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Prediction of Process-Induced Deformation in CFRTP Thermoforming
using Finite Element Analysis and Parametric Study of Key Process
Parameters

Solmi Kim******* Dong-Hyeop Kim*****, Sang-Woo Kim**********f §g50.Yong Lee****

ABSTRACT: This paper predicts the spring-in angle occurring during the thermoforming process of CFRTP based on
finite element analysis (FEA), and quantitatively evaluated the effects of key process parameters such as initial mold
temperature and holding time through statistical analysis. Sequential thermoforming simulations consisting of forming,
holding, and demolding, were performed in the commercial FEA software, ABAQUS, with user-defined material
subroutine (UMAT), and the statistical significance of each parameter was verified through two-way analysis of
variance (two-way ANOVA) and post hoc tests using R Studio. The spring-in angle increased as the initial mold
temperature increased and the holding time decreased, and only the initial mold temperature was found to have a
statistically significant effect. This study can be utilized to optimize process conditions through simulation by
accurately predicting the process-induced deformation of CFRTP and quantitatively analyzing key process parameters.
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Table 3. Interfacial heat transfer coefficient dependent on con-
tact pressure [33]
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Table 1. Thermomechanical properties of the T300 fiber and PPS 2.0 59
polymer at room temperature [29,30] 3.5 65
Material properties | T300 carbon fiber | PPS polymer | Units 5.0 72
E, 230,000 3,800 MPa
E -E 15.000 3.800 MPa Table 4. Friction coefficients dependent on temperature and
2 3 > >
G 15.000 1400 MPa contact pressure [34]
12 > >
_ Friction coefficients
G, =G 7,000 1,400 MPa Temperature (°C)
Ve 0.20 0.36 - 1 MPa 5 MPa
P~ 007 036 - 110 0.03 0.01
p 1.76 135 kg/m’ 130 0.05 0.02
c p 1,000 Jkg"C 150 0.09 0.05
A 9.0 0.3 W/m-°C 170 0.10 0.06
Jy =, 1.178 0.3 W/m-°C 190 0.15 0.07
o -0.45x 10°¢ 52x 10° &/°C
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- i b,
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Table 2. Thermomechanical properties dependent on the 90 mm s
temperature of H13 tool steel [31,32] 1
Temperature (°C) \
Material properties Units T
25 100 400 N
Elastic modulus 207.40 | 203.01 | 192.88 | GPa 18mm ' [0°5/90°%]
Poisson's ratio 030 | 031 | 033 - , 1.Die oo
Density 7,650 | 7,650 | 7,580 | kg/m’ P B, 2mm |
Thermal conductivity 29.5 30.3 37.0 | W/m-°C 240 mm -7 - 170mm
Specific heat 447 453 502 | J/kg°C Fig. 3. FE model of the thermoforming simulation




472

Solmi Kim, Dong-Hyeop Kim, Sang-Woo Kim, Soo-Yong Lee

o, A2 3,240719] 240} 2,120709] =
M) 249} 2,19279] =2 LA E T

, oL 3,416

2.3 3H/£| =

Aol A G Bl A, fA, Gl ol
M shae st on, of Bgold B4 WMol wst
of w2 ofare EAsterh

g @Al A CFRTPL| 27| == PPS 229 §-§ &
Q1 280 °CH.tt &2 310 °C= skt 513 9] vietd
L 6 ARG 3R, AL 10 mm/sec®] £E 2 65 mm
SpAIZIch ol 4% AFEe) 5173l ufet CERTP} 6.5% %
oF VAL Ao m AREe d-% AA I 84 (coupled
temperature-displacement transient analysis)S =335} T}

A dANA = AE DA HE SERA =FH FE
nae :LEHE AL3lo] VA Z 439 CERTPS = =3
o 84 /9, 84 ¢, =E o oA ©AS} FYsith E
3 7t mhee) e ojd, S2 Bxel 7 ofH w9 8
A AWNE 27 2402 AT oFA 28 o 7] <3t
uls} 7ho], CERTPS] B4-& A7k} £ it A4
olom, AHE} A7 Ao B =2 TAM(UMAT)S £3) &
ra s s o] Ao 2 Hhg H ek T3 {2 @A 9
Me o FH 37 19t @82 185l
o, 5 A4 10 W/m?°C2 A48l ch(35]. A 3
o] BigHe AR dAY FL5HA 6 A= &5

CFRTP= Aoz 2=7F Wo 533 HSshiA] ¥
Z1E =), o] oA EeHoz A A% eyt Ay
Stk wheba] CFRTPS} 7+ w3 7] AR A% el
A|5k7] 8l 4@l SiHe] 152 F2F 1 MPa2| &=
A £z 71t 5, sjAo] F=E W7tA] [f-Ask=
T2 QA Bt A4S FHsH

2 dAoM = SF 2R E Z2E CFRTPTS
o2 i st o, 1A A HF SERAAN ==
= FE »di} a4 A1 27 A0 R HASIS ). CFRTP

ﬂ-19, we, Jo

NT11 (°C)

Case #1

Table 5. Simulation cases based on process parameter variation

Initial mold Holding time (sec)
temperature (°C) 120 180 240
195 Case #1-1 Case #1-2 Case #1-3
210 Case #2-1 Case #2-2 Case #2-3
225 Case #3-1 Case #3-2 Case #3-3

7} 429l 25°CE WHE WA WAl Aol ZES
=@57] floh CRRTPS) x T35 2 5 59] o] )

A3 e EE 6 A= &5l B3 E Y T A=
CFRTPo} =1 37| 7+ ti+ dAdo| 1= glon, of
7 Alg= 54 DAl AT gk FYsit. o] 1o
Al CFRTP7} A2l 4] &3] g ol E=st= o 428
Tl AEE shr] 918l 1,500% 5ete] A4t A 2t
= A4S 35kl

2 AFtollA et 3 Haes A gAY 59
Z27] 2= A @A 9] F F-A] AlZkolth AT ©HA
A 28 7] &% 20 & 195°C, 210°C, 225°CE A
Astgom, ZF 7o) th3] Cases #1, #2, #3002 4 A3}
ATt E3F FA] dANA FA] AT 272 120%, 180%,
24022 Ao, 272 Cases #X-1, #X-2, #X-3 (X =
1, 2, 3)02 A4S}t Table 5= 7} ¥4 WHapo] whet A
AE sy 21S HojEoh

3. 2 1}

3.0 UME BH oA
3.1.1 A A
499 ANE $ S sl ORTPe) S 3

57} Y el obhwl o] 5y A\ Wt 242

%3k}, o] uke} CERTP a% ERAR PEERL

wu, Yo HHOR I3 Yo

f
!
|_ !—» X

Case #2 Case #3

Fig. 4. Temperature distribution of CFRTP at the end of the forming stage according to the initial mold temperature
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Table 7. Results of the Dunnett’s multiple comparison test for
the initial mold temperature levels

Compared groups | Estimate | Std. error | t-value | p-value
195 °C-210 °C | -0.2260 0.0754 -2.998 0.0671
225 °C-1210 °C 0.5830 0.0754 7.734 0.0026

195 = 210 1

225-210

Initial mold temperature (*C)

-0.4 -0.2 0.0 0.2 0.4 0:6 0.8
Linear function

Fig. 11. Dunnett plot for the initial mold temperature levels
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