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Abstract: Paper aims to present an applied modeling concept directed towards kinetic parameters’ estimation during
thermal curing on a commercial DGEBF epoxy polymer as retrieved from dielectric measurements. This dynamic process
will be described by aid of few free kinetics models applied to a set of isothermal measurements at different frequencies thus
enabling kinetic parameters retrieval (e.g. activation energy, glass temperature). The herein contribution is sought as an
alternative to the familiar and yet classical approaches around data provided on scanning calorimetry measurements.
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1. INTRODUCTION

Technical literature provides numerous references on epoxy polymers, from synthesis to material
characterization, individually or in the presence of various constitutive proven their versatility in engineering
applications such as high-performance composites, aerospace, automotive and transport, electronic packaging or
protective coating adhesives, etc. [1-2].

In addition, it is acknowledged that the properties of epoxy polymers, especially glass transition temperature
(Tg), is generally influenced by the curing agents and other additives added to enhance their mechanical, thermal
or chemical properties and to accelerate curing reactions [1]. Among the curing agents deployed with the
epoxies, aromatic and aliphatic amines are the commonly used.

Dielectric properties of polymer resins are currently measured since the retrieved data enable insights in the
relaxation phenomena and material heterogeneity [2, 3]. Besides dielectric spectroscopy other techniques such as
thermally stimulated depolarization current (TSDC) or dielectric relaxation spectroscopy (DRS) were used to
retrieve information on primary relaxation process associated with the glass-rubber transition, interfacial
relaxation or ionic conduction process on epoxies [4, 5]. Activation energy retrieval was debated in numerous
references [6-9]. A dependence on glass transition temperature (Tg) and Vogel temperature (Tv) which is found
to be 30-40 °C below Tg [10].

The herein paper aims to provide a study on dielectric and conductive properties of a diglycidyl ether of
bisphenol F (n. DGEBF) epoxy resin cured with an aromatic amine curing agent using a high-resolution
impedance analyzer.

2. MATERIALS AND EXPERIMENTAL SETTING

The investigated epoxy polymer resulted from the curing of a diglycidyl ether of bisphenol F (n. DGEBF, trade
name EPIKOTE 862 from Momentive) with an aromatic amine curing agent (trade name EPIKURE, same
provider) carefully mixed to delivered a homogenous solution.

Dielectric measurements were carried out by means of a Novocontrol High Resolution Impedance Analyzer
under controlled atmosphere within room to 120 °C temperature range and in the frequency interval 1- 10" Hz.

3. RESULTS AND DISCUSSIONS

Figure 1 shown a three-dimensional plot of the real (¢’) part of dielectric permittivity as a function of frequency

and temperature for DGEBF polymer under debate. As it can be seen from the figure, at low frequencies and
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high temperatures the real dielectric permittivity reaches high values that are due to the elevated segmental
mobility of the polymer molecules and orientation of dipoles in the direction of alternating field. The a
relaxation process can be easily identified in the plot with increases of the frequencies.

In Figure 2 and Figure 3 are shown the isothermal variations of M’ and M”* below and beyond Tg for the
DGEBEF resin. As it can be seen, two loss peaks are observed in the M”’(f) spectrum at 40 °C, 60 ° and 120 °C
respectively indicative of Maxwell-Wagner-Sillars (MWS) relaxation that appears in heterogeneous media due
to the accumulation of charges at interfaces and a relaxation associated with the second peak. The latter is
widely acknowledged as glass-rubber relaxation in literature [11].

The loss peak ascribed to the a relaxation can be seen at high both temperature and frequency, like mentioned
above, and the conduction within these ranges is following a linear behavior (see Figure 3).

Figure 1: Real part of dielectric permittivity as a function of frequency and temperature
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Figure 2: Isothermal plots of real electric modulus  Figure 3: Isothermal plots of imaginary electrical modulus

Theory of electrical conduction provide the expressions for the dielectric dependence in terms of complex
electric modulus, suchis M* = g where the real and imaginary parts can be rewritten as following:

M*=M'+iM"" 1)
gl gll
MI:—,M”:— (2)
gl2+glI2 g|2+g||2

where ¢’ and M’ are the real components whereas ¢’ and M’’ are the imaginary components of dielectric
permittivity and electric modulus, respectively.

If the relaxation time (1) estimates plotted versus 1000/T in a semi-logarithmic scale reveals a linear behavior to
the relation process, then the process can be described by the aid of Arrhenius law, such as following:
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where 14 [s] is a pre-exponential factor, kg is the Boltzmann constant, E, [eV] is the activation energy of the
relaxation process and T [K] is the absolute temperature. On the other hand, if the relaxation process is not
following a linear dependence with 1000/T it has to be modeled using Vogel-Fulcher-Taman (VFT) equation,
such as:

7(T)=1o em(T _BTV ] @)

where B is a constant, Ty [K] is the Vogel temperature and T [K] is the absolute temperature. Additionally,
according to Plazek et al. [12] the activation energy of o relaxation process can be estimated using the following
expression :

E.__ B -

2
T
where E, is the activation energy (eV), R is the gas constant and Tg [K] the glass transition temperature. The
glass transition temperature has to be identified from differential scanning calorimetry (DSC) measurements
since it is particular to individual polymer systems developed and proven the reliability of measurements.
The heterogeneity of the DGEBF system can be further exploited by plotting the real and imaginary components
of the complex modulus using the well-known Haviliak-Negami approach for the MWS relaxation. Any

departure for the ideal circular representation enable further insights in the epoxy resin behavior with frequency
increases. It is beyond the purpose of herein paper to further investigate in the above issue.

4. CONCLUSION

The paper aimed to provide an insight with an epoxy system by the aid of dielectric relaxation occurring with
this particular combination resin + hardener. The results show the presence of two relaxation peaks in the
polymer, in accordance with other studies on similar epoxy systems cured with aromatic hardener revealing the
importance of the hardener on the resin structure which in turn influences the dielectric properties under debate.
In addition, the measurements show that the epoxy system developed is more suitable for applications as
insulators for electrical equipment or optoelectronic devices due to its lower values found in the electrical
conduction values.

REFERENCES

[1] J. Wan, C. Li, Z.-Y. Bu, C.-J. Xu, B.-G. Li, H. Fan, A comparative study of epoxy resin cured with a linear
diamine and a branched polyamine, Chemical Engineering Journal, 188 (2012) 160-172.

[2] L. Zong, L.C. Kempel, M.C. Hawley, Dielectric studies of three epoxy resin systems during microwave cure,
Polymer, 46 (2005) 2638-2645.

[3] W. Jilani, N. Mzabi, N. Fourati, C. Zerrouki, O. Gallot-Lavallée, R. Zerrouki, H. Guermazi, Effects of curing
agent on conductivity, structural and dielectric properties of an epoxy polymer, Polymer, 79 (2015) 73-81.

[4] H. Smaoui, M. Arous, H. Guermazi, S. Agnel, A. Toureille, Study of relaxations in epoxy polymer by
thermally stimulated depolarization current (TSDC) and dielectric relaxation spectroscopy (DRS), Journal of
Alloys and Compounds, 489 (2010) 429-436.

[5] M.K. Hassan, S.J. Tucker, A. Abukmail, J.S. Wiggins, K.A. Mauritz, Polymer chain dynamics in epoxy
based composites as investigated by broadband dielectric spectroscopy, Arabian Journal of Chemistry, 9 (2016)
305-315.

[6] P. Budrugeac, Theory and practice in the thermoanalytical kinetics of complex processes: Application for the
isothermal and non-isothermal thermal degradation of HDPE, Thermochimica Acta, 500 (2010) 30-37.

215



[7] P. Budrugeac, A. Cucos, Application of Kissinger, isoconversional and multivariate non-linear regression
methods for evaluation of the mechanism and kinetic parameters of phase transitions of type | collagen,
Thermochimica Acta, 565 (2013) 241-252.

[8] P. Budrugeac, Applicability of non-isothermal model-free predictions for assessment of conversion vs. time
curves for complex processes in isothermal and quasi-isothermal conditions, Thermochimica Acta, 558 (2013)
67-73.

[9] K.A. Nass, J.C. Seferis, Activation energy determinations from dielectric thermal analysis of reacting
polymeric systems, Journal of thermal analysis, 37 (1991) 2407-2421.

[10] F. Kremer, A. Schonhals, Broadband Dielectric Spectroscopy, Springer Berlin Heidelberg2012.

[11] J. Sestak, P. Simon, Thermal analysis of Micro, Nano- and Non-Crystalline Materials: Transformation,
Crystallization, Kinetics and Thermodynamics, Springer Netherlands2012.

[12] D.J. Plazek, J.H. Magill, Physical Properties of Aromatic Hydrocarbons. I. Viscous and Viscoelastic
Behavior of 1:3:5-Tri-a-Naphthyl Benzene, The Journal of Chemical Physics, 45 (1966) 3038-3050.

216



