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Abstract

SMC (sheet molding compound) is a thermosetting material reinforced with chopped fiber-
glass. The compression molding of SMC was analyzed based on a rigid thermo-viscoplastic
approach using a three dimensional finite element program coupled with temperatures. Only the
temperature analysis part was tested in this paper by solving one-dimensional heat transfer
problem and comparing with the exact solutions available in the literature. Based on this
comparison the program was proved to be valid and was further applied in solving compression
molding of SMC between flat dies. To investigate the usefulness of a rigid thermo-viscoplastic
approach in the compression molding analysis of SMC charge, compression of rectangular shaped
SMC charge at plane strain and three dimensionalde formation condition was analyzed under the
same condition as given in the literature. From this comparison it was found out that the rigid
thermo-viscoplastic approach was useful in analyzing SMC compression molding between flat

dies.
AEe dSsAEFHd e ol FoixAlwdl b
. A & Ay gl SMC #dAl+ 7hdsl Ao shy
Zoo FoiAn ARZrot wE £x 2 7}
SMC(sheet molding compound) = of 2] 7} x| z}s} AEE QYA =, Ero &£5+& 150C Ao
A7HA7E 248 Fejoll 2B FR] 2ol fAdR w A xe At Aok ASEEs) 3
7b AT Hel2 FAE] s AEER, viFEe AY SiHel HE3S £5FH F¥F A (mold
v Aol wHojutn WEALR WEAAe) w43 filling) FAo] A1AEe] AQIA o] griz
of Agol Aol FHo] HFPEY A4 HUdEst  owet A ubgol A=A, o9t o] 4FAYH
x7] Wfol & Tl AEgTFRAZ A &5 0 FAHL FEH ddd, Aide] Sgdoer o
Toglew B3 xaAvdwksiel Ao EA 9 of b7} Wil &8 W9 #F, TEEEe Ay
T APARA #e] Frbsta gk, SMCo EE elFer| v vig o3 AlE AY Fol A
of ¥2 % iAo W dFE o AAe]

dEae e oA F %
3], AR A S o,



SMC sr& 4l 4ol 4l el 5okl
Wak dud T 19700eH3E o] Feld e

of, 49 1980l SolAl 45
474 )2k wasle) ol
Silva-Neito*» 5-2
T2 ol 54l (Newtonian fluld\ 2
e el

Fo{z ¢}, Barone %%t

slod =
AR

of a4 v%*ﬁ_ LH: I R A
o FAzk FAYAY el AA
odofibt Qom ol Zalgler] Yoty o4
Asich, Lee® & of 7ol
oAl Abelel A gRie] Eubsh A dE o
dstedon) FAYGe o) A48T hA
FYS g A el dofehs AR
+(preferential flow) & 3 4 3l2d o,
& qust HaA AFE Bebol olod 4% 5

Abol #alale] FAz Folm i g -l En g

o] o]zlgh wulL

[e]

3]

| 4] &} U} %L H ol & kel

B oARlE Uy RRRANE 80
o AU A B Agaa G SuC
A S
Sage] SMC HEUFEH S A A 50
ARt A gli=r] H el Eakoh ofvn] Aukx]
zgasg AL&sled ol&ulw HE9 gi4dH
fupsetting) & sl 4deto 24 a4 fito] 4]
Ag AEE vl glon g U0 W ool Az 7hxk
3 dxdel A5 4 3ked o vlel fexact solution)
of o ArpE wladfed Lxald REol Aledd

A 7bekad vk,

AR o) 24 4
of Ads 7lEa )
sl Az dsie, A4

faa] ol Agso] i obge ohga

(37578 )06udv + [Keuseav

o) o
s A

g4l 3akel et a4 489

7'/; ti0u.dSS=1{) .y
ol Vel M, oob g 7 sl & F¥d §
ST el Ko s/le] vighE g
obFslis ] A4 (penalty constant), e;,4r 4l
91 T WS A fAn Aol 4] wpE
o vhebeh,
Sle] ool 4 Wy ﬂ‘ﬁr%i% S Ay
7k ek (shape function)ir AF-83&ho] o] #k5F4] 7)™

AL a2i el 7R el LML‘ ol ok,

O ~F 66+ Go h=0 (2a)
FWﬁW;l/<2 y E>BTDBdI’ (2b)

’ v\ 3 '
G = / KB'cc'BdV (2¢)
h= [ Nt'dS (2d)

of W, N3} B A% dfwbibis) v
wE ol gof Al slludoln] eob Dz AbFwlE ol

safeh FE Abolol A Fulol 4 elofubis u} b

v TR Aol 4] mldto] HejEl 4 2w E o

spprel meleleielon] o) chelabnl At obgt

abol vprbuE 4+ vk of Mol mr s RE

spol ol b atdoli v 4 Alolel Al A

chepl e,

=l 2 x(i!’rl,)l v (2

t })1,/‘1 ﬂ_tdn a )l ol {3

e [N ] Zean () 0 s

hiv! /\f N { m,klﬂtdn (a [ To,] ds

4

4 ol b Eaksle] gle] w4 E Aol

a2 kel A2
el vhgah ghel

Ky pdOo=1Lyx_ s (ba)
. 0D QE Y - 5h I~

Ky »= o6 9 +Fo+G ob (5b

Ly =+ =—-Fo—G+h (5¢)



490 Z1a0d .

2o S8 YA Abele) A o] IA 4
gufojxof et A= Mo AFRsioirE of

He ohes 2o,
ﬁ ki TST.AV + f oCoTSTdV
- / 65 E0TdV — fsqqnaTds:o (6)
o] wl, ki LAl AHEE, po} Cpr 27t 4
Aol mzel vy, pe AU Eo] oAz W
Fsl= EHolH, ¢, 2 AAdM G555
Geba,

Aol e AHn
%ﬂﬂ°vﬁhwiﬂ%ﬂéﬁlL}ﬂbﬁwi¢

W Ne| ul

o)
AA .
Fom 34% %zﬁiﬂéﬂ 73% M= M, (i=
1~8, j=1~3)% 2o eld + o
CT+K.T=Q (7a)
K~ [ keMMaV (7b)
= [oC:NNaV (7¢)
Q= [7( EINaV+ [suNdS (7d)
SMC t&Ads A df-FL2 vz Alegfjolu
2 ol dlder] s Tol wa A7Hy
(time integration)-& sjok gk}, ofefrba] A]7hA
el OLE’V% e, £ dToAde ohga
e AZPAEUE ol §agich 0
Tt+At:Tt+AT{<1'—/3)ﬂ+BTt4At} (8)
74, B 0ol 14kels ghg 7hAle] wE 4
'r‘oﬂ o]./d;do 3}] oé7] _rIBH,q:_ 0.55 ]_ 2 5}
& ARE Fofof e}, & odFelAME 0. 75%:— A el

Ak o] A Algsle] A (D& -
3} 7

(K +—1*C)T =Qu~CT (9)

< BAt 4t 4t

s T [(1—-F\s
T= B4t ( 8 >75 (9-1)
z7|z27e2 Folxl £x 28y 4 (& AR
slod z7)9 £xwshgE I o3 A (9F A
23] o Azkage] £xE P vt gle
o] A7k A SMC #alaje} Z8e &% o 2t

o] Foix glera gt
sulebAl sk s
= 2ol A 2] Eiel Sj34ol 44 slel e,

$ee AU &

(a) 7l A ¥F2S-(initiation) :

ar
dt

(b) 4 "k-<- (inhibition) :
QZO:2f]o{1—exp<~/0tz/gdd¢>}

2/ (Lo — Io).
(propagation) :

=2kal (10)

- (1)
(c) Hahubs-

%:Mokp[( 1 *d){l‘ﬂp(*ﬁiﬂkdd( t— tﬁ)ﬂ

(12)
oA 71, Lot Zo= AAIAeE AAAY z27Fx
olud, Joi= Az} mF 4wzl Feof Al

Fxoleh fo g= NAIA S} AAMRAY BFolv, ¢
= 743 A4 7k (induction time), kaoF kpi=
AlAl 2] 88 Abre) theka] (monomer) o) A g

Aol aL,

av A g%-& (fractional conversion) o]
b4 (Dol AAlA) ok AR 7] A el
of wjel 4Jzb-g sk AAA7e g Al ojuf
B Astakge] Al=Ew A (12) % AREEke] AR

e e At A

r'IHRMo% (13)
A7l M, Hed whsid ek dbgadoln, Moe th
Ao z7)E %0l

3. 7HetE ZE2 ol AMElM HIt
HEg ey ol idt AA #Hote ofv] oF
of Auprh QLo m i of slof At LA Mol
ek Al# A Hobukg ohRodch, Zbcbal 134 o
Ax wAE Asted 9l ls) (exact solution) o}
A7 oS wias] N Wwwlo g A3ALe 5 7))



AF5E 1Y SMC 43
Tgie= 500K, hy, = 00119 cal/em?-s-°C
10 mm
point 1 #——
’ Smm <
<
point2 4—1-@ Il
T, =300K |
Smm < . 20mm
Insulation
< -
point3 4——® [Insulation | at sides
at sides <
.

Tgie= 500K, hy, =06.0119 calfem?-s-°C

Initial workpiece geometry and simulation
conditions used in simulations.

Fig. 1

N

VAL

VA

(a) 16 elements

N

\I/ES

(b) 32 elements

{c) 64 elements

Fig. 2 Initial mesh layout used in simulations
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Table 1 Comparisons of temperatures between simulation results and exact solutions at time=6000

seconds
Temperature (K) Error (%)
16 ele. 32 ele. 64 ele. Exact sol. 16 ele. 32 ele. 64 ele.
Point 1 472,468 466.903 465.710 465.343 1.531 0.335 0.079
Point 2 445,530 444.986 444.725 444.623 0.204 0.082 0.023
Point 3 354.470 355.014 355.275 355.377 0.255 0.102 0.029
Point 4 327.532 333.097 354.290 334.657 2.219 0.466 0.110

Table 2 Comparisons of temperatures between simulation results and exact solutions at time=>5000

seconds
Temperature (K) Error (%)
16 ele. 32 ele. 64 ele. Exact sol. 16 ele. 32 ele. 64 ele.
Point 1 497.877 497.507 497.431 497.409 0.0941 0.0198 0.00461
Point 2 361.293 358.115 357.629 357.508 1.06 0.170 0.0339
Point 3 322.756 316.345 314.379 313.683 2.89 0.848 0.222
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Table 3 Thermal and Kinetic data of SMC used in simulations!'”
SMC
Density o(g/cm®) 1.89
Specific heat Cp(cal/gC) 0.258
Conduction heat transfer coeff. kr(cal/cm-s-TC) 0.00092
Convection coeff. of lubricant hiw (cal/cm?-s-TC) 0.0119
Convection coeff. of ambient hams (cal/cm?-s-C) 0.000119
Reaction heat with unit mass Hxz (cal/g) 29.40
Initial initiator concentration 2fIs(mole/g-SMC) 7.32x1078
Parameter for initiator decomposition rate constant Aq(app. unit) 7.82x10"
Parameter for initiator decomposition rate constant Eq (kcal/g-mole) 31.90
Parameter for propagation rate constant As(app. unit) 1.71x10%
Parameter for propagation rate constant Es(kcal/g-mole) 16.71
Mold (low carbon steel)
Density p(g/cm?) 7.833
Specific heat Co (cal/gC) 0.877
Heat transfer coeff. k(cal/cm-s-C) 0.1296
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(a) Curing time=68

(b) Curing time=74

(b) Curing time=280
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Fig. 7 Conversion rate distributions for various time ~ Fig. 8 Temperature distributions for various time
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