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Abstract— The warpage phenomena occurring frequently in the injection molded parts due to the inhomogeneous dis-
tribution of shrinkage are known as serious problems because those may shorten the life cycle of the product. Therefore,
in this study the effect of the change of process condition, the change of the structure of injection molded parts and fiber
orientation on shrinkage and warpage were investigated by performing an injection molding experiment using PBT
(polybutylene terephthalate) resin including 30 wt% glass fiber and a numerical simulation using Moldflow(series 9.02)
software. From this study, it was found that the degree of warpage of the short sides was higher than that of the long sides
in three dimensional molded parts, whereas the change of the process condition had more significant effect on the long
sides rather than short sides with respect to degree of warpage. In addition, the experimental results showed that the degree
of warpage increased with the increase of injection rate, but that of warpage decreased with the increase of packing pres-
sure. And numerical simulation could adequately describe experimental results with a similar tendency. Especially, it was
revealed that homogeneous temperature distribution over the corner of the three dimensional injection molded parts was
the most crucial condition in order to minimize degree of warpage. It was effective to keep the cooling temperature of the
inner side of the cavity lower than the outer one. Conclusively, fiber orientation and comer effect were found to be the
principal causes of warpage from this study.

Key words : Injection Molding Process, Shrinkage, Warpage, Fiber Orientation, Corner Effect

468



AeqYE AEY W A4 469

1. M =

AP EAL 4EAYTAT v Fetaye vkl 7P
e o] 4= T 9 sholth AEAYTAY L AYF
o] Aido] shte] A 715 53 ol FoAR ng A A 5
oo, Batsly AU AYFolzhe B A% kel HE 5 3
omg YaAo] Fol pvlle} A=, AEAE ¥F R A A3 T
of] 0]27)74A] thekgt AES Aatel o142 & Qlvke Aol 1
2 AREA Y A FlA AT L= B8 (flow mark)e] vt F
A}=(sink mark)} 2+-& ¥ 2AF A FA 7]F-(voids) T AF
9] A& AstA7]E f9le] =u, 2 (shrinkage)?} 57 (warpage)
=0 HZE AL 7} (strength)e} 7}A) E(stiffness)S- *3}AA 2
F AE2 $7L FEATE 8410] =7] diel 7P AR A
Hog AR T Q. HZ Bof olzlvt Ak UL FHEn
A7) 1% A7 Ls) A= 2 vt

$2 gk -gAatelel | A7) w3 A F L il v
2 AAL 742 s Al ROE, 53] A #A9 A §
B 32oa AAo) ¥AE o FAL AHY FAT BelA et
HEY P $50] ARE AAd Hx U FXE 2R Y3
EBFYsHA 557 wied dolvke dAtelct. &, 27U W7
25, 3581 a8ln 2 EA} AR 2 ARk vlEkl 2% 23
o] n] 5y Sol F a<le] ¥o] AYEFL A A S5 d
e zokol HERA FeE 7IRA Lot o] AL AF AR
ohel Al Ee] Gt AR 7P £ AP o2 FA "ok

53 FEFE JAF] A3l FH LR, $825, AESE
a8ja Bl 59 FARAES FH] ¥, 2=z Ao A9
So] alubH oz AMgEe] gtovh, 3 7bx] 2ale] Wbl e =
£ 89l Fag w7 dfell 2 FH & AlS717} Gol3kA
et 282 HEY Akl digh Bl 2842 A& A3
AsAE oleldt oA 2Bl A FFE e EA 2 AR
g, B0d3 %, 209 YAz A5F-H 54 A 8l
Eof oIzt A7t A ofof gk o] & e A|F7HA] B A
TFAES % % FAEY I date] A7 A $to1-5]
Lee2} Dubin[6}-2- end-gated bar2} edge-gated plate -3 A}-8-31o]
Nylon 63} PET A8 Fo ¥ +5 2 FEH-E A 20, Dis-
cipio 5{7]& 8 inch®] 2173& 7121 ABS A3 Fell hsle] FAE W
A 7FAA &3 HEY S 533k ch Matsuoka 58} A
27 Fejzagde] g AYF) diste HE 2AL 229
(Integrated Simulation Program)2- A}8-%F 2| wALE sl HEF
< 153sdc}. Delbarres} Pabiot[9}= 2] 34 F23telA Hh
3y F83 A8 F8& AHEste] PP} tale i PP 18]35 PBT
o} fEl A 7sk PBT A&l diste] AL2ARES sisdct. o 2
F Atz o M| Folel webd 53 st ot 9
2% F7tell Wt 532 Friskdrt. =3 szl 371 A4S
dl= Ak wiEke g Ak B3t S5 el AuiAQl F3F
£ vty W Etgdet. Rietvelde} Liu[10]= B AhHo] mdle
°]-8% FARALE F3t 2 EFHIN 9 7IsEkH B4
o] A EvlaElal ALY AEe] FAEH A= vAE 4
+& ZARsoITh Nigh Wang[111e Bpz7 ol g 53} 5181
W slo) tisfiA] C-Mold program$ o] 43} X RA} Z}e} AgA
o AE vl 2AEg e, 5% HEY-E Mk AZkackes o
Hef| 3 o] F gL vty ¥ usigoh. AR YEEA A8
9 vlewAdT FEHS A #AE WslE+e 977} Kikuche}
Koyama[12]ell &l3) A& A== el 252 737 E348 Ny-
lon 66l Hate] Y DAY AT (2 Hehd BB A E(Ro)

o WA HER] =7 2 S APH ez Sk 1 2
3} 7337 ArEE A 3L 73-$-(Ro=1) 2o} 737 Ao A5
(Ra<l =+ Ro>1) $1EHo| of o] A3, 5 7Z-(Ro<15}
Ro>1)2 £33 A $ell= vl7dst 22} HEHe] of AA 24
bz g E3gch

B Ao B4 AEA T g 5 FHEY I BAE
o]}, 0] 52 AAAA = e Wekg 2] 7 Aot o]
2 35l flA As SR1E AHsle] Al s, B 2 Wz
= SO FAUSES WA J ALY AYE AAEAC
A 8L WHe] g Ay 5 AMS3reEn 33
A Ao HEY dAbel i 723 898 ARG =g
Arele Az Ee]ql Moldflow(Series 9.02)5 o]-&3}e] x| ZALE
gt 2 APAR} ¢2 Al e v| w7, A 2AL 2
F2RE $A7} 2he ofe] 97 - 98k o] (thermomechanical his-
toryy& ZAVE 2 £33 HE o g RS sAstedc). 12
T, AHE A EY Qs AASE SAge e TR
A F2] gy A7k ARABAE 9hs| At slgic)

2. =X DA}

E o Foll-J= MOLDFLOW Dynamic Series 9.028 ARg-3}e 4=
=] 2 AFs}e] o), HP Workstation 9000/7308 A&-3slgic}. 42| wA}
o Ahe-®l 3 24 29 Fig. 19 zc}.

21 78 U 2oy

FrEside A7 289 FFHE fil=le A A9
Wre g % AFe] £5& BAP| % BmoR FEdo

old AHg-=le A AL -3} Aot

Equation of Continuity; %? +(V-pV)=0

Equation of Momentum; %(p?):pé’«»[V-g] - [V-pv¥]

Equation of Energy;

pc, [%—TW’.VT):&" (%’:-ﬁ/’- Vp]+pV Y+ (0: {VV})+V - (kVT)

Fig. 1. Finite element mesh for 3-D injection molded part and the
cooling pipe circuit.
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Table 1. Material properties of PBT including 30 wt% glass fiber

Conductivity 0.195 w/m°C
Specific heat capacity 1705.0 J/kg °C
Melt density 1334.69 kg/m’
Ejection temperature 205.0°C

No flow temperature 215.89°C
Average fiber length 0.2 mm
Average fiber diameter 0.01 mm
Fiber volume fraction 0.18
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Fig. 2. Definition of the deflection.
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Fig. 3. Location and position of the sample species.

Fig. 39| QA4 34L& % A9 A2 925 e
el e} 7o) f-Fuiakel] <) k(143 ool 34l Wb
FHEhe] A Ho] L $1xo) mE(A, B & CH) E4 9] Aol &
aejste] A|WE Atsidch QA SA ] AR AlHe] 74
< ASTM D638l wigton, 244 AH8-€ UTMS] dgEes 1
mm/min & YA 3A 254t

4. 3 3 D

4-1. BE=0| 2 HEE v

4-1-1. Al2E 5 9 o3

FTHZEAA HE FHEY SR FARAZEE CdSH ge
Table 20| viebligich. CHe FE(AX)ol vlsle] B HE
(AY)e] FAxA6 Wl & 2] & Holw glen], w3l CHe H
E¥o] BHEc Aoz & e gevhe AL U 4 Yt
oo tgt Yl 2= $7] FH A BHo2RE f4E fAdo)
CHA T FAF g3 (weld line) o2 Q1atod Wzka] 4
Fo] BadsA doivtm, =3 AE&ES] Wil wl B4
9 £A9 f%5 4% ¥ At 57} CHelA B} oS wl7ksA|
Wslsly] wtog B 4 glrh. Adser) Wi AL T A
Dol AulE e AF-91A1Y ui ko] dFkS whrh Qo d,
Al wigke] W) Sl B3] okl ARl 23 89l

6
.__—_—.
e
£ 4- .
£
")
3 O
o 3+ S
5 ———
-
3
2 7 @ AX, exp.
B AY, exp.
O  ax, simul,
1 0 Ay, simul.
0 i T T T T

40 60 80 100 120 140 160
Injection rate, cm’/sec

Fig. 4. Deflections as a function of injection rate when the packing
pressure is 62.7 MPa.
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Table 2. Comparison of the experimental values with the simulated values of deflection at the given specific operating condition

Processing conditions

Deflections (mm)

Cooling temp. Flow rate Packing press. Simulation Experiment
(Top/Bottom, °C) (cm’/sec) (MPa) AX AY AX AY

60/60 63.9 326 5.1287 0.9242
475 3.1913 2.9872 5.0944 2.7065

62.7 2.9442 2.8702 4.9313 4.0710

106.5 333 3.6247 3.2548 5.3041 3.3790

46.9 3.3631 3.0354 5.3070 4.6761

623 3.1305 2.8166 5.0524 5.2653

149.1 329 3.3953 3.3947 5.1249 3.8290

47.7 3.1312 3.1613 5.1275 4.6554

61.2 2.9326 2.9401 5.1199 5.2901

60/18 63.9 457 3.3174 1.6679 4.6430 —2.3065
106.5 32.8 3.5493 1.7683 4.4919 —2.1413

46.3 3.5243 1.7176 4.6298 -0.3703

62.4 3.2434 1.5873 4.5493 -0.1974

149.1 475 4.5248 -0.1100
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Fig. 5. Fiber orientation at the given grid layers. Here Grid-1 refers
to the center layer and Grid-10 to the surface layer.
(a) injection rate : 63.9 cm™/sec, (b) 149.1 cm’/sec.
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Fig. 6. Velocity and shear-rate profiles when the injection rates are
(a), () 63.9 cm’/sec and (c), (d) 149.1 cm”/sec.
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(a) injection rate: 63.9 cm’/sec, (b) 149.1 cm®/sec. The positions
of the elements B-1, B-2 and C-1 are referred to Fig. S.
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Fig. 8. The x-directional deflection as a function of packing pres-
sure for the various injection rates when the cooling con-
dition is 60 °C/60 °C.
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packing pressure
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Temperature difference, °C

Fig. 9. The y-directional deflection as a function of temperature dif-
ference between outer and inner cooling circuit for the vari-
ous pressures when the injection rate is 106.5 cm®/sec.

(Table 2).
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Fig. 10. Warpage of injection molded parts of flat-plate and L-plate
type for the cooling conditions of 60 °C/60 °C: (a), (c) and 60
°C/20 °C: (), (d).
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Fig. 11. The cross section of L-plate type injection molded parts.
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Fig. 12. A suggested cooling pipe circuit for warpage control.
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Fig. 13. The L-plate type injection molded parts with the suggested
cooling pipe circuit.
(a) temperature difference, (b) x-directional deflection, (c) z-di-
rectional deflection.
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Fig. 14. Tensile modulus as a function of the location of sample
species with the conditions of which the injection rate is 106.5
cm’/sec and the packing pressure is 33.3 MPa(T1=60/60 °C,
T2=60/18 °C).
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Fig. 15. Tensile strength as a function of the location of sample
species with the conditions of which the injection rate is 106.5
cm’/sec and the packing pressure is 33.3 MPa (T1=60/60 °C,
T2=60/18 °C).
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