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Abstract. Potting compounds are widely used in electrical engineering. One of the distinctive subgroups is the so-called
cold-cure potting compounds. These potting compounds are mainly used for mechanical or photosensitive protection and
are thus often exposed to extreme conditions due to their nature of use. The epoxy mixture was subjected to a separate
degradation process of elevated temperature (180 °C) and UV-B radiation (peak at 302 nm, 3x20 W) for 500 h. Electrical
(volume resistivity, space charge, relative permittivity, dielectric losses), mechanical (tensile strength) and optical (FTIR)
methods were used to verify the degree of degradation. From the presented results it can be seen that in terms of volume
resistivity there is only a minimal decrease in both cases. However, the change in dielectric behavior is evident in the
relative permittivity and loss factor, especially after the glass transition temperature is exceeded in the case of thermally
aged material. The different behavior is also observable in terms of space charge trapping and de-trapping. Mechanical
tests showed a significant decrease in tensile strength for the thermally aged material (> 50 % decrease). There was also a
negative change in the case of UV-B exposure, but not as pronounced (> 10 % decrease). The thermal oxidation and
photooxidation were confirmed by presence of additional spectral bands at 1740 cm™ and 1650 cm’!, respectively. These
phenomena also resulted in typical discoloration of the samples (temperature: browning, UV-B: yellowing) after the
exposure.

INTRODUCTION

Epoxy resins (ER), along with polyurethanes (PU), unsaturated polyesters (UP), phenolic resins (PR), and amine
resins (AR), represent an important group of synthetic thermosets that are used in many industrial applications, such
as automotive, electrical and mechanical engineering, civil engineering, building engineering packaging, etc. [1].
This wide range of applications of ERs is mainly due to their good adhesion to various materials, but also due to
their superior mechanical, chemical and electrical properties [2]. However, their application, especially in exteriors,
may be limited due to lower UV stability [3]. Another limiting problem can arise because most ERs are cured in the
presence of elevated temperatures for a relatively long time (several hours). And whereas electronic devices may
involve components that are temperature sensitive, it is necessary to use cold-curing ERs [4]. These ERs are cured at
normal temperatures by reacting the base compound with a hardener without any additional heating. This process
can be accelerated by applying a higher temperature (Fig.1 (a)), but this is not strictly necessary. Since aliphatic
amines or polyamines [5] are used as hardeners, there is a significant limitation in terms of glass transition
temperature (around 60 °C), which must always be considered before the application. The expected reactivity of
resin and amine hardener is shown in Fig. 1 (b). The process of curing reaction of cold-cure ERs can be divided into
three basic phases: (i) open time, (ii) initial cure phase, and (iii) final cure phase.
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e  Open Time - This phase is also called working time or wet lay-up time [6]. It is part of the curing time after
mixing of base material with hardener and means that the epoxy mixture remains fluid and processable.

o [Initial cure phase - The epoxy enters the initial curing phase when it begins to gel. The epoxy is no longer
workable and will be transitioning from a sticky gel consistency to the strength of a hard material
(depending on the nature of the resin).

¢ Final cure phase - Mixture of epoxy resin and hardener are cured to a solid state. At this point, the epoxy
has reached most of its ultimate strength.

a) b)
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FIGURE 1. Curing of epoxy resin: a) effects of temperature on curing time and on the resin state; b) expected reactivity of
DGEBA and amine hardener (redrawn and adapted from: [7-8]).
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EXPERIMENTAL DETAILS

Materials and Exposures

The base material (Bisphenol A) was vacuumed for 1 hour to remove air bubbles formed during transfer to
laboratory glass bottles. The amine hardener in the recommended ratio (1:0.45) was then applied and incorporated
into the base material by mechanical mixing (700 rpm for 5 minutes). The mixture was again vacuumed for 10
minutes with a very slow stirring speed (50 rpm). Finally, the finished mixture has been poured into flat square-
shaped molds with dimensions 100 x 100 x 1.0 £ 0.2 mm. Then the samples were cured at laboratory conditions
(2342 °C, 53+5% RH) minimal for 48 h. Each set of prepared samples included 5 flat samples and 10 dog-bone
samples.

Temperature exposure of the samples was carried out in a laboratory oven (SF75 Plus, Memmert) for 500 h at
180 °C. This temperature is high enough to cause irreversible changes in the structure of the material in such a
relatively short time. The UV-B exposure was carried out in a self-constructed box equipped with a UV source
consisting of three 20 W fluorescent tubes (TL20W/12 RS SLV/25, Philips). These lamps generate UV-B radiation
mainly in the wavelength range from 290 nm to 315 nm with a peak power at 302 nm. Exposure to UV-B radiation
was carried out for 500 hours. Individual test samples are further marked in the text and graphs as (i) initial state (EP
- IS), (i) UV-B exposure (EP - UV), and (iii) thermal exposure (EP - T).

Methods, Results and Discussions
Dissipation Factor and Relative Permittivity Measurement

The relative permittivity and dissipation factor were investigated using broadband dielectric spectroscopy
(Alpha-A, Novocontrol Technologies) and vector bridge (2830/2831, Tettex) measurement devices. These are the
basic electrical parameters characterizing the behavior of a dielectric material in an alternating electric field. These
methods were chosen mainly because broadband spectroscopy characterizes the material at a voltage of 1 Vrms with
a variable frequency (from 0.5 Hz to 1 MHz), whereas the vector bridge measurement takes place at a voltage of
1000 Vrms at a constant frequency (50 Hz). Frequency dependence measurements were performed at room
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temperature (2342 °C). The temperature dependence of the behavior of the investigated materials was realized on a
vector bridge in the temperature range from 30 to 80 °C. The measurement results (average) are shown in Fig. 2.
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FIGURE 2. Dielectric parameters of EPs: a) frequency dependence of relative permittivity; b) frequency dependence of
dissipation factor; ¢) temperature dependence of relative permittivity; d) temperature dependence of dissipation factor.

From the measurement results is visible, that the changes of relative permittivity before and after exposures are
not significant in whole frequency range. More significant changes are observed in the loss factor. Here a decrease
in dielectric loss is visible in the region of lower temperatures and frequencies. This is mainly caused by the
rearrangement of the molecular structure of epoxy resin and it can be most likely attributed to the resonance of the
chains or segments of molecular structure [9]. The temperature dependence of both investigated parameters shows
that the thermal exposure also affects their trends. A different behavior can be observed near the assumed glass
transition region (according to our earlier study [10] where Tg = 47 °C was estimated by DSC measurements) and
therefore these changes can be attributed to changes in the internal structure of the material (most likely scission of
molecular chains and polar group generation). These molecular changes can lead to changes in the mobility of the
polymer chains, which brings with it changes in the glass transition of material together with the changes in the
dielectric behavior. Looking at the results representing the changes in dielectric parameters upon UV-B exposure,
only a slight effect of radiation on their deterioration is observed, but following the trend of the resin in the as-
delivered state.

Volume Resistivity and Space Charge Measurement

Another of the basic dielectric parameters is volume resistivity. This parameter characterizes the behavior of
dielectric material in interaction with a DC electric field. The measurements were performed with a precision
electrometer (6517A, Keithley) with a three-electrode system (8009 Resistivity Test Fixture, Keithley) at an applied
DC voltage of 1000 V and an ambient temperature of 23+2°C. In addition to the volume resistivity, the space charge
at an applied electric field strength of 15 kV/mm [11] was also characterized. For this purpose, a device operating on
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the principle of pulsed electroacoustic wave PEA (Techimp) was used. The results of the values of the volume
resistivity (at a field < 1 kV/mm, 3600 s), the average of maximal electric field strength and total maximal electric
field strength inside the dielectric material (at a stress field 15 kV/mm) are shown in Table 1. Fig. 3 shows the
patterning of the space charge density in the sample 120 s before and 120 s after disconnection from the voltage
source (charging time 7200 s).

TABLE 1. Dielectric parameters of EPs at DC voltage application.

Material Volume resistivity Average maximal field Total maximal field
(2:cm) strength (kV/mm) strength (kV/mm)
EP-1IS 1.3-10+£2.5-10™ 34+ 15 68
EP-UV 9.3-10'4+£4.9-10" 26+ 10 48
EP-T 9.1-10+8.1-10"3 33+10 73
GND e ™ FEPSIS ] am———

charge desity (¢/m*) [ TTE. 0
5 4 2

FIGURE 3. Space charge pattern profiles for different aging factors.

From the results shown in Table 2, there is a significant dispersion of the electrical field strength with
polarization time, which is also visible from the space charge pattern diagram (Fig. 3). The different behavior for
different types of degradation is also evident from this representation. For temperature aged material, the region
inside the dielectric is also highly stressed, which is mainly visible from the pattern diagram, while it can be seen
that for UV-B aged material the charge distribution inside the sample is lower and opposite. Thus, there is an
assumption that charge carriers with opposite polarity are trapped during poling [12] in UV-B and thermally aged
samples. For UV-B aged material this fact results in a reduction in local stress maximum compared to thermally
aged material and also for material in the as-delivered state, where a higher charge density is seen primarily near the
electrodes while increasing in time [13]. Furthermore, it is also necessary to consider the fact, that the resin used for
this experiment is designed primarily for the encapsulation of low voltage components and higher voltage exposure
can cause unusual behavior in terms of space charge formation.

The pattern diagram represented in Fig. 3 also shows that after disconnection from the source, the thermally aged
material caused significant charge trapping in its structure, that symbolizing a higher level of degradation [14] in
comparison with other tested materials. The results of the volume resistivity measurements show that at lower
electric field levels the degradation of the material does not significantly occur.

Tensile Strength Measurement

Tensile strength measurements very often provide information on the state of degradation of the material as it is
a destructive test. Tensile tests were performed on universal testing machine (LabTest 3.030, LaborTech) at room
temperature (23£2 °C). It is evident from the measurements made that there is significant mechanical degradation in
terms of tensile properties caused by thermo-oxidation [15] and photooxidation [16]. This is presented by a
significant decrease in tensile strength. Specifically, the following evolution of tensile strengths is observed: (i) EP —
IS: 44+7 MPa, (ii) EP — UV: 3846 MPa, and (iii) EP — T: 1945 MPa. This means that the tensile strength dropped by
more than half due to thermal exposure, which could affect the reliability of the entire encapsulated component in
terms of mechanical protection functionality.
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Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy was used to detect degradation caused by selected exposures. The
infrared spectra were measured by a Nicolet 380 spectrometer (Thermo Scientific) together in Attenuated total
reflection (ATR - using diamond crystal) and transmission mode with a resolution of 4 cm™! in the frequency range
of 4000-400 cm™ (in Fig. 4 shown from 800 cm™). A pellet was prepared for the transmission measurement when
approximately 3 mg of sample was well mixed into 180 mg of fine alkali halide (KBr) powder and then finely
pulverized and put into a pellet-forming die. Afterward, the pellet was immediately put into the sample holder, and
FTIR spectra were recorded. Measured spectra for both methods are in the figures below.
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FIGURE 4. Spectral analyses of EPs: a) transmission measurement; b) ATR measurement

Figure 4 shows that an additional spectral band characterizes measured spectra of aged samples at 1740 cm™! and
1650 cm™ wavenumbers. According to [17] spectral band at 1740 cm™! represents the vibration of the carbonyl group
peak (vC=0) releasing as a result of an oxidation process. Similarly, the spectral peak of amides at 1650-1670 cm’!
could be visible as the photooxidation results [18]. These phenomena were accompanied by typical discoloration of
the samples: (i) EP — T: browning, and (ii) EP — UV: yellowing. The increased presence of the above groups may
also affect the space charge distribution and other material properties [19].

CONCLUSIONS

In this study, experiments on accelerated aging by extreme effects (temperature and UV-B radiation) were
performed. The experimental results show the following facts. The investigations carried out revealed that there are
insignificant changes in the behavior of the dielectric parameters during low-voltage tests. At higher electric field
strengths, a change in material behavior in terms of space charge generation and distribution and charge dynamics is
evident. In terms of mechanical properties, the tensile strength of the thermally aged material decreases by more
than half. Using FTIR it was verified that thermo- and photo-oxidation occurred during exposure.
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