosslinking goes faster accomplishing 100 % of 

curing after 2 h. Chemical changes occurring during the thermal treatment were also 

studied by FT-IR and Raman spectroscopy in order to understand the underlying 

molecular changes taking place in the network. A curing time of 3 h for the epoxy resin 

and of 2 h for the epoxy/TRGO nanocomposite appear as critical times below which the 

formation of the crosslinked network will not occur. The changes occurring during the 

post-curing stage on the other hand, are less notorious and seem to haves less influence 

on the final properties of the resin and nanocomposite. This unique measuring protocol 

will serve as an efficient tool for the optimization of cure cycles of thermoset systems 

and thermoset composites. 
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