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Abstract: In the case of the existing power equipment business, a variety of insulation and accessories
is manufactured with petroleum-based epoxy resins. However, as petrochemical resources are
gradually limited and concerns about the environment and economy grow, the power equipment
industry has recently studied many insulating materials using bio-based epoxy to replace petroleum
feedstock-based products in order to produce insulators using eco-friendly materials. In this paper, the
simulation of the automatic pressure gelation process was performed by obtaining parameter values
of curing kinetics and chemical rheology through physical properties analysis of bio-based epoxy
complexes and applying them to Moldflow software. The simulation results were compared and
analyzed according to the temperature control of each heater in the mold, while considering the total
curing time, epoxy flow, and curing condition. A temperature condition of 140 °C/140 °C/135 °C/
135 °C/130 °C/130 °C/120 °C/120 °C provided the optimal curing conditions. Based on the
temperature conditions of the simulation results, the actual GIS spacer was manufactured, and x-ray
inspection was performed to check the moldability.
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1. Introduction

Recently, with the rapid progress of the information society, the dependence of social
functions on electricity is increasing. Because of the surge in power demand, the power
system is also becoming large-capacity and ultra-high voltage, and accordingly, stabilization
and reliability of power facilities has become very important. Therefore, substation facilities
are changing, in particular conventional air- or oil-insulated substations are changing to
gas-insulated substations [1-3].

A gas-insulated switchgear (GIS) was introduced in the 1960s in substations, and
it offers high power transmission and switching capability in very limited installation
space with delivery of high power and reliability [4]. The GIS tank is filled with sulfur
hexafluoride (SFg) gas, which has excellent insulation and extinguishing ability as an
insulating medium, and the filling part of the GIS is supported by a solid insulating
epoxy spacer [5,6]. Because of its good characteristics, epoxy resin is used for the spacer,
and by using an automatic pressure gelation (APG) molding process, complex structures,
such as home appliances, automobile parts, and electronic equipment parts [7-13] can
be manufactured.

Recently, due to concerns about environmental pollution and gradually depleting
petrochemical resources, interest in bio-based epoxy resin to replace petroleum-based epoxy
resin has been growing [14-16]. The bio-based epoxy resin is cost-effective and can reduce

Appl. Sci. 2022, 12,10202. https:/ /doi.org/10.3390/app122010202

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122010202
https://doi.org/10.3390/app122010202
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7775-1142
https://doi.org/10.3390/app122010202
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122010202?type=check_update&version=1

Appl. Sci. 2022, 12, 10202

20f12

the stress, lower the viscosity, and strengthen the solidity of epoxy resins [17-23]. Normally,
in the APG process, the resin mixture in a relatively low temperature state is supplied
using pressure in a high temperature sealed mold, and the curing accelerator contained
in the resin mixture reacts rapidly due to the temperature difference. Then, the mixture is
changed to a gel form within a short time until the curing is completed, and this method
can compensate for reaction contraction by continuously supplying the liquid mixture
under pressure [24]. However, because the APG process relies on empirical predictions, the
use of new materials can lead to unexpected results, so it is difficult to find an optimized
process condition. Especially, in the case of bulky injection moldings, it is necessary to
optimize according to each heater temperature of the mold in consideration of mechanical
characteristics and stability of the product due to the temperature difference of the lower
mold near the injection hole when injecting resin. However, empirical prediction is not
appropriate in such complex conditions; therefore, to effectively optimize the temperature
and APG process conditions of each part of the mold, accurate simulation and analysis
should be performed to consider all variables, such as epoxy resin, heat temperature,
etc. [25].

In this research, the process of the bio-epoxy-based GIS spacer was simulated and
analyzed to find the optimized process conditions before manufacturing. The spacer
was 3D-modeled first by Moldflow, and then, the APG process was simulated using
thermosetting resin bio-based epoxy composite. Based on the measured data, the simulation
was conducted considering temperature, mold temperature, heater temperature, injection
time, and injection pressure. The optimized process conditions were presented to suggest
optimized APG process conditions, and the GIS spacer was manufactured based on the
optimal conditions.

2. Materials and Methods

To prepare bio-based epoxy composite, diglycidyl ether of bisphenol-A (DGEBA)-based
YD-127 (Kukdo Chemical, Seoul, Korea) and the bio-oil were mixed followed by adding methyl
hexahydrophthalic anhydride (MHHPA; 4-methyl-1,2-cyclohexanedicarboxylic anhydride)
as the curing agent. The percentage of the bio-oil in the epoxy composite was 18%. In
addition, since the cured epoxy is brittle and has weak impact resistance, core shell rubber
with size of 4 um and 12 pm alumina were added to improve impact characteristics. In
order to simulate the APG process of an insulating spacer for GIS, it was necessary to
analyze the characteristics of the bio-based epoxy composite, and measured values were
converted into the database in the Moldflow program. Preferentially, differential scanning
calorimeter (DSC) equipment was used to measure the curing behavior of bio-based epoxy
complexes, and in the case of measurement conditions, it was measured at a temperature
range of 30 °C to 300 °C at a heating rate of 5, 10, 20, and 40 °C/min. Additionally, analysis
was conducted on specific heat capacity of the bio-based epoxy composite. In the case of
specific heat capacity, measurement was carried out at a rate of 20 °C/min in a nitrogen
atmosphere between 0 and 250 °C. For the parallel plate rheology, a STRESSTECH HR
rheometer (ASTM-D4440-15, Reologica instruments, Lund, Sweden) was used to measure
dynamic viscosity depending on the resin temperature. Prior to each test, strain was set to
1.0%, and the temperature range was set to 30 to 200 °C. Measurement was carried out at
three frequencies, 1 rad/s, 5 rad /s, and 10 rad/s, and each frequency was carried out at
2 °C/min, 5 °C/min, and 10 °C/min rates, respectively, so measurement proceeded for
nine conditions. However, if the epoxy complex is cured during Rheology measurement,
measurement is no longer possible, so measurement was carried out at a slow heating rate
(2°C/minand 5 °C/min). Thermal conductivity was measured by producing a disk-shaped
sample with a diameter of about 50 mm using equipment from Fox 50 Heat Flow Meter (TA
Instruments, New Castle, US), and the measurement was performed at a temperature of
80 °C. The weight of the sample was 17.5 g with a thickness of 4.03 mm. Pressure, volume,
and temperature (PvT) measurements were performed through Gammadot (Rheology and
Material Characterisation Services, Bomere Heath, United Kingdom) Rheology, and in
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the case of the measurement conditions, a specific volume was measured in the range of
temperature (23 to 420 °C) and pressure (5.0 x 10° t0 2.0 x 108 pa).

. AH; 1 t/dH
o (Conversion) = Afp A /0 (dt)dt 1)

where AH; is the area of the change amount up to t sec, and AHry, is the total area of
the change amount, that is, the entire reaction heat. In addition, the epoxy—amine system
used a kamal-sourour kinetics model that can adequately explain curing dynamics as a
self-catalyzed model for curing reactions. The curing rate according to the curing degree is
as shown in the following Equations (2) and (3) [26-34].

d
S = (oo™ (1 - " @

ki = koeiE‘"’i/RT 3)

In the formula above, do/dt is the isothermal curing rate, k; is the reaction rate
constant primary epoxy—amine reaction rate, kj is the reaction rate constant secondary
epoxy—amine reaction rate, kg is the exponential front factor, « is the conversion rate,
m, n is the order of reaction, R is the gas constant, and E, is the activation energy. For
the rheometer measurement results, Cross Castro-Macosko Model Equation (4) [35,36], a
reactive viscosity model frequently used in epoxy resins that explains the occurrence of
chemical reactions and changes in viscosity, was used. Equation (4) shows that viscosity
depends only on temperature and curing and does not depend on shear rate. Therefore, it
was converted into a reactive visibility variable through the improved Equation (5) [37-39]
of the Castro-Macosko model, which has a dependence on shear rate, and applied to the
Moldflow process [40-42]. In the equation below, n is viscosity, T is temperature, oy is
curing at gelation point, « is curing, Cy, Cy is experimental constant, t* is critical shear
stress, and vy is shear rate.

(Xg Ci1+Cx Tb
n(«, T, v) = no(T) (ch = 0() where ny(T) = Bexp(T) 4)
Ci1+Cx
n(a, T, v) = —— H( = ) ©)
1+ (%) Xg — &

In this paper, Moldflow software (Autodesk, San Rafael, CA, USA) was used to
simulate the APG process of an insulating spacer for GIS. Figure 1 shows a 3D modeled
spacer for GIS and a 3D mesh image. Because changes in heater temperature do not affect
the mold shape, we only showed one figure although we have 4 different conditions. As
a component of the GIS spacer, there are 16 inserts in the outer shell and 3 inserts in the
center. The spacer drawings were modified by creating a mesh in dual domain type, and
then converted it to a solid 3D type mesh. About 5.6 million meshes were used for 3D
modeling, and about 4.4 million meshes were used for the spacer mold. A contact surface
mesh between the insert and the spacer was integrated to prevent a calculation error caused
by mesh. In addition, a total of 16 heaters were arranged with 8 heaters each on the front
and rear sides for heating the mold. The heater size was designated as 16 mm in the same
size as the actual mold, and the inlet size was designated as 20 mm.



Appl. Sci. 2022, 12, 10202

40f12

N\ A N p
/// /// . // / /
Y
pa
ya g /
/ g /
74/ pa—
/ %
%
/ 7z // Z
Y / V/ P % V
(a) (b)

Figure 1. 3D mesh image of the spacer (a); and cross-sectional view of the mold for spacer (b).

The designed heater was simulated by tying each heater together as shown in Figure 2
to derive optimal curing conditions by dividing each heater into subdivisions in considera-
tion of heater position and mold thickness.

Section 1

2

@ (b)

Figure 2. Temperature section (1-8) of the mold heater (a); and analysis point (A-D) for the measure-
ment of the curing rate (b).

The thermal characteristics of the mold were simulated by applying tool steel P-1
material. Table 1 shows the thermal characteristics of the mold used in the Moldflow
simulation. In the case of inserting parts into spacers, aluminum attributes of the set value
of the Moldflow program were given, and the initial temperature of each insert was set to
140 °C. In the simulation, the temperature of the resin was set to 63 °C provided by the
manufacturer, and the injection time was set to 350 s. Each heater temperature condition of
the mold is shown in Tables 2 and 3. After that, the internal temperature, curing degree,
and viscosity over time were compared and analyzed through simulation analysis of
optimal curing conditions using bio-based epoxy complexes and curing conditions of
petroleum-based epoxy.
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Table 1. Thermal properties of spacer mold.
Parameter
Mold density (g/cm?) 7.85
Mold specific heat (J/Kg*C) 485.34
Mold thermal conductivity (W/m*C) 50.242
Mold coefficient of thermal expansion (1/C) 1.376 x 107>
Table 2. Heater conditions for temperature sections (Condition-1 to Condition-4).
Temperature Heater Temperature (°C)
Section Condition-1 Condition-2 Condition-3 Condition-4
1 140 140 140 140
2 140 140 140 140
3 140 140 140 140
4 140 140 140 140
5 140 140 140 140
6 140 140 140 140
7 140 130 120 120
8 140 130 120 115
Table 3. Heater conditions for temperature sections (Condition-5 to Condition-7).
Heater Temperature (°C)
Temperature Section
Condition-5 Condition-6 Condition-7
1 140 140 140
2 140 140 140
3 135 135 135
4 135 135 135
5 130 130 130
6 130 135 130
7 125 130 120
8 120 120 120

3. Results and Discussion
3.1. Measurement of Bio-Based Epoxy Composite Properties

Figure 3 shows DSC and rheometer measurement graphs of the bio-based epoxy in the
cure rate and viscosity. The heating conditions were varied to accurately analyze changes
in physical properties according to heating rate [43]. As shown, the cure rate started to
change from 120 °C to 140 °C. Similar trends were also shown in the rheometer. It can be
seen that curing begins with a rapid increase in the viscosity value of the resin between
115 °C and 140 °C. Simulation analysis was performed by specifying the heater value range
set in the Moldflow simulation to be between 120 °C and 140 °C.

3.2. Moldflow Simulation

The spacer filling process is shown according to time in Figure 4. Note that the result
of the simulation achieved by changing the resin injection time to Condition-1 (shown in
Table 3), did not change the tendency of the overall curing characteristics significantly and
the injection was performed in the same pattern. It was concluded that the curing reaction
did not occur because sufficient heat was not transferred during the resin injection process.
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Figure 3. Cure rate vs. temperature, measured by DSC (a); and complex viscosity vs. temperature,
measured by the rheometer (b).

350s
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Figure 4. Injected amount of the resin according to time change (for Condition-1).

The maximum heat generation temperature and average degree of hardening are
shown in Figures 5 and 6 by entering a node for each part in each process condition. For the
node at each point, the entire mold was cut in YZ plane, and the node was input by location
as shown in Figure 3. On average, the temperature at which an epoxy resin burns from
heat is about 270 °C, and as illustrated below, the maximum heat generation temperature
in the simulation was 158 °C. It was therefore expected that cracks or external structural
shape would not change due to the temperature effect. In addition, it was considered that
the error between the heater temperature and the maximum exothermic temperature in
each process condition occurs because the surface temperature of the mold increases as
the curing time increases. In conclusion, since the degree of curing varies according to
temperature, it was decided that it was better to set uniform temperature considering the
temperature error of each heater and considering the quality of the final product.
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Figure 5. Conversion properties for Condition-1, 2, 3, 4 (&« 70%: the curing rate of the entire spacer
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Figure 6. Conversion properties for Condition-5, 6, 7.

Figure 7 shows the results of the degree of curing inside the spacer, which was simu-
lated by varying the temperature conditions of each heater. As a result of the simulation of
Condition-1, it was found that the degree of curing inside the spacer reached 90% or more
in about 40 min. It was found that the primary curing time of the spacer took about 40 min,
and through this, the simulation cure time was set to about 40 min, and an additional
simulation was performed. Although it was possible to determine the approximate curing
time of the spacer molding through Condition-1, there was a problem in that the inlet
portion was preferentially cured to the degree of curing. This phenomenon is expected
to be a problem caused not only by the mold thickness of the injection hole part being
relatively thin compared to other parts, but also the heater temperature near the lower end
part is high. In addition, considering the resin hardening phenomenon as the inlet part is
preferentially cured, the central part may be deformed and contracted during the curing
stage. The degree of hardening around the central conductor over time must be cured at
the same rate regardless of the location, so that residual stress is less likely to exist inside
the manufactured spacer. Epoxy should be injected to prevent bubbles and cracks inside
the manufactured spacer. To solve this problem, the simulation was conducted by changing
the bottom heater (No. 7 and 8) from 115 °C to 130 °C to slow the curing of the bottom.
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Figure 7. The degree of cure under different conditions (from Condition-1 to Condition-7).

As a result of the simulation, as in Condition-1, in Condition-2, curing proceeded
first near the inlet, and in Condition-3, curing proceeded slowly from the vicinity of the
inlet. However, the internal curing rate of the spacer at the location of heater 7 at 40 min
was about 85%, and the surface was stably cured, but there was a concern that cracks may
occur due to non-curing inside the spacer after deforming. As a result of the Condition-
4 simulation in which heater No. 8 was set to 115 °C, curing at the lower end may be
delayed, and thus the overall production rate may be reduced. For this reason, it was
determined that Conditions-2, 3, and 4 were not suitable, and 120 °C was selected as the
optimal temperature for the bottom heater. In the case of Conditions 5 and 6, as a result of
setting the heater temperature sequentially from the upper part to the lower part, curing
progressed more slowly compared to the previous conditions overall, and the curing of the
lower part was delayed so that sufficient holding pressure could proceed.

As a result of the Condition-7 simulation, the curing rate near the injection hole was
about 95% at 40 min, and it was expected that the reaction would proceed further due to the
latent heat inside the spacer and be completed even after curing was finished. In addition,
it was confirmed that the curing progressed without any problems in the uncured areas
that appeared in Conditions 5 and 6. Figure 8 shows the curing time and curing degree
according to the mold position under the heater temperature conditions of Conditions 1 and
7. In the case of position A (black-line) with an injection hole, it is ideal for curing to occur
last as the pressure for bonding is continuously maintained. In the case of Condition-1, since
the curing of position A was the second fastest completed, pressurization for restoration
was not applied. In the case of Condition-7, since the curing of position A occurred last
compared to other positions, the possibility of bubbles and cracks occurring inside the
manufactured spacer was greatly reduced by applying pressurization for maintenance.
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Figure 9 shows a graph of Condition-7, which is the optimal curing condition using
bio-based epoxy and curing condition using petroleum-based epoxy. The curing speed of
the bio-based epoxy is slightly different than that of conventional petroleum-based epoxy.
However, since the overall curing tendency is very similar, it is thought that it will not be a
big problem in manufacturing the GIS spacer.
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Figure 9. Optimal curing conditions of bio-based epoxy and petroleum-based epoxy.

Figure 10 shows the experimental setup for manufacturing a GIS spacer. Based on
the optimal process conditions acquired by Moldflow simulation, the bio-based epoxy
resin-based GIS spacer manufactured under optimal process conditions through Moldflow
simulation analysis is shown in Figure 11, and the X-ray test result of the spacer is shown
in Figure 12.

As may be seen from the X-ray test results, no cracks, bubbles, or metallic substances
were found inside the resin, and no problematic parts were found on the contact surface
between the center conductor, the insert, and the resin. It is determined that there is no
problem in the flow of resin from the spacer injection port to the vicinity of the vent by
reducing the error in the spacer heater temperature and keeping the heater temperature

uniform.
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Figure 11. Manufactured GIS spacer, front side (a); and rear side (b).

(a) (b)

Figure 12. X-ray of the bio-based epoxy resin spacer, near central conductor (a); and near inlet
side (b).

4. Conclusions

In this research, optimal curing conditions of an insulating spacer for a GIS are pro-
posed through Moldflow software simulation using a bio-based epoxy composite and
curing agent made of a thermosetting resin. Considering the curing temperature range,
the heater temperature of the mold was applied at a maximum of 140 °C, and eight heater
temperatures were set for the simulation. When the temperature at the bottom was set to
115 °C or lower, the composite could be cured slower than the existing simulation, so the
optimum condition for the lower end, where curing starts slowly from the lower end to the
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upper end, was selected as 120 °C. As a result, when comparing the degree of internal cur-
ing and internal temperature of the insulating spacer according to the molding conditions,
Condition-7 showed relatively good results for optimal curing, so it was selected as an
optimal condition. Based on the optimal molding conditions, the spacer was manufactured
using bio-based epoxy derived through Moldflow simulation, and internal defects, air
bubbles, or metallic foreign matter were not found as shown in the X-ray test. Therefore,
we conclude that the secured conditions are suitable for the manufacturing of the GIS
spacer standard.
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