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Optimization of Curing Pressure for Automatic Pressure Gelation Molding
Process of Ultra High Voltage Insulating Spacers
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Abstract: By introducing curing kinetics and chemo-rheology for the epoxy resin formulation for ultra-high voltage gas insulated
switchgear (GIS) Insulating Spacers, a study was conducted to simulate the curing behavior, flow and warpage analysis for
optimization of the molding process in automatic pressure gelation. The curing rate equation and chemo-rheology equation were
set as fixed values for various factors and other physical property values, and the APG molding process conditions were entered

into the Moldflow software to perform optimization numerical simulations of the three-phase insulating spacer. Changes in

curing shrinkage according to pack pressure were observed under the optimized process conditions. As a result, it was confirmed
that the residence time in the solid state was shortened due to the lowest curing reaction when the curing holding pressure was 3

bar, and the occurrence of deformation due to internal residual stress was minimized.

Keywords: Automatic pressure gelation (APG), Moldflow simulation, Cure kinetics, Packing pressure, Spacer, Gas insulated

switchgear (GIS)
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Fig. 1. Chemical structure of epoxy resin and curing agent used in this
research (a) bisphenol A di-glycidyl ether (DGEBA) and (b) methyl
hexahydrophthalic anhydride (MHHPA).
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Fig. 2. GIS spacers used in this study: (a) front and (b) side.

Table 1. Basic physical properties of the materials used in this
research.

. Density Specific heat Thern‘.@
Material (g/em’) (I/ke.°C) conductivity
& & (W/m-C)
E
poxy 2.263 962~1,363 0.895
compounds
Conductor
2.7 900 200
(A6063)
Insert (A2024) 2.78 875 151
Mold (steel) 7.8 460 29
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Table 2. Processing and optimized heater temperature conditions
used in this research.

Table 3. Estimated parameters of the Kamal-Sourour model.

Activation energy ~ Pre-exponential factor Reaction order

Initial resin temperature (°C) 60 (K) (s
Filling time (sec.) 300 Eal Ea Kai Ka m n
Packing time (min.) 30 9,053 7532 20 89 o4 1200
x 100 x 10°
Packing pressure (bar) 1~4
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Table 4. Chemorheological parameters of the cross Castro-Macosko

model.
Olgel n ™ (Pa) B (Pas) Tb (K) Ci
0.453 0.845 1.0 2.167 3,595 0.378
x 102 x 1073
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Fig. 3. Flow profile during filling stage.
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Fig. 4. Average curing degree and curing time with variation to pack
pressure.
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variation to pack pressure.
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Fig. 7. Axial deformation (strain) according to the packing pressure.

Table 5. Maximum and minimum values of the average deformation
for all directions.

All-direction (mm)
Packing pressure

Maximum Minimum
1 1.226 0.2069
2 1.226 0.2062
3 1.226 0.1963
4 1.235 0.2124
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Fig. 8. Shrinkage variation in the center of the spacer over curing time.
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process time.

2000

180

160¢ - -

140

120

100

Temperature (C)

(2]
o

K] =

Jlidi s

60 70 % %

Cure rate l(-/.)
0 20 40 60 80 100
Cure rate (%)

Fig. 10. Average curing degree verse average exothermic temperature
with variation to pack pressure.

4.8 E
B ATOIME ANY /IAEA AT § Aol E B
SE29 2mE0lS ol §lof A1 st 3ol o
A RALS MBSt A} 3Y 25 £ sfof A
17 2] 7t Befol Z71sta vlol @ Jut o FA]
EAIS] 745t g At o2 9lste] 2 Uro]
9 vhgo] YAaslolH B HetEst opxl: Aol o
22 SIS} SHAI9t 4 baro A e ChA] 33t A12Fo]
B70lgl olie 89 5291 3 bardl o vhole. 1

ol 4] 75} ¥rgo olaf oA A}
FEfo] 4} ¥g7} Qojuta o)z

fu)
=2
>
i
0
i
X
2
=
2
o>“ O_L4

ol Ruje] Wsls} ke sk ek x40 ula) e 2}
AbeEch o7 g oA 9] A Aol YR Fo
9 e50] 0 s} Beto] Z7telo] ufa} st vrgL A
She[al 5 Ulofl &&= 1E[9f Apo]7} ZofEof Ao W
2u0] mehi AIZHe WolAl & Zeg Lehdi. of 2
vt 3 bar9] Z7oA 7MY F2 U E 25 UEWl o,
WHE AT URY Asi) R g stelolsin. 2 Sy

35 2ol o3t WHES BN 23t 2 bard
< ¥PES UEH SHR|oF 2= WUete] Wt ¥

742 3 baro|A] =T HE ZF 1.266 mm ¥ XA
0.1963 mmo] A2 P on] s e vy
g5 Felstlct. £5t Anfo]A %”ﬁoﬂ gt iﬂ
2 3 bar9] B¢ 20|
q&wq<mmuaﬁqﬁgﬁ¢wuﬁq
5192 off 3 bar?] Ast HY =7
s uQr m710] Hlsf o% A%@q : o

Zgit.

>

5 %
"

N O
N T
_'_‘J_‘O

M o

oot g
AN

o £

1)

o

Rl
iﬁ.

—

m[oéﬂituﬁmﬁrjﬁoﬁk_\,i;

o rg Mo

—

+ 10
wo L1

N T
O oY
oZ‘:

3

ORCID

Jachyeong Lee https://orcid.org/0000-0001-7775-1142

ZAte| 2

2 AT 20220 & A5G AFE £(MOTIE) &
A71&g 7] Y(KEIT)9] A Y
tH'20010965’).

REFERENCES

[1] L.T.DePaolis, A. Agrimi, A. Zocco, and G. Aloisio, Proc. 11th
WSEAS International Conference on Computers (Agios
Nikolaos, Crete Island, Greece, 2007) p. 514.

[2] K. Kasza and L. Matysiak, PAK, 59, 1143 (2013).

[3] T. Nowak, R. Sekula, P. Saj, K. Kasza, H. Leskosek, and O.
Claus, Adv. Polym. Tech., 25, 51 (2006).
doi: https://doi.org/10.1002/adv.20057

[4] T. Ageyeva, 1. Sibikin, and J. G. Kovacs, Polymers, 11, 1555
(2019).
doi: https://doi.org/10.3390/polym11101555

[5] Y.G.HongandS. M. Lee, Polym. Sci. Korea, 45, 940 (2021).
doi: https://doi.org/10.7317/pk.2021.45.6.940

[6] X.Kongand D. Zheng, Processes, 9, 770 (2021).
doi: https://doi.org/10.3390/pr9050770

[7] X.Kong, J. Guo, D. Zheng, J. Zhang, and W. Fu, Processes, 8,



62

(8]

(9]

[10]

(1]

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 56-62, January 2024: Lee et al.

146 (2020).

doi: https://doi.org/10.3390/pr8020146

Q. Zhang, J. Li, X. Han, X. Zhang, C. He, and X. Yao, /[EEE
Electr. Insul. Magazine, 35, 34 (2019).

doi: https://doi.org/10.1109/MEI.2019.8735668

N. T. Tran and M. Gehde, Polym. Test., 73, 284 (2019).

doi: https://doi.org/10.1016/j.polymertesting.2018.11.042

Y. J. Woo and D. S. Kim, J. Therm. Anal. Calorim., 144, 119
(2021).

doi: https://doi.org/10.1007/s10973-020-10159-2

Y. G. Hong, S. M. Lee, Y. J. Yoo, and J. W. Lee, Polym. Sci.
Korea, 41,260 (2017).

doi: https://doi.org/10.7317/pk.2017.41.2.260

[12] Z. Ran, X. Liu, X. Jiang, Y. Wu, and H. Liao, Thermochim. Acta,

[13]

[14]

692, 178735 (2020).

doi: https://doi.org/10.1016/j.tca.2020.178735

D. Abliz, B. Finke, A. Kwade, C. Schilde, and G. Ziegmann,
Cure Kinetics and Rheology, In Acting Principles of Nano-
Scaled Matrix Additives for Composite Structures (M. Sinapius
and G. Ziegmann, Eds.) (Springer, 2021) p. 267.

doi: https://doi.org/10.1007/978-3-030-68523-2_12

C. Leistner, S. Hartmann, D. Abliz, and G. Ziegmann,
Continuum Mech. Thermodyn., 32, 327 (2020).

doi: https://doi.org/10.1007/s00161-018-0708-9





