RESIGHERER

AR 2EA ERAEY kAl Yol S
] Aul o] A3 AT

FEYT - QYA ZAYT - Aol

A Study on the Slip parameter for Compression Molding of Long
Fiber-Reinforced Polymeric Composites

D. H. Yoon*, H. C. Kim**, S. H. Jo*** and E. G. Kim*

ABSTRACT

It is important to grasp the flow state during compression molding of fiber reinforced polymeric
composites, and the friction condition on the interface between the mold and the composites
should be clarified. By using the slip parameter o which measures the ratio of viscous resistance
to friction resistance, the phenomenon of the friction can be well explained.

In this paper, the long fiber reinforced thermoplastics is assumed to be incompressible isotropic
fluid, and the effects of fiber content and closure speed on the slip parameter o are studied by
hollow disk compression experiments.

P

=R
=

A47E TEA BEAE BFAPSE A0 ARD K54S D) A FH A

EA RN B A PR E 1}‘1}311 Faoh AyE AR AT vhEx e vl E UAlE
W 24 4 gle vlmy A ujatS ol- g5t o g A vhaAbe & A 8-S el 5 9l 1
52 B E=Fie AAR7E :ﬂ_—rx} 245 -aﬂ“ e A 74 B9 AR A ek,
ZFERY 4P st vy A oo vAe BN AFEREH dSHEe
of kol o5l 3 AF AHE ¥ wgcl
21 & A 9

r.8z FHEE r, AR

E, : oA I, : 594 W

E,  d¥enin o BENZ

E,  :thepdA R,  :EH|(1-hhy)

h 1 A8 5 F CUEAY B

hy o ERAY 215 poooAsE

i WEPN ) v, DTHFRY] S

x FRUAR |ATEE, A0AY B FAsTATAG
% QAT 7] A 4 A

sk o gE AT F9AA




104 498, 1997.12

AAFES 2 S FE4¥el Yol F¥de viny A gl B A7 51

v, D 0] &x k, s frAm A
v, :zHERe] &% ¢ : 5 wiAa]
o s vl Ak i 9] wku]
B Jd A & cHEE S
T L R
1.4 & e vhEs wed f5A L e

FARE 7EE Feiad EgAs vy
A5 5o kel Ao g]le] 92 1 $x9
ot 7l sled, 2 A58 Aol ¢
EA4Ysle] RELZ o] &3l il ol A
743 Zepay B3AE mddA gEAdeEs
7o, 7" F¥ o] a9 AFHo] Fo
A3 HX7} AT eZA FHAdYo] o]FoA
t}. o] HA A FYH} B3 AJole] A=
vl o] AR =, 23 WAl Agg 5
AeHE 4] 98lAE Alge F¥9e HEAY
of glelAe] whEAlev olZle®  QJF WA
(Bulging) 5 o] 7} d4E5& A 53] detste
7ol d Q3o

5 59 AR digh AdeM e kg
Fohe w2, g AdEs g5 weke
2 gh&sle o HyAeE o] B2 Mg A
FH7}b sleH1~6). el 4f-2 sk B34
&l glola] F¥ AgAbelo] b 3
2 & 8 A o) I35 A F=24] Barone & Caulk £{7,
81& SMCAl9] FAHEE +ukgk &S 5
sto] FY A3} A gAlolol e vl o] EA 3}
olF Awiste AR FAREASE Asly
A, o] & o438l FY XA $x|ke vlny
£ 2 A eE fEEa-e stgod,
Barone®} Osswald[9}= o]&]gt WA 2]-g o443}
o AALaog SMCAS fEatde) e
5ol e s4g sksdct. =3 Hojoo} Kim
(101 @ At S111e 5398 39435 A¥ES
&5t vlm® AelE Awshs AA4-E Barone 5
o] Tk WA= M2 73ty m, vh3] $(12]
< "HAHANE 32 FY-A8AHe] v|ny
#g 75 stgon, 2AY 131 oAl
sk g ek A5 BgAlol el 35 -A 84

o

N

oy EgRve] ke e AERE
59 AMs8dleld dEE} g5 53 e
A ze] vlmyeo} o]2 Qlgh HAFA o] 7
2 Ao disia A3d A obF gl A
olB2 B i FY-AsAHEY vl
HAw o] v ARd-e0 gEse] 93
of s A 45 B gk}

dz

Fig. 13} zre] T34 Hdo] 815 F& 7}sl4]
&gt 2yl FA" r,re, & ZH2E Wb
73, 9Pk, R o), o 74 Sy 1wk o)
2 AYF, FI3LY HAEH wPRAEY Aol
g2 Wart AZA G g wadh Y
o Aze] £25 73 o, FFAEE FAH

i

HlshSA el ZHA sk, EAY B 3A4HE A
st gfSe] Hod SR Er &
) )

4714 Bz Azl Wiola] Wae] B g o
A, e Almet 2uske] Aol WaAs ot
ol =] o]k,

r,B0,z vHeEe] v =14 14]

v =Ar(1 - B {1-(ra/r)*}

vg=0
vz:-—ZAz(l—ﬁzz/?)) ................................... )
@A A= o

2h{1 - B(h2/12)}



52 R R I e BREBSMRBgE
Fo. et e ATl A o AReH
z + T 1 P PP P N
v /L T > T=kyv, 6
! ho A7NA kye ATEA FACMRASZ A s,
] 0 L, v R Smeln, 395 At g9
AT AR wHEl ] Ep ot 2
'n
fo E = J TVp S ereeeeeereereireiseseeee et serenaaens %))
Fig. 1. Nomenclature for model of compression A (D2 A @9 2L A7t Asi
molding of circular hollow disk. .
E; = 4nky A1 — (Bh%)/4F{(rd - ri*)/4
— F(rd —rA) + rin(r, /1)) e (8)

AdA pe AR AEE Jehye ¥ o
AEE2A, B} 03 79 87}t WA e
ZAsolch &8, r, 0,z %] HYF & 4
2)E o34 ‘ ‘

& = %V’f— —AQ - B+ (/1

Eoo= = =A(L~ B~ (ra /T P}

=2 - (- )
0z
. .
or * oz

:‘392=ér6=0 .

&z

=24 Bor {1~ (rn /7)*}

én:

Caelm A ge] WA s

E; ;jzugij;gij QY e
,pE A2e) Fxelth 4] 312 4 @el B9
2H5 Aee] e o
o Al 22t A s

o

£
A=
"

:

A

7

E; =8mu [A*h /2 - (R3/12) B+ (h2/160) F} . R
x{(r¢—rA)+rd/r2=1/1d}
+HRA PR B{(rd - 1) A-r(rd-r2yriln(ra/r;)}]
5)

Az} AR ke g o] A, o] &
Aete] Aol 2la)A] mtEHo] LAY 71A

waba] ol 8 FeuiA] Er e

Ep = 8muAX 12 — (12) B+ (5 /160)PH3GE — 1)
F iU/ =1/} +{(BRY)/3} X (i ~ )/

4 — r@(ré — r® + rifn(ro/)}] +4ky A1 — (Bh2y4}
{(r04 _"14)/4 - rnz(raz - riz) + rn“ln(ra /ri)}

@

2e)3m, FANA By Erol B Bl estel
oshd S W G

o {2/3)eD +B} (1-72) . (10)

T {2aC (A2 - 1)} - [{(4/3)aD + 2B }InA]
714 S .
AE WG, /), B FRRANAH (0 /r0)

o1, o= ph /kyrd B={1-(Bh2y4)%, C=1-(h¥6)B +

(h*/80)F, D =r¢fPh? olt}. o§7]A] p=0<l 73-¢ 2]

(10)-> 1A neshA] Y 7359 XTI
Folluvlx| ErE poll A4 Holgsbd A o)

A e

_ (1/3)aE +K
(R2/20)0 + {(8/3)rd + (h2/4)}K

B

4714 K= (UA)(1-A)-E(1 - BB-End, E =3(1-4)
+ & - el ek,
wetd, A 10 A (ADE SHsisted as] B



1045 H48 1997.12

AR 2EA EEARY FEAA Qlold FRHY njny Aujgpel JE AF 53

Ao g W3l &, Gauss-Jordan® &

as} pE 7% 5 oot

o]-&-3hd

Fig. 29} 7], A/ 25 57 hell4] AhwtE k&
Fo oubA o Wubd & 2 g, ek s Al
A o] x4

wro? —rd)(h — Ah V=2~ rA)AR e 12)
w2 —r2)(h = Ah) = 7rd —rDAh s 13)

_g-r (14)

22 2 p2
L Lt N e R
i 1.8

re—rd

Al (14)2 3¢

= G+2’2 .................................................
F==z (15)

AZNA, G =@ -1/ —rdel=l, A (1404
A AT o - AL SA k] FHE W
73 g AArR

3.4 ¥

Aol Abgd H3hahe Qzﬁé—ioﬂ/ﬂ AR A

(A cEFejz g, 2 AR E, AR
& : 20wt%, 30W’£%, 40wt %, 50Wt%).£li 24

f7b M E Z4sHA dAA ok AR A4 ‘E
Agzae 229
140mmo] 3, W72 ZzF 40mm, 60mm,
100mm= 3}eich. AlHHAL J1E4 AV 2R
200C)ol A oF 258-7F sl 3} Fig 33 22 &

) 4§

& Aar, T/J AL ‘

IR S

ah

e

LN

RSN S —

Fig. 2. Experimental determination of neutral ra-

dius rn.

Afgthenz gy

ok

~
("<>' : Mold

—
. Adiabator
i S ———
Thermocouple > Heater
[ et
i~ Adiabator

g

==
ir

Fig. 8. Schematic diagram of the experimental ap-
paratus. , '

Load cel}

el FAzte] At dEHA e WA
9t A& 7|(Shinkoh#], TOM/5000X3], .
Cross head speed 1300mm/min)ZE /\]——9«6}95\.2
o, 89 2EZXAHL Y5t dANE F33A
t}. §H&HS=E 100, 300, 500mm/mine] ™, %
Al A¥ES] FFEA Arle e A .
7] $lste] Az pe] Fobel]l 274 4mm<l oeiul

E(Air vent)E A A s} e}

4. Az g 1%

Fig. 4 W] W73 A vlxE 454 R
%&bl adolnt. o] ¥ el EHV) F
FVEE o] kARl ) Fashe s Jehy

I 3EE & 5 gk ol AL T ek HH 4
A 94;% WEoze syl gA
7] wEels, ol=3t W4 %f‘“‘%%‘ﬂﬁl ‘é-?ri’}
Freolvt dESRee E dF] S S E T
Hhg ] Sl il W] kg n M K
@< Fig. 5o vehigdet. e wanlr 5718
TE FHE A OF Fobshe A% vEh
I FE & 5 Aok FLdT AA A AL, FHE

Sl Aa & o &} FadlEs Ax Zsshe

7S e
Ffr&olt dESxele & o]
ek

Fig. 63} Fig. 72 4] (11)¢] HAWS po]) v] x|

olelat WAFS A E o] s

ASAR. Ru
=& g F



54 A8A - &F79 - =249 - FejE BEBSHESE®E
0.8 - 1
Closure speed {mm/min)
wn
< o 100 ° _
o D 4 A 300 w® 08 A0y
w .6 + A - b .
s 06 e S 2 o
@ 32 £y’
-] S o
= . g °° @
o — EAY
- 0.4 F . A
- o6 o 3 L
g $2 3 04
3 oA g < Closure speed (mm/min}
5 02¢f O = o 100
@ (o}
£ A é 0.2 r A 300
- s . o 500
0 . L 1 0 2 1 L
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Compression ratio Rer

(a) Effect of closure speed (40 wt%)

1 Fiber content (w1%)
o 20
<
0.8 A 30
2 o 40
g ¢ 50
2 o6 S
k=] O,
e
3 oaf
8 0 Ue®
L ot A
g o2k e
= LIPS IS
O 1 i H
¢} 0.2 0.4 0.6 0.8

Compression ratio R,
(b) Effect of fiber content (300 mm/min)

Fig. 4. Relationship between inner-outer radius ra-
tio A and compression ratio Rer*.

el :l% 1‘:}
W ubAy] &b Folksid 9
&S AFEEo °§’" & A o).

vlmg A aol] PlXE Al yejuly
B A9} g 9w &4 kS Fig. 83 Fig.
9o et 5dg g el 4% ool 71
sh vjmge] & AtV HER rrt AR A F e,
A Zrashe I Z23P] dEe] AgH]
urAn] AVt Svksbd vy JelAdg o= 4
Eig= 8

Inner-outer radius ratio &

(a) Effect of closure speed (40 wt%)

1
wr
=3 a 0
5 08r AQ»L’E“
v L3
2 osf WP
s o, *
N 00 o
g 0.4 Fiber content (w1%)
e o 20
£ A 30
3 °2r [ 40
= e 50

O i i i

0 0.2 0.4 0.6 0.8

. Inner-outer radius ratio A

(b) Effect of fiber content (300 mm/min)

Fig. 5. Relationship between inner-outer radius ra-
tio 4 and neutral-outer radius ratio £

=3 vlny Auiate oot AR gl 3
W ol s HER Ex st =,
Ak AlHef A W] dbu] A0 WEs) S
e 9] fo] wislrd 2 W o] dE 1
716717} o F& 7%& Jehia 9l o] o

22 FE ving AuMAds of] HYe = 0.
01~0.02At] o] 91-5-& & 4= Qloh.

Fig. 102 FHx o} §-A=bdAele] vl ky/uol
U= el wgn] A8 48 vehd 23olr)
A7 NA ky /e PlmE Ak ool A fA vt
A2t Aot v], & b FA e vl 24



104 B4R 199712 B4

3874 2R SRl 3

oA S vlng] Aupdgol A% dF 55

0.008 Closure speed (mm/min)
c 100
. A 300 8
5 Z 500 o]
@ 0.004
E
E -
5 -
2
o
i3 -
& 0002 | =
=
s N
@ o
0 i 1 1.
o} 0.2 0.4 0.6 0.8
Inner-outer radius ratio A
(a) Effect of closure speed (40 wt%)
0.008 Fiber content (wi%)
o 20
A 30
i o 40
o 50
£ o004 Iy
E o
e &
5 a
Q.
g
5 0.0024
3 o
@ . ° A
ol
o L i 1
0 0.2 0.4 0.6 0.8

Inner-outer radius ratio A

(b) Effect of fiber content (800 mm/min)

Fig. 6. Bulging parameter B as a function of liner-
outer radius ratio A.

AEe| gho] dAT A5 AH3Fe] o wbgn] 4
£ ol-&3t] FARAS ko S AFHoR
T8 4 9le 2¥elth. o] 1o A = Fig. 8%} v}
ANAZ Oy SV by /e FHAadhe ARE
teb gl FU WA 2l A% /b
F7vehE vlnde] A= A HERZ o7t A
A5, ap2ba] A7F AR 7] wjieln] AlgHe] A
FrE, $5S5=e] st & %S wa gl
A EE g F

Fig. 112 Fig. 8, Fig. 904}
Hel vy Aujite

T8 =312
gl ASE #3te] ol &

0.008 Closure speed (mmymin}
< 100
o i 300 [
. Z 500
5 G
o 0.004 A
2 \
E -
5 =
o
o
< .
& 0002 F =
= s ey
@ N
0 I 1 i3 L
o} 0.2 0.4 0.6 0.8 1
Neutral-outer radius ratio §
(a) Effect of closure speed (40 wt%)
0.008 Fiber content {(wts)
o 20
a 30
=% o 40
§ 0.004} * 50 FAS
= of
o
=%
£ o002
=)
El ENE <
o °
0 1 1 I 1
0 0.2 0.4 0.6 0.8 1

Neutral-outer radius ratio &

(b) Effect of fiber content (300 mm/min)

Fig. 7. Bulging parameter 8 as a function of neu-
tral-outer radius ratio &

s|A Aol AP S vlwatgo 54l 2l
oAl o= 0, 1, 10, 1002] A L2 sy a, g
BlE 0.117, 0.3432.84] YA 9} 8|25} o

vlme A ot A9 06 H2EE T 5 3
o},
5.4 &
2gARE FEAFE A FH-ABAU

IILE* X]BH"‘ o A vl e AFEHE
—‘Jr Sx0] gkl A mAst] g3t 7
2 é%:% et



56 ABA - 578 - =24% - Aol BERAHNEERE
0.03 Closure speed (mm/min) 0.03 Closure speed {(mm/min)
o 100 o 100
A 300 & 300
B - 500 > - 500
§ 0.02 5 0.02 +
2 & K] A
g a
o S _ a8 &
2 o Tedeg g 001} %~
£ oot _ a8 2 0.01 S g
0 i1 | 1 o 1 13 i 3
0 0.2 0.4 0.8 0.8 0 0.2 0.4 0.6 0.8
Inner-outer radius ratio A Neutral-outer radius ratio §
(a) Effect of closure speed (40 wt%) (a) Effect of closure speed (40 wt%)
0.03 Fiber content {(wt%) 0.03 Fiber content (w1%)
o 20 o 20
& ‘3{3 & 30
3 . 50 8 o 40
5 002+ 5 002 b - o 50
3 o 9 g ©°
£ Yo £ 0y
g 3 A=
5 0 . . §_ & ’voO
2 001+ 250 o 2 001 F oaln,
Z e @ : &Y
0 1 1 1 o i i 1 1
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1

inner-outer radius ratio A
(b) Effect of fiber content (300 mm/min)

Fig. 8. Slip parameter «as a function of inner-out-
er radius ratio 4.

L HSE, 4438 lng Augs 2w
Aol Z o -2 1) ] 2] er=c}.

2. el wWn] b Z7hEE BYE 0 EE
Z7}eledch.

3. sl wignl Ash FHR WA &F 2
S YA o Bashe AT e
oS el Wt e 3 egkeh

4. SRS bk BB ¥ ky /s sl

7] A} F7vebd 2adch
5 23-AsgAwHe vy Audse e
WApolell Q158 & 4 Aok '

Nuetral-outer radius ratio &

(b) Effect of fiber content (300 mm/min) ‘

Fig. 9. Slip parameter o as a function of neutral-
outer radius ra’no 3

= 7

Qe AUAY U FurbE ATAEe A
ol SJste] AT on AFH] ALe] A=
Hyek.

&)

R84

M

b YA

1. 8. Fukui, T. Ohi, H. Kudo, I. Takita, and
d. Seino, "Some Aspects of Friction in Metal-
strip Drawing', Intern. J. Mech. Sci., Vol. 4,



BI04 HA 19712 FAES 2R 2gAge) RGN glolA FEHS vy Augrol B I+ 57

30 Closure speed {mmymin)
o 100
A 300
. - 500
20 +
T o
£ 0L
x =gy
§ = A0
10 + - -
0 1 1 1
0 0.2 0.4 0.6 0.8
Inner-outer radius ratio
(a) Effect of closure speed (40 wt%)
30 Fiber content {w1%)
o 20
) A 30
. o 40
20 hA 50
A %
£ ¢
z 0 Piney,
LD
Ty © ",
O (l 1 1
0 0.2 0.4 0.6 0.8

Inner-outer radius ratio A
(b) Effect of fiber content (300 mm/min)

Fig. 10. Effects of inner-outer radius ratio 4 on
H/ku.

1962, pp.297~314.

2. A. T. Male and M. G. Cockroft, "A Method
for the Determination of the Coefficient of Fric-
tion of Metals under Conditions of Bulk Plas-
tic Deformation", J. Insl. Metals, Vol. 92, 1964,
pp.38~46.

3. Betzalel Avitzur, "Metal Forming
Processes and Analysis", McGraw-Hill Book
Company, 1968.

4. Lee, C. H and Altan, T., "Influence of
Flow Stress and Friction upon Metal Flow in

e o

e = e e Experimental line [}
\ ————— Theoreticalline |

‘ o
_ .

(a) Rer=0.117

a=0

10
100

\ - - = — Experimental fine
Theoretical line

——— e

(b) Rer = 0.343

Fig. 11. Comparison between theoretical and ex-
perimental results for various slip paramet-
er a.

Upset Forging of Rings and Cylinders", ASME
J. Eng. Ind., Vol. 94, 1972, p.782.

5. Saul, G., Altan, T., and Depierre, V., A
New Method for the Determination of Ma-
terial Flow Stress Values under Metalworking



58 294 - 59

HESOMEBEE

Conditions”", in Metal Forming : Interrelation
between Theory and Practiceed. A.L. Hoff-
manner), 1971, p.293.

6. Douglas, J. R. and Altan, T., "Flow Stress
Determination for Metals at Forging Rates
Temperatures", ASME J. ENG. land., Vol. 97,
1975, p.66.

7. Barone, M. R. and Caulk, D. A., "A Model
for the Flow of a Chopped Fiber Reinforced Po-
Iymer Compound in Compression Molding", oJ.
Applied Mechanics, Vol: 53, 1986, pp.361~371.

8. Barone, M. R. and Caulk, D. A, "Kinemat-
ics of Flow in Sheet Molding Compound®, Po-
lymer Composites, Vol. 6, 1985, pp.105~109.

9. Barone, M. R. and Osswald, T. A, "A
Boundary Element Analysis of Flow Sheet
Molding Compound", Polymer Composites, Vol.
9, 1988, pp.158~163.

10. Hojo, H., Kim, E. G., Onodera, T., Yaguchi,
H., Kim, S. H., Koshimoto, M., "Position of Neu-
tral Surface during Hollow Disk Compression

pression Molding of Long Fibre-Reinforced
Thermoplastics”, Int. Polym. Process. Vol. 4,
1989, pp.179~182.

11. s, A3, gy, zlo]d, "d4743
J—TX} 11}3’(«1 dEAFel UM FH-AzE A
el Plngg 3E K54, A =
%, Zﬂ 154, #}13%, 1991, pp.163~168.

12. w53, o157, 2ol &, "AAf7ds ¥t
g hEA R ololx HAS g F3-
Az A vlme) A A7, ggtr]A el
=%, A174, A435, 1993, pp.740~745.

13. 2413, d935, 2lol&, "df7s nixt
Eiage] shsAddel glelA] o|ubA-g medt
5", SFEFAEGIA], AW, A1z,
1996, pp.1~9.

14. Kobayashi, S. and Thomsen, E. G., "Upp-
er and Lower-Bound Solutions to Ax-
isymmetric Compression and Extrusion Prob-
lems", Intern. J. Mech. Sci., Vol. 7, 1965, pp.
127.




