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ABSTRACT 

The possibility of using the dielectric analysis method to control the process of impregnation and curing of 

epoxy binders in the process of manufacturing products from composite materials is investigated. Ion viscosity 

was used as a control parameter for the impregnation and curing processes. It was shown that the data obtained 

by dielectric analysis reflect well the dynamic viscosity and cure kinetics of the thermosetting binder and are 

consistent with the rheology and differential scanning calorimetry data. The control curing scheme of the binder 

was simulated during the manufacturing process of the bracket auxiliary power unit of the helicopter. The 

results of this work can be used in the manufacture of products of complex shape from polymer composite 

materials. 
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INTRODUCTION 

Currently, we can note the trend of the transition of manufacturing technologies for critical products from 

polymer composite materials to an integrated circuit [1,2]. This is due to the possibility of simultaneous molding 

of products with complex geometry, and consisting of structural elements with various configurations without 

additional technological operations of their connection. Quite often, integrated structures are characterized by 

the combination of structural elements of different thicknesses over the cross section. With existing methods of 

molding in a composite, the problem arises is creating the same conditions for the polymerization of a binder in 

thin and massive structural elements and, especially, in the zones of their interface. The curing of the binder 

continues throughout the entire technological cycle, starting from the moment of its preparation and ending in 

the finished product. To ensure high quality polymer matrix in various zones, it is necessary to control the 

processes of impregnation and curing of the binder during molding [3,4].  

It is very important to solve the problem of regulating the properties of the binder and the process of its curing in 

the connection zones of integrated structures. In this connection, there is a need to control the technological 

regime of impregnation and curing in real time, for which it is necessary first of all to choose a parameter that, 

on the one hand, would characterize the transformation processes that occur in the material during curing, and 

correlated with the degree of cure, and with the other is easily measured during the process. The development of 

methods for monitoring the process of impregnation and curing of thermosetting binders is an urgent task. The 

most promising in this regard are dielectric characteristics, in particular, ionic viscosity. Ion viscosity (the 

reciprocal of the ionic conductivity) is determined from the dielectric characteristics of the binder - dielectric 

constant, dielectric loss factor and the duration of the curing process. Ion viscosity is determined by the 

equation: 

ν =1/σ, 

 Where ν - Ion viscosity, σ - ion conductivity [Cm/m],  

σ = ε′′ε0ω, 
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ε′′- loss factor, ε0 - permeability (vacuum) 8,854 10-12 Ф/м, ω - angular frequency ω = 2 πf, f = measurement 

frequency. 

As the curing process proceeds, the segmental mobility of the macromolecule units decreases, and as a result, 

the ion viscosity increases [5]. A literature review showed that the method of dielectric spectroscopy is relevant 

for monitoring the curing process. [6–8]. However, existing work on this topic is not enough.  

EXPERIMENTS 

Materials 

The objects of the study were selected epoxy binders because of their widespread use in aviation and an amine 

type hardener - polyethylene polyamine. 

Commercial two-component binder RTM 6-2, epoxy resin ED-16, ED-20, epoxy- novolac resin UP-643, DEN-

438, and low viscosity epoxy binder DER-354, amine type hardener PEPA (polyethylene polyamine). Active 

diluent of epoxy resins E-181.  The main characteristics of epoxy resins are shown in the table 1. 

Table 1. Characteristics of brands of epoxy oligomers 

Epoxy brand ED-16 ED-20 EKhD E-181 UP-643 D.E.R.354 D.E.N.438 

The average molecular 

weight, g/mol 

480 390 - - - 366 643 

The number of epoxy 

groups,% wt 

18 22,5 27 25 22 26 24 

Viscosity at 25/50 °С, Pa∙s 15/18 13/20 -/90 0,07/- -/90 8/0,65 45 000 / 100 

Density at 25°С, g/cm3 1,16 1,16 - - - 1,19 1,22 

 

RTM 6-2 – two-component resin company HEXCEL [26]. This system is specifically designed for use in 

molding processes such as vacuum infusion and RTM. Operating temperatures from 60 °C to 120 °C. Low resin 

viscosity facilitates the process of impregnation of large parts. 

Experimental methods 

Dielectric analysis was performed on a DEA 288 instrument (Netzsch, Germany). During measurements, binder 

samples were applied to disposable sensors IDEX 115 and mini-IDEX. The measurements were carried out at 

frequencies of 1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz in isothermal and dynamic modes, the heating rate was 3 

K/min. In parallel, the curing process of epoxy binders was studied by differential scanning calorimetry on DSC 

heat flux DSC Phoenix F1 204 (Netzsch, Germany). The rheological properties of epoxy oligomers and binders 

were determined on a rotational rheometer DHR2 (TA Instruments, USA). 

RESULTS AND DISCUSSION 

 Study of the impregnation process during the manufacture of products from polymer composite materials by 

rheological and dielectric tests. The first step in this work was the study of pure epoxy oligomers. Figures 1-2 

show the dependences of ionic viscosity on temperature and dynamic viscosity on temperature for epoxy 

oligomers ED-20, ED-16, DER-354, DEN-438. 
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Figure 1. Dependence of ion viscosity on temperatures for a number of epoxies resins. Heating rate is 3 K/min. 

Frequency 1Hz. 

 

Figure 2. Dependence of dynamic viscosity on temperature for a number of epoxy resins. Heating rate 3 K/min. 

To compare the data obtained by the method of dielectric analysis and rheometry, graphs of the dependence of 

the logarithms of dynamic viscosity on the logarithms of ion viscosity were constructed for the studied epoxy 

oligomers in the same temperature range. In figures 3, 4 the data for DEN-438 and ED-20 resins are shown. 

 

Figure 3. Dependence of logarithm of dynamic viscosity on logarithm of ion viscosity of the epoxy oligomer 

DEN-438. 
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Figure 4. Dependence of logarithm of dynamic viscosity on logarithm of ion viscosity of the epoxy oligomer 

ED-20. 

Figure 3 shows that the dielectric analysis data and the data obtained by rheometry of the DEN-438 resin 

correlate well in the temperature range from 25 to 60 degrees. Pearson correlation coefficient was 0.99956. At 

higher temperatures, a deviation from the direct dependence is observed. Figure 4 shows the dependence for the 

lower viscosity resin ED-20, the correlation coefficient in the temperature range from 25 to 50 was 0.99838. 

Data was processed and calculated using software for numerical data analysis and scientific graphics OriginPro 

8.1. Calculations were performed in Microsoft Excel and Mathcad 15. Based on these data, the ability to control 

rheological characteristics using dielectric sensors was shown. However, it should be noted that the type of 

sensor influences the correlation coefficient. 

Studying the curing process using differential scanning calorimetry and dielectric analysis  

The aim of this part of the work was to investigate the possibility of monitoring the curing process of epoxy 

binders in the process of molding composite materials. Figures 5, 6 show the dependences of the ion viscosity of 

RTM6-2, ED-20+PEPA binders on temperature during curing. The experiments were carried out at various 

frequencies, at 1 Hz turned out to be the most sensitive. Heating rate was performed at 3 K/min. In the 

temperature range from 20 to 270 °C for RTM6-2, from 30 to 180 for ED-20 + PEPA. 

 

Figure 5. Dependence of ion viscosity of the binder RTM6-2 on temperature. 
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Figure 6. Dependence of ion viscosity of the binder ED-20+PEPA on temperature. 

The phase of decrease in ion viscosity 

Initially, the ionic viscosity decreases due to a decrease in the viscosity of the binder with temperature 

increasing, which corresponds to dynamic viscosity. During curing, the dynamic viscosity of the RTM6-2 binder 

was also measured, as shown in Fig. 6.  

 

Figure 7. Dependence of dynamic viscosity of the binder RTM6-2 on temperature, at a heating rate of 3 °C/min 

and a rotation speed of 1 rad/s. 

Figure 7 shows that the viscosity of the resin in the region of 25-100 °C decreases sharply. At temperatures 

above 100 ° C, the viscosity remains virtually unchanged.  Figures 5, 7 show that the initial values of ion 

viscosity coincide with the dynamic viscosity curve. 

The phase after the initial drop in ion viscosity 

With the onset of a chemical reaction to cure the system, accompanied by an increase in viscosity, ion viscosity 

increases. Under similar conditions for the studied epoxy binders, thermograms of differential scanning 

calorimetry were obtained. To study the curing process, differential scanning calorimetry measurements were 

also performed. Comparison of ion viscosity results and differential scanning calorimetry curve. The experiment 

on differential scanning calorimetry was performed in the temperature range from 20 to 300 °C at a speed of 3 

°C/min. 
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Figure 8. Dependence of ion viscosity of the RTM6-2 epoxy binder on temperature. 

 

Figure 9. Dependence of heat release of the RTM6-2 epoxy binder on temperature. 

Comparison of the curves of dielectric analysis and differential scanning calorimetry, as well as the kinetic 

parameters of curing showed a good correlation of these two methods. As seen from Figures 8, 9, the 

temperature of maximum thermal effect — the peak of differential scanning calorimetry (208 °C) and the peak 

of the dielectric analysis graph — practically coincide, a difference of 10 °С. This shows some correlation of 

method values. The degrees of conversion were calculated for the two methods, the integration was carried out 

by the Simpson's method. Cure completion curves are shown in Figure 10. 

 

Figure 10. Finding the degree of completion of the process on temperature for RTM6-2, integration was carried 

out by the Simpson's method. 
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A comparative analysis of another binder DER-354 + PEPA. Figures 11, 12 show the results of dielectric 

analysis experiments and differential scanning calorimetry. Heating rate was performed at  3 K/min to 180 °C. 

 

Figure 11. Dependence of the ion viscosity of the epoxy binder DER-354 + PEPA on temperature. 

 

Figure 12. Dependence of the heat dissipation of the epoxy binder DER-354+PEPA on temperature. 

Figures 11, 12 show that the temperature of the maximum thermal effect – the peak of differential scanning 

calorimetry (78 °C) and the peak of the graph of dielectric analysis (98 °C) differ by 10 °C. 

 

Figure 13. The degree of completion of the process depends on the temperature, integration was carried out by 

the Simpson's method. 
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The resulting bias in dielectric analysis results relative to the results of differential scanning calorimetry may be 

due to differences in the mass of the samples used in the methods. The nature of the change in the degree of 

conversion curves is similar. To control the thermal process by dielectric analysis, a conversion factor from one 

method to another is needed to compensate for the difference in mass and other parameters. 

Practical application 

The data obtained were used to simulate a control scheme for curing a polymer binder in the manufacture of the 

product - an auxiliary power plant bracket. Aluminum tooling for the manufacture of the product has different 

thickness areas, which causes a temperature gradient. To control the uniform course of the polymerization 

reaction, dielectric sensors are installed in various parts of the product. A 3D model of the product was 

developed in the Siemens NX software and shows areas where curing control is required (Fig. 13). 

 

Figure 4. 3D-model of the product indicating the location of the dielectric sensors 

Installed dielectric sensors receive appropriate AC pulses from the monitoring system, while feedback is 

recorded and processed by the system, providing real-time information about the state of the material. The 

method for controlling the curing of epoxy binders by dielectric analysis is relevant in the manufacture of 

products of complex shape. 

CONCLUSION 

The possibility of using the dielectric analysis method to control the curing process of epoxy binders in the 

process of manufacturing products from composite materials is investigated. Comparison of the data of 

dielectric analysis and rheometry showed that the site of decrease in ionic viscosity coincides with the dynamic 

viscosity curve in the same temperature range. Dielectric analysis method allowed controlling the entire curing 

cycle before and after gelation, which is impossible in the methods of Differential scanning calorimetry and 

rheometry. It is shown that the data obtained by dielectric analysis reflect well the kinetics of curing of the 

thermosetting binder and are consistent with the rheology and differential scanning calorimetry data. For 

example, the manufacture of the product shows the possibility and relevance of the application of dielectric 

analysis. 
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