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A B S T R A C T   

The main aim of this study is the thermal characterization of an organic insulation. This insulation is a compound 
of two mono-component epoxy resins: Epoxylite® primer and Elmotherm® varnish. A mono-component epoxy 
resin usually needs a high temperature to cure; through differential scanning calorimetry (DSC) and thermog
ravimetric analysis (TGA), non-isothermal curves are obtained, allowing the estimation of activation energies of 
curing and decomposition processes respectively. If Model Free Kinetic (MFK) is used from DSC curves, it is 
possible to simulate isothermal curves at different temperatures and times, plotting activation energy as a 
function of the conversion degree. The simulation from TGA curves can be used to estimate lifetime of the resins 
and compare them following the Toop method. DSC also allows measurement of thermal conductivity, the 
melting peak of metallic gallium being used for this measurement. Finally, water diffusion in resins is studied. 
Currently, the Materials Performance research group of UC3M is working on the European project named 
“Essial”, where this organic insulation is used to protect the windings and the whole transformer from the 
environment. The results obtained will be used to determinate the optimal operating range for this insulator, 
demonstrating that both epoxies are required to achieve the insulating performance of the transformer and long 
curing times are required for full curing of Epoxylite®.   

1. Introduction 

The development of insulating liquids for heat dissipation has been 
very important for years, but this development stopped when oil-filled 
circuit cables were replaced by polypropylene cables [1]. However, 
the insulation of electrical machines and transformers has kept under 
development. 

From the beginning of the seventies, epoxy resins have been used to 
insulate electrical apparatus from the environment. Previously, 
cellulosic-based insulators were used in the electrical industry for many 
years; materials like paper, cotton cloth or cotton tape were wound 
around the conductors. In order to have thinner insulators and to pro
vide better electrical insulation, epoxy or phenolic-epoxy resins were 
introduced. Resinous materials (such as polyvinyl alcohol, phenolics, 
epoxies or phenolic-epoxies) were also employed together with cellu
losic insulators [2]. The epoxy resin must hermetically seal the trans
former and protect it against any external agents, like moisture, dust or 
dirt. It must protect the transformer from the most hostile environments, 
while offering the benefit of running cooler than a similar non-coated 

transformer. EN 60529 [3] classifies and rates the degree of protection 
provided by enclosures against external agents, assigning an IP code 
(International Protection Marking). This code is formed by two digits. 
The first digit indicates protection against penetration by solid objects 
and the second is related to protection against penetration of water. The 
code may have an additional letter if the level of protection is better than 
that indicated by the first digit. Normally, for electrical transformers, 
IP65 is mandatory. This rating implies dust proof (first digit, 6) and 
protection against power water jets from any direction (second digit, 5). 
Therefore, epoxy protection systems are used to comply with this IP 
rating. 

The excellent properties of epoxy resins (relating to chemical, me
chanical and water resistance) have resulted in their widespread use in 
transformers. To achieve the properties required for this application, 
transformers are usually impregnated with epoxy resin, followed by in 
situ curing [4]. Another possible approach entails the impregnation of 
crepe paper with an epoxy resin [5]. Epoxy resins can have more ap
plications in electrical insulation, such as multilayers in winding trans
formers [6], which are composed of several double-sided copper printed 
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circuit boards (bilayers) pressed and bonded together with an epoxy 
resin located between the bilayers. 

Epoxy resins need to be applied under vacuum, since the presence of 
pores or cavities could cause voltage drops when increasing working 
temperature. This phenomenon could be explained by the dependency 
of the relative permittivity of the epoxy resin on the temperature as well 
as the diffusion processes on the cavity surroundings inside the epoxy 
resin [7]. Hikita et al. [8] found a decrease of discharge inception time in 
transformers with an increment of void diameter. The same effect was 
studied by Illias et al. [9], who developed a model for a single void, 
finding that the surface conductivity increases with the applied field and 
void size, as surface charge moves faster along the void wall, resulting in 
decreasing the electric field due to the surface charge. 

It is also important to consider the classification of the insulating 
material based on the maximum continuous working temperature, 
established for 20 years of working life. The recommended temperature 
according to IEC 60034-1 [10] is lower than that to ensure an even 
longer life. When ambient temperature is about 60 ◦C during operation, 
F and H classes are normally used [11]. To isolate electrical trans
formers, the mandatory class is H and the protection is usually obtained 
by simple impregnation in a recommended insulating synthetic varnish 
without any organic fibres, followed by curing at a specified tempera
ture and time. 

Zhuang et al. [12] studied the lifetime for an epoxy resin insulated 
transformer at different voltages, predicting a 37-years lifetime for a full 
transformer at 90% confidence level and 90% reliability level. The 
electrical discharge endurance of an epoxy resin will be able to increase 
if it is cured by an acid anhydride in conjunction with a dispersion of 
silica nanoparticles [13]. 

Mono-component epoxy resins can avoid some drawbacks in com
parison to bi-component resins, such as errors in the resin-hardener ratio 
or preparation at real time of the mixture [14]. Mono and bi-component 
resins have the same main components: epichlorohydrin and bisphenol 
A (or bisphenol F). Their reaction produces epoxy monomers (bisphenol 
A diglycidyl ether or bisphenol F diglycidyl ether, depending on the raw 
material). Then, reaction of epoxy monomers with primary or secondary 
(even if diamine) amines provides the opening of oxirane ring ( ). 
The amine is a nucleophile, its electrons attacking the electrophile part 
of oxirane rings (in this case carbon atom close to the oxirane ring ox
ygen, which is negatively charged, while the amine has a positive 
charge). This gives rise to the formation of a hydroxyl group (which 
catalyses the curing reaction [15]) and leaves an amine group on the 
molecule that allows the reaction to continue with another oxirane 
group. Another epoxide end group adds to the amine group, so on and so 
forth until a big molecular network is formed (the crosslinked network) 
[16]. Curing process to get the crosslinked network can be followed by 
differential scanning calorimetry (DSC), infrared spectroscopy (FTIR) or 
Raman spectroscopy among other techniques. Each technique needs a 
parameter to do calculus, as reaction heat, absorbance area, etc. The 
change of parameters with time provides the conversion degree (α). For 
example, by DSC, α is defined according to Eq. (1), where ΔHt is the 
reaction heat for a certain time and ΔHT is the total reaction heat 
involved in an isothermal or non-isothermal process [17]. 

∝ = ΔHt/ΔHT
(1) 

To evaluate the conversion degree, different methods can be used, 
applying models to know kinetic parameters from empiric data, standing 
out Kamal and Kissinger methods. Kamal’s method assumes two reac
tion mechanisms (n order and autocatalytic mechanisms) [18], while the 
Kissinger model proposes an n order mechanism with n = 1 [19]. Kinetic 
models use an Arrhenius type equation to calculate the activation en
ergy, starting from non-isothermal heatings (at different rates) or 
isothermal scans. The MFK model is based on the Vyazovkin model [20], 
providing information about the activation energy as a function of the 
conversion degree. The advantage of the MFK model is that it is possible 

to simulate isothermal curves from non-isothermal tests and there is 
already software which allows calculus to know activation energy. MFK 
requires at least 3 different heating rates to determine the activation 
energy. As MFK deals with conversion degree and simulation is carried 
out at fixed temperatures, heating rates do not affect the results 
providing only one phenomenon (i.e., curing) is being analysed. These 
methods can be used for both curing and decomposition reactions where 
there is a change over time [21]. 

Conversely, mono-component resins present some disadvantages 
such as the solvent amount; in some cases, this provokes their curing by 
evaporation of solvent, considering that the polymerization reaction was 
carried out previously. Besides, information on mono-component resins 
is so scarce that the use of such resin types is quite novel and thus it is 
necessary to study these high-temperature epoxy resins which can be 
used as protection for transformers. For this reason, the main objectives 
of this work are the understanding of their specific curing process, 
related, on the one hand, to the thermal properties (analysing their 
curing kinetics and activation energy), and on the other, to the chemical 
reactions; the influence of the curing process on the glass transition 
temperature (Tg) of the resins; the evaluation of their thermal conduc
tivity (a key factor for insulation); and the analysis of their decompo
sition kinetics and lifetime estimation. Besides, water diffusion in the 
resins is evaluated, studying them both separately and together (as they 
are going to be used). 

2. Materials and methods 

2.1. Materials 

The epoxy resins used in this work were Epoxilite® 578 EB (named as 
EP) and the varnish Elmotherm® 6001 (named as TH), both supplied by 
Elantas UK Ltd (Manchester, United Kingdom). EP is an epoxy resin 
system, 180 ◦C class, designed for the impregnation of both random and 
form wound machines, and is suitable for use on windings rated up to 
and including 3.3 kV. It needs to be applied through a vacuum pressure 
impregnation process. According to the safety data sheet, EP includes: 
phenol, polymer with formaldehyde, oxiranylmethyl ether (between 30 
and 50%), reaction product of bisphenol-A-(epichlorhydrin) and epoxy 
resin (average molecular weight ≤ 700) with a concentration between 
30 and 50%, glyceryl polypropylene glycol ether (10–12.5%), 1,3-bis 
(2,3-epoxypropoxy)-2,2-dimethylpropane (5–7%) and trichloro (N, 
Ndimethyloctylamine)boron (3–5%). 

TH is a mono-component epoxy with organic solvents (safety data 
sheet is not available), but other epoxy varnishes use a solvent mixture 
of ethanol, acetone, and methyl ethyl [22]. It is a class H varnish, which 
has excellent moisture and chemical resistance. It is applied by dipping 
or spraying, for rotating and non-rotating electrical and non-electrical 
equipment, over EP. When they are used as electrical transformer 
insulation, they are used together, and the system will be named EPTH 
within this research. Their viscosities at 25 ◦C are low, from 3000 to 
5500 mPa s for EP and 300 mPa s for TH. Both need to be cured at high 
temperature. The curing cycle employed was 10 h at 140 ◦C for EP. Then 
TH was applied and the whole set was reheated for 10 h at 140 ◦C. 

2.2. Kinetics (curing and decomposition processes) and glass transition 
temperature 

To analyse the curing kinetic parameters of EP resin and TH varnish, 
differential scanning calorimetry (DSC) was used. Curing process was 
monitored with DSC850 by Mettler Toledo GmbH (Greifensee, 
Switzerland). Aluminium crucibles of 40 μl, with a hole in the lid and 
around 8.5 mg of the material for each test, were used. Nitrogen flow 
was used as the purge gas, at 50 ml/min. In order to determine the total 
reaction enthalpy, non-isothermal scans were performed. The temper
ature was varied from 0 ◦C to 450 ◦C and the heating rates were 5, 10, 15 
and 20 ◦C/min. Scans were analysed by Star software by Mettler Toledo 
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GmbH according to model free kinetic (MFK). 
Once resins were cured (following the process stated in 2.1), the glass 

transition temperature (Tg) was measured, also using DSC. In this case, a 
scan from 0 to 450 ◦C at 20 ◦C/min was carried out, and the Tg value was 
measured in the midpoint. DSC was carried out at 20 ◦C/min as it allows 
observation of small changes that would not be easy to find at lower 
heating rates, according to provider recommendations. 

The decomposition kinetics of both cured epoxies (EP and TH) was 
evaluated with a Simultaneous Thermal Analyser (STA6000) from Per
kinElmer (Massachusetts, United States) at four heating rates (10, 15, 17 
and 20 ◦C/min) from 25 ◦C to 550 ◦C, in an air and nitrogen flow of 20 
ml/min. Increasing testing temperature would not affect the decompo
sition temperature or the derivative of the thermogravimetric curves, 
which are the ones used to evaluate decomposition phenomena. The 
samples weighed from 16 to 18 mg and alumina crucibles of 60 μl were 
used without a lid. The MFK model can also be applied to calculate the 
decomposition energy (Ed) of EP epoxy resin and TH epoxy varnish. The 
Ed at 5% decomposition was used to estimate the lifetime of epoxies by 
the Toop equation (Eq. (2)) [23] as a function of the operation service 
temperature. 

ln tf =
Ed

RTf
+ ln

(
Ed

βR
.P
(
Xf
)
)

(2)  

where β is the heating rate, R is the gas constant, Ed is the decomposition 
energy calculated for a particular degradation degree (obtained from 
MFK), Tf is the chosen temperature to estimate lifetime, tf is the esti
mated time until material failure and P(Xf) is a function which is 
controlled by Ed/RTc values, Tc being the temperature at the decompo
sition degree which is considered for material failure, according to Toop 
tabulation [23]. 

2.3. Thermal conductivity 

The thermal conductivity was determined by DSC, with a cycle from 
20 to 38 ◦C at 0.5 ◦C/min, following the procedure established by 
Hakvoort and van Rejien [24], which is based on the stationary regime. 
This procedure involves putting a pure metal (e.g. indium or gallium) in 
an aluminium crucible on the material (EP, TH and EPTH) to be 
measured (without crucible), and both placed directly on the DSC 
sensor. A scheme of this technique is shown in Fig. 1. This method allows 
the obtainment of measurements with an uncertainty of about 5%. 

Prisms with a squared basis of 3 mm side and an approximate height 
of 2 mm were prepared with EPTH. All measurements were repeated 
with different samples three times. The conductivity was measured ac
cording to Eq. (3), taking into account that the slope of the melting peak, 
S, is provided by Eq. 4 

λ=
φ

ΔT
h
A

(3)  

φ
ΔT

= S (4)  

where: φ is the heat flow, A the base area of the prism, h is the height of 
the prism, ΔT the temperature gradient, and S is the slope of the linear 

part of the melting peak of the gallium metal. 

2.4. Infrared spectroscopy 

Fourier transform infrared (FTIR) spectra of materials were 
measured with a Bruker Vector 22 (Massachusetts, United States), 
equipped with attenuated total reflectance mode. The FTIR spectra of 
the uncured and cured samples were measured in the spectra range from 
600 to 4000 cm− 1 and resolution 4 cm-1. 

2.5. Durability 

To evaluate the effect of moisture and temperature on the studied 
materials, the test specimens were exposed to two different aging con
ditions: 25 ◦C and 60 ◦C, always keeping 95% RH. 60 ◦C was chosen 
because class F and H are normally used when the ambient temperature 
is approximately 60 ◦C during operation [11]. Samples of EP and EPTH 
were exposed to the aging conditions for 35 days (840 h). Samples were 
weighed at different times (2, 24, 48, 72, 96, 168, 196, 384, 840 h) in 
order to evaluate water absorption by the relative uptake of weight, Mt, 
according to Eq. (5). 

Mt =
Wt − W0

W0
× 100 (5)  

where W0 is the weight of the dry specimen and Wt is the weight of the 
wet specimen at each aging time. 

Although the sorption process of liquids and vapours in glassy 
polymers follows complex water diffusion mechanisms, this process has 
been frequently well approximated by Fickian diffusion laws for epoxy 
resins. This approximation is based on a semi-empirical equation (Eq. 
(6)) expressing the initial shape of sorption curves [25]. For a flat sheet 
of thickness h with uniform initial distribution and equal initial surface 
concentration, Fick’s laws follow Eq. (6) [26]: 

Mt

Mm
= 1 −

8
π2

∑∞

n=0

1
(2n + 1)2 exp

[
− (2n + 1)2π2Dt

h2

]

(6)  

where Mt is the moisture uptake at time t, Mm is its maximum moisture 
uptake at equilibrium state, D is the diffusivity and h is the thickness of 
the specimen. 

Depending on Mt/Mm values, some approximations are reported 
[27]. When Mt/Mm is lower than 0.6, the initial part of the curve can be 
correlated to Eq. (7): 

Mt

Mm
=

4
h

̅̅̅̅̅
Dt
π

√

(7) 

For Mt/Mm values higher than 0.6, a good approximation is shown 
with following Eq. (8): 

Mt

Mm
= 1 − exp

[

− 7.3
(

Dt
h2

)0.75]

(8) 

Diffusion coefficient, D, is the most important parameter and should 
be calculated with Eq. (7) or 8 for each case, depending on Mt/Mm 
values. 

In general, epoxies lose part of their properties when they absorb 
water. The initial properties can be partially recovered by means of a 
drying stage at RT and controlled humidity [27]. In this research, DSC 
measurements were performed directly after the end of the aging con
ditions (35 days exposure) on materials without drying, to measure their 
Tg. 

Fig. 1. Diagram of the thermal conductivity measurement by DSC.  
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3. Results and discussion 

3.1. Glass transition temperatures 

Curing processes were performed according to the industrial criteria; 
in this case EP and TH were separately cured for 10 h at 140 ◦C. Besides, 
EP was cured a second time at 140 ◦C for 10 h, since industrially it is 
cured again when it is varnished with TH. 

Fig. 2A shows the DSC curves of EP after one and two curing pro
cesses. After the first curing process at 140 ◦C for 10 h, three Tgs are 
found (at 77, 112 and 250 ◦C). At 306 ◦C, a small exothermal reaction 
peak (ΔH = 5 J/g), due to the curing reaction, appears. It is followed by 
another exothermal reaction peak (ΔH = 78 J/g), where curing is 
overlapped with a decomposition peak at 430 ◦C, so they cannot be 
separated. This means that the EP does not fully cure with the selected 
curing process. After the second curing process (140 ◦C -10 h), the DSC 
curve presents four Tgs (at 99, 134, 237 and 294 ◦C). At 332 ◦C, a small 
exothermic reaction peak is still observed, with an enthalpy of only 2 J/ 
g. A decomposition peak at 429 ◦C (ΔH = 74 J/g) is also observed (as in 
point 3.3 is shown, the peak can be attributed to decomposition because 
it coincides with the beginning of the decomposition in the STA, 
approximately). 

Fig. 2B corresponds to the DSC curve for TH after a curing process 
(140 ◦C – 10 h). As for EP, it also shows a Tg at 73 ◦C overlapped to a 
small endothermal relaxation effect or evaporation peak, which is fol
lowed by a small exothermal peak at 119 ◦C (0.63 J/g) and a broad 
exothermal curing peak at 252 ◦C (ΔH = 44.5 J/g). A decomposition 
peak is also found (44.80 J/g) at 391 ◦C. A second heating was not 
carried out, because TH decomposed in the first heating. It is curious 
that both enthalpies are equal; this seems that there is a part of TH which 
has not decomposed. This can be due to relation of Tg peak to evapo
ration that agrees with the strong odour released. 

To be able to study the Tg of TH, two scans at lower temperature, 
from 0 to 350 were carried out consecutively. In the first scan after 10 h 
at 140 ◦C, Tg and curing peak were observed at 73 ◦C and 252 ◦C 
respectively (as Fig. 2B). However, in the second scan Tg at 115 ◦C was 

only shown and TH is totally cured. 

3.2. Curing reaction: kinetics 

Fig. 3A shows the DSC for a heating of 20 ◦C/min of the uncured EP 
sample. It was heated up to 450 ◦C. At low temperature, it shows two 
overlapped peaks at 152 and 187 ◦C which correspond to curing peaks 
that will be studied in Fig. 4. 

A high exothermal peak is found at 405 ◦C (Fig. 3A), whose enthalpy 
is 374 J/g. Decomposition peak in Tg DSCs (Fig. 2A) has ΔH = 74 J/g (in 
the second curing process); this difference of around 300 J/g could mean 
that, inside the decomposition peak, there is a part related to curing. 
Considering the 300 J/g difference, the decomposition peak observed at 
high temperature in Fig. 3A is only equivalent to around 38%. According 
to deconvolution carried out in Fig. 3A on the final peak (Fig. 3B), it can 
be split into two. On the one hand, the curing peak at 385 ◦C is equiv
alent at 61.5% and on the other hand the peak of 38.5% at 403 ◦C 
corresponds to the decomposition peak. 

The activation energy by the MFK method can only be calculated at 
the two initial peaks, since the software cannot work on the peak 
comprising overlapping both curing and decomposition processes; 
consequently, only the non-isothermal scans up to 350 ◦C are shown in 
Fig. 4. 

The curves (Fig. 4) are shifted to lower temperatures when the test 
rate increases. These shifts are always found for flow heat vs time curves 
when heating rates change. The two peak temperatures are also shifted 
as shown in Table 1. Besides, the enthalpy of the whole curing process 
(ΔHC) should be the same for all rates, being obtained 185 ± 1 J/g for EP 
(Table 1). The homogeneity in the ΔHC values and the shifting of the 
curves with the rate is a first step to consider the curves as valid. The 
presence of two peaks in the DSC for the epoxy can be understood as two 
different components which can be present in this single-component 

Fig. 2. DSC to measure glass transition temperatures for A) EP and B) TH.  
Fig. 3. A) Non-isothermal curves by DSC at 20◦/min for EP. B) Deconvolution 
of decomposition peak at 20◦/min (peak at higher temperature in Fig. 3A). 
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resin, while being usual with only one peak during the non-isothermal 
curing of a bi-component epoxy [28]. 

The last concept to take into account for validating the curing curves 
is shown by the conversion curves. These curves are derived from the 
curve of curing vs. temperature. Curing curves are shown in Fig. 5A, 

where the influence of test rate is once again evident in shifting the 
curves to higher temperatures. Since they do not cross over, the MFK 
model can be applied. 

From conversion degree curves, the activation energy is calculated as 
a function of the conversion degree. Fig. 5B shows the activation energy 
versus conversion degree of EP. At the beginning, the reaction needs a 
high Ea (228 kJ/mol) and it decreases throughout the process, once the 
reaction has already started. An increment of activation energy up to 
173 kJ/mol at approximately 13% conversion degree is observed, that 
corresponds to the second peak of the curves of curing (Fig. 3A). Af
terwards, Ea continues decreasing until a 38.5% conversion degree oc
curs (50 kJ/mol). This first part of the reaction is in accordance with the 
n order mechanism (slower) up to about 30% of the reaction [29,30], 
when the process needs more Ea. The typical autocatalytic mechanism of 
bi-component epoxies, taking place when the oxirane ring opens (usu
ally from 30% to 80% conversion degree), cannot be observed in Fig. 5B 
since it is a mono-component epoxy, in this case an autocatalytic 
mechanism appears from 13 to 38%. 

Usually, at the end of this type of reactions, most oxirane rings have 
reacted involving an increase of the Ea to the finish of the curing process, 
and the mechanism would follow the n order again. The EP will need a 
contribution of high energy to reach the end of the reaction, which 
agrees with a Tg at a higher temperature, but it cannot be calculated by 
the MFK model and another method is needed. The extra activation 
energy that the EP resin needs to finish its curing entirely is 124 kJ/mol 
and this can be calculated by the Kissinger method (Eq. (9)), where β is 
the heating rate, T is the curing peak temperature (K) (see Fig. 3B), and R 
the gas constant (8.314 J/mol⋅K). 

Ln
(

β/T2

)

= − E/RT + C (9) 

In this contribution of energy, time also has an effect, thus, for this 
reason, two curing processes at 140 ◦C for 10 h each are usually 
employed in industrial applications. This avoids having to raise tem
perature substantially and therefore the decomposition temperature is 
not reached. 

When the Ea is already calculated, the software allows the simulation 
of isothermal curing curves (Table 2). In this case, the heating processes 
have been simulated for high curing temperature. Industrially, EP is 
cured at 140 ◦C for 10 h and regarding Table 2, at this temperature, EP is 
able to cure in an hour, which would imply an important saving time 
compared to the industrial process. However, as already commented, 
the curing process of EP is not completely finished in 10 h with 61.5% of 
resin remaining uncured (Fig. 3B), so the simulation was done until 
38.5% conversion. 

Curing curves of TH are totally different; when tests are performed at 
20 ◦C/min, the DSC curve (Fig. 6) shows a Tg at 114 ◦C overlapped to an 
endothermal relaxation effect or evaporation peak and followed by an 
evaporation peak at 155 ◦C, (ΔH = 6 J/g). Then a broad exothermal 
curing peak is observed at 180 ◦C (ΔHc = 65 J/g), followed by a 

Fig. 4. Non-isothermal curves by DSC at different rates for EP.  

Table 1 
Curing peak temperatures and ΔHC for EP.  

Curing rate (◦/min) Curing peaks 

Temperature (◦C) ΔHc (J/g) 

1st peak 2nd peak 

20 152 187 184.4 
10 145 178 185.6 
5 138 174 184.8  

Fig. 5. A) Conversion degree curves at different rates for EP and B) Activation 
energy versus conversion degree for EP. 

Table 2 
Simulation of isothermal curing for EP until 38.5%.  

Applied Kinetics: Conversion 

Conversion degree (%) Temperature (◦C) 

120 130 140 150 160 

Time (min) 

5 14.51 3.38 0.85 0.39 0.42 
10 49.76 12.37 3.29 0.93 0.46 
15 97.87 41.88 12.05 3.68 1.19 
20 97.92 68.46 23.92 8.78 3.38 
25 97.97 69.95 40.94 16.48 6.92 
30 98.02 70.00 50.79 28.15 12.80 
35 98.07 70.05 50.85 37.45 21.58 
38 98.10 70.08 50.89 37.51 26.62  
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decomposition peak at 393 ◦C (ΔH = 22 J/g). Testing at 15◦/min shows 
a wider Tg (from 83 to 109 ◦C), at 93 ◦C, overlapped with an endo
thermal relaxation or evaporation peak. Tg is followed by a small 
endothermal evaporation peak at 156 ◦C (ΔH = 3 J/g). Afterwards, a 
broad exothermal peak at 233 ◦C (ΔHc = 67 J/g) and a decomposition 
peak at 387 ◦C (ΔH = 23 J/g) are found. Similar results are seen with 
heating performed at 10 ◦C/min. 

The ΔHc for both rates are similar, however the Tg is different when 
heating rates change. A difference in temperature of about 7 ◦C can be 
assumed because it could be due to the different test rate, but in this case 
the difference is higher, around 15 ◦C. This can be associated with the 
evaporation of the solvent. At 15 ◦C/min, the solvent is released more 
slowly and the evaporation peak is not clearly defined since the Tg zone 
is wider. Furthermore, when the Tg of the TH was studied in the first 
heating process (Fig. 2B), it was 73 ◦C. Fig. 6 confirms that the final peak 
shown in Fig. 2B (with a heat of 45 J/g) corresponds to the decompo
sition peak. In any case, it could be observed that initially the TH plus 
solvent has a higher Tg than when there is no solvent. 

If the difference between curing and decomposition enthalpies 
(Fig. 6) is about 44 J/g, it corresponds with the curing peak enthalpy 
after 10 h at 140 ◦C shown in Fig. 2 B, in which case the decomposition 
peak enthalpy was equal to the curing peak. The total enthalpy curing 
process is 88 J/g, which means that 25% is pre-polymerized and after 10 
h at 140 ◦C the extent of cure is around 48%, with solvent evaporation 
depending on heating rate. In this way, the conversion degree curves 
intersect and MFK cannot be applied. 

3.3. Decomposition process: kinetics 

The STA test on the EP resin (Fig. 7) shows a curve where there is a 
slight decrease from 365 to 424 ◦C that corresponds with the beginning 
of the decomposition process [31,32]. This temperature range 

corresponds to the DSC peaks attributed to decomposition, 403 ◦C in 
Figs. 3B and 429 ◦C in Fig. 2A, and it represents around 5% of decom
position. All curves studied show the same aspect, although they are 
shifted according to heating rate. 

STA curves were derived to apply the MFK model, then they were 
treated in the same way as DSC curves already studied (in section 3.2). 
Thus, conversion degree curves and Ed curve versus conversion degree 
were obtained. 

The Ed curve allows simulation of the isothermal curves at different 
temperatures and times. Lifetime estimation was calculated at 5% con
version degree according to Eq. (1) for EP and TH separately (Fig. 8), 
since 5% is the decomposition percentage that was determined as the 
beginning of decomposition (zone between the discontinued straight 
lines in Fig. 7). The EPTH is not able to be analysed because decompo
sition of all products is overlapped. 

Fig. 8 shows that EP has a lifetime estimation less than TH at all 
temperatures, but at 175 ◦C they are closer. At this temperature the TH 
varnish has a lifetime estimation around 143 years and for the EP is 26 
years. Regarding the EPTH system and its working temperature, and 
according to other researchers who have estimated the lifetime of epoxy 
insulation around 37 years at 250 V [12], the obtained lifetime is 
approximately the life in service of a transformer. Therefore, it seems 
like this lifetime estimation is correct. 

3.4. Thermal conductivity 

Thermal conductivity was measured for EP, TH and the whole sys
tem, EPTH, after their corresponding curing processes. Fig. 9 shows the 
melting peak of gallium when the epoxy prisms are blocking the ther
mocouple signal. 

The smallest melting peak for gallium corresponds to TH. EP pro
vides the biggest peak and an intermediate peak is obtained for the 
EPTH. However, the slope of these peaks is what provides the thermal 
conductivity through Eqs. (3) and (4). Once these equations are applied, 
Fig. 10 shows the thermal conductivities. The TH varnish decreases the 
thermal conductivity of the EP when they are working together (EPTH), 
although this decrease is small, since the varnish layer is thin compared 
to the EP prism. The EP value could be compared to other epoxy resins 
such as Epofer, which shows a thermal conductivity of 0.16 Wm-1K-1, 
when measured in the same way [33]. 

3.5. Infrared spectroscopy 

Fig. 11 shows the infrared spectra for both uncured and cured ep
oxies. The most significant bands of an epoxy are those corresponding to 
the oxirane group. These bands are ring vibration from 775 to 950 cm-1, 
C-O stretching vibration from 1230 to 1280 cm-1, C-H stretching from 
2990 to 3000 cm-1 and C-H asymmetric stretching vibration from 3030 
to 3075 cm-1 [34]. Besides, it contains other vibrations depending on its 
organic chain. 

Fig. 6. Heating curve at 20◦/min for uncured TH.  

Fig. 7. STA decomposition curve at 20◦/min for EP.  Fig. 8. Life estimation for EP and TH.  
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The band at 1035 cm-1, corresponding to the aromatic ring of the 
bisphenol, is not affected by the curing reaction and was used as a 
reference, with all spectra normalized in relation to this band. The band 
at 915 cm-1 is characteristic of the oxirane ring which changes during 
curing process, and which disappears after curing. 

The assignment of the bands in the spectra is displayed in Table 3. In 
general EP and TH show the typical bands found in other epoxies. The 
main difference between EP and TH is the band found at 914 cm-1 (band 
number 3). This band does not appear in uncured TH, what means 
varnish is already cured before the curing process. This brings up again 
Figs. 2B and 6, considering that curing peaks are appearing. It seems that 
oxirane rings are opened, what agrees with a bigger peak (number 8 in 
Fig. 11 and Table 3) at 1236 cm-1 (C-O str) and more OH groups (number 
17 in Fig. 11 and Table 3), and the solvent is blocking the curing reac
tion. This can be produced, since although the oxirane rings are opened, 

as solvent can block the nucleophilic amino groups, which would pre
vent the cross-linking and growth of the chains. 

Regarding bands number 17 and 18, it can be affirmed that TH is 
dissolved in some ether-type dioxane, since these bands can be assigned 
to free O-H stretching vibration in dilute solution. The band number 11 
is also associated with an O-H deformation vibration. All of these bands 
are characteristics of ether functional groups. Besides, ethers show a 
strong absorption band in the range 1270-1060 cm-1 (band number 8), 
that can be found in the uncured TH spectrum. Another important dif
ference is the carbonyl group (band 14), assigned for TH but not in EP, 
although this band is usually found in epoxy resins. 

3.6. Durability 

The durability of the EPTH system was studied at 25 ◦C – 95% RH 
and 60 ◦C - 95% RH. The samples were introduced into the climatic 
chamber for 840 h. Fig. 12 shows the weight gain versus time for both 
conditions. 

As expected, increasing temperature has a meaningful effect on 
water absorption. The samples exposed to 60 ◦C - 95 RH presents greater 
water absorption than at 25 ◦C - 95% RH. Both conditions show a fast 
water uptake at the beginning of the aging time, and then the water 
uptake is slower. It can also be stated that samples subjected to 60 ◦C 
reached the maximum water uptake around 168 h, since from here until 
the end of the aging time the last four weight measurements were 
practically the same. Samples at 25 ◦C did not reach this saturation value 

Fig. 9. Heating curves to measure thermal conductivity.  

Fig. 10. Thermal conductivity for EP, TH and EPTH.  

Fig. 11. Normalized absorbance as a function of wavenumber (cm-1) for EP 
and TH uncured and cured. 

Table 3 
Assignations of bands corresponding to the shown spectra on Fig. 11 [34].   

Wavenumber 
(cm-1) 

Type of 
Vibration 

EP TH 

Uncured Cured Uncured Cured 

1 756 C-H def * *   
2 830 * * * * 
3 914 C-O-C ring *    
4 972 C=C-H def * * * * 
5 1032 C-O-C str AR * * * * 
6 1115 C-O-C str * * * * 
7 1185 H-C-H Bd * * * * 
8 1236 C-O str * * * * 
9 1298 H-C-H Bd * * * * 
10 1375 H-C-H Bd * * * * 
11 1450 H-C-H Bd * * * * 
12 1510 C-C AR * * * * 
13 1602 C=C str * * * * 
14 1730 C=O str   * * 
15 2800–3000 C-H str * * * * 
16 3060 C-H asym str * *  * 
17 3200–4000 C=N/C=N- 

OH/OH/N-H 
str   

* * 
18   

Ar: Aromatic; def: deformation; str: stretching; Bd: bending. 

Fig. 12. Water absorption vs time for EPTH at different conditions.  
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even at the end of the 35 days. This value is 2.785% and was established 
as Mm for the calculation of diffusivity. Table 4 shows the diffusion 
coefficient for EPTH under both conditions. The diffusion coefficient for 
EPTH is greater under the more aggressive condition because the higher 
temperature supports water absorption and enhances the diffusion 
process. 

DSC tests of EPTH were performed after 35 days of aging. Tg values 
obtained were compared with those obtained for EP and TH as shown in 
Table 5. 

According to Fig. 2A, EP presents four Tgs at 99, 134, 237 and 294 ◦C, 
that should be found in the unaged sample of the EPTH system. When EP 
is varnished with TH, it is difficult to find four Tgs because they are 
overlapped. The EPTH sample which did not undergo aging shows a Tg 
at 74 ◦C, which corresponds to TH (Fig. 2B), followed by three Tgs at 
107, 130 and 219 ◦C slightly displaced with respect to the Tgs of EP in the 
1st curing process (Fig. 2A). The highest Tg (294 ◦C) cannot be found 
since it probably coincides with a curing peak at 301 ◦C (ΔHc = 7 J/g) of 
the TH. Regarding DSC results, it is observed that when EPTH is sub
jected to 25 ◦C-95% RH aging conditions, four Tgs are observed at 62 
(TH), 107, 132 and 218 ◦C. These Tgs are like the unaged EPTH. How
ever, when it is subjected to 60 ◦C and 95% RH, all the Tgs decrease 
considerably with the highest Tg disappearing. The presence of absorbed 
water is slightly observed in the first Tg at 25 ◦C and 95% RH as a small 
endothermal relaxation. Comparing now the diffusion coefficients ob
tained for the EPTH, it can be seen, on one side, that diffusivity is greatly 
favoured by the high temperature, and on the other side, the protection 
effect of TH against humidity. 

At 25 ◦C it is observed that diffusivity is lower because of the pro
tective effect of the TH. However, at 60 ◦C this TH protection is not 
observed. This may be due to the fact that TH has started to degrade at 
60 ◦C (hence its Tg is much lower) and therefore does not offer the 
protection it should. This means there is a plasticization effect due to 
free water occupying free space within the polymer, which would agree 
with the small endothermal relaxation which overlapped with Tg at 
25 ◦C and 95% RH; but it would disagree at 60 ◦C and 95% HR, where it 
is possible that another mechanism, for example involving bound water, 
forming single or multiple hydrogen bonds with the polymer chain, 
resulting in this case in swelling, plasticization and decreasing both 
strength and glass transition temperature [35]. Even so, when this sys
tem is compared with other epoxy resins, the water absorption is lower. 
For example Barbosa et al. [36] found that samples immersed in water at 
50 ◦C had a water saturation value of 5.8%. The studied materials have 
shown an excellent moisture performance, specially taking into account 
the most aggressive conditions of ambient humidity than immersion 
conditions, as diffusion is faster in the former due to the smaller size of 
water molecule. 

4. Conclusions 

Thermal kinetic and water diffusion studies of two epoxy resins used 
as insulation in electrical transformers has been carried out. After an 
analysis of the curing processes it can be affirmed that the curing process 
suggested for the industry is necessary and EP needs all time necessary 
for a progressive curing. 

Thermal analysis of the curing process of TH has revealed that TH is a 
prepolymer in the presence of solvents. This was supported by FTIR-ATR 
where the process has been stopped by solvent with the oxirane rings 
already opened. 

The life in service of both resins was calculated obtaining higher 
values for the TH than for the EP, so TH acts as a protector of EP. If 
service temperature is above 170 ◦C the estimated lifetimes of both EP 
and TH are very similar. 

This protective effect is also seen in the water absorption tests, 
obtaining lower diffusion coefficients when the EP is covered by the TH. 
However, the degradation of TH starts at 60 ◦C and the protective effect 
against humidity disappears. 

The TH varnish also acts as an attenuator of the thermal conduc
tivity, slightly reducing the conductivity of the EP when it is varnished 
with the TH. 

Therefore, to sum up, the EPTH protective system is entirely suitable 
for the isolation of electrical transformers taking into account that class 
H is used when the ambient temperature is of the order of 60 ◦C or so 
during operation. 

Degradation observed on TH agrees with the fact that, every so often, 
electrical transformers are impregnated with TH varnish several times. 
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[36] Barbosa AQ, da Silva LFM, Öchsner A. Hygrothermal aging of an adhesive 
reinforced with microparticles of cork. J Adhes Sci Technol 2015;29:1714–32. 
https://doi.org/10.1080/01694243.2015.1041358. 

J. Abenojar et al.                                                                                                                                                                                                                               

https://doi.org/10.1109/ICSD.2010.5567921
https://doi.org/10.1109/ICSD.2010.5567921
https://doi.org/10.1088/0954-0083/11/3/304
https://doi.org/10.1016/j.progpolymsci.2010.01.001
https://doi.org/10.1016/S0032-3861(96)00957-3
https://doi.org/10.1016/S0032-3861(96)00957-3
https://doi.org/10.1088/0965-0393/20/4/045018
https://doi.org/10.1088/0965-0393/20/4/045018
http://refhub.elsevier.com/S0143-7496(20)30189-5/sref17
http://refhub.elsevier.com/S0143-7496(20)30189-5/sref17
https://doi.org/10.1002/pen.760130110
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1007/BF01983708
https://doi.org/10.1016/j.surfcoat.2013.11.020
https://doi.org/10.1007/s11664-006-0307-6
https://doi.org/10.1007/s11664-006-0307-6
https://doi.org/10.1109/TEI.1971.299128
https://doi.org/10.1109/TEI.1971.299128
https://doi.org/10.1016/0040-6031(85)85081-4
https://doi.org/10.1016/0040-6031(85)85081-4
https://doi.org/10.1039/b208782k
https://doi.org/10.1039/b208782k
http://refhub.elsevier.com/S0143-7496(20)30189-5/sref26
https://doi.org/10.1016/j.conbuildmat.2005.06.015
https://doi.org/10.1016/j.conbuildmat.2005.06.015
https://doi.org/10.1016/S0040-6031(01)00672-4
https://doi.org/10.1016/S0040-6031(01)00672-4
https://doi.org/10.1016/j.tca.2013.10.030
https://doi.org/10.1016/j.tca.2013.10.030
https://doi.org/10.1080/00218464.2012.660396
https://doi.org/10.1080/00218464.2012.660396
https://doi.org/10.1109/EICEMC.2003.1247952
https://doi.org/10.1109/EICEMC.2003.1247952
http://www.tainstruments.com.pdf.literature.TA039
https://doi.org/10.1177/0021998314558496
http://refhub.elsevier.com/S0143-7496(20)30189-5/sref34
http://refhub.elsevier.com/S0143-7496(20)30189-5/sref34
https://doi.org/10.1177/1464420716671503
https://doi.org/10.1080/01694243.2015.1041358

	Thermal characterization and diffusivity of two mono-component epoxies for transformer insulation
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Kinetics (curing and decomposition processes) and glass transition temperature
	2.3 Thermal conductivity
	2.4 Infrared spectroscopy
	2.5 Durability

	3 Results and discussion
	3.1 Glass transition temperatures
	3.2 Curing reaction: kinetics
	3.3 Decomposition process: kinetics
	3.4 Thermal conductivity
	3.5 Infrared spectroscopy
	3.6 Durability

	4 Conclusions
	Funding
	Acknowledgments
	References


