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AT}, o] AlH diF) € FEAES AU,
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Figure 4. Preparation of testpece from FET sheet and FET tube.
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Table 1, Dmensions of filns obtamed from FPET tuhkes

thickness w dth ength
PET tube
(mm) (mnm) (mm)
before draw ng 0.20 1.5 27
|
draw ratwo=19 :1 0.10 1.b 44
before draw ng .20 1.5 3
# 7
draw ratwo=20 @1 0,10 1.5 s
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Table 2. Dmensiens of films obtamed from FPET sheets

thickness w dth length

FET sheet
(mm) (mm) (mm )
Draw ratio = 2.0 11 0.1h 1.5 200
Draw ratio = 3.0 1 007 1.5 200
Draw ratio = 4.0 1 00b 1.5 200
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Figure b, Expermental apparatus for therm al shrinkage force measurem ents:
A . Specmen, B .Load cell, € , Silicon 01l BEath
D . Detector and Persconal Computer, E . Arm,
F . Shrinkage direction of Specm en,
8

. Direction of Shrnkage Force
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. PET A9 77|84 = FAH FA

ALNRZE & PET Al tHsf w7 24 4 A= st = A
A AREE wrlEAls & 137FR0IReH o5& Be® £ Niromethane,

methano!l, acetone, M BK, MEK, cvclohexanone, methylkne chloride,

tetrahvdrofuran, diethvlene dicx ide, toluene, and benzene., 7|23 &
8% o] 49) AEFZ AREEE D, F7|EAY ESE HetrlEe= Tablk 39 A&
g9t} 4714 PET 9] 45| =etn|E) ghe 21 540 Pa) ol g} 2

1) &4 2 o5& 53

AxRZE HE PET AlEs 44Y 7784 d2@00)dA 387 24
Azt 34 7 wipes® ©]&sted AlH HH Fotds FAE AlLstA AlS
st AT S AE AAT AEA] s oAl 10, 1A18F, 3A1ZE, 6A[F, 104
7k, 20A1ZH(C1F 10417 &) AR LE w=5H dolE FAHSE 0 AlEY 4o
7 H3el =8 e ull7hA] AlSsEATh BREY A R8T AlgkE olwj & AE
TEEs IHZE YEWHIS., A FEEs Y (@)F ol-Eske Al
S HAA A WE PET FEQ F£5 g9 HIE daksi i,

2) 4 = Z2A%E FH

A418ZE 19 0 191 PET FE AlHe| dis] o3t F71849 HE53 £
2AgE MEE 2AEET A7 2AHFE 2 £4 R FF
A HEo] =E3 PET Al HFoz 550, 2 Agore 2385 &A=
DSCE el&stila 4 (@& A-&ste Altstin.

3) Ed WY E FRAR =4}

AAEZE 19 19 PET BE A8 8 #7144 320 48 BA
MY 2 7 4HE 2AEUn. 28 57144 B4AE0 Bs PET Fu9
EY HPAHE BAH] 98 23N giskel AYHY PET BB
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Table 3, Coheswe Energy Parameters for Solvents Used m SINC Studes

qULE 2 iy 2 s 2 s 2 i
: = & L+ & p T # 3 from Hansen and Skaarup %

Param eters O p S S %

Solvents (M P 2)Y? (M P a)Y? (M Pa)Y (M Pa)2

N itrom ethane 1b .8 18 .8 b1 20,0

M ethanol 15.1 12 .3 223 287

A cetone 1b.b 10 .4 {0 20.1

Cyvclohexanone 17.8 6.3 h1 196

MEK 16 .0 90 b1 19.0

M IBK 16.3 6.1 4.1 17.0

M etylene chloride 18 .2 6.3 6.1 20.3

THF 16 .8 b.f 80 194

Aniline 18 .4 b1 10 .2 22.5

Ethv] acetate 15 .8 h.3 72 18 .2

D iethylene dioxide 19.0 18 74 205

Benzene 18 .4 0 20 18.6

Toluene 18 .0 1.4 20 18 .2

where, & 4 = dispersive term , & p = belar term, and %, = hydrogen

bond ng term
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EHE SEM (Scanning Electron M kroscopy)= &
A Aol ) 50002 BLEFA
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Fiure 9. Flots of free thermal shrnkage agamst shrnkage

tem perature for the drawn PET tubes (draw ratio ;

1.9 1,20 1) (A) : V-sampls, (B) : H-samples.
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Table 4. Expermantal Data on G lass Transition Temperature(T,), Crystall
—zation Tem perature{T ), and M eltmg Tem perature(T ;) of the Drawn

PET Tubes (draw ratio : 19 1,20 1)

1ep T, () T, () Ty (1)

Samples & ¢ "
- before draw ng bd 04 134 2472 45
draw ratiw=19 @1 68 .10 128,09 243 63
y o before draw ng 6bh .18 128.17 20330
draw ratw=20 @1 69 .94 122 .59 2b4 .19
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Table b. Expermantal Data on & lass Transition Temperature(T,), Crystall

-zation Tem perature(l ), and M eltmg Tem perature(T ) of the Drawn

FET Fims wth Varwous Draw EKatwos

TE (H:") Tc (ﬁ:*) Tm (H:")
7391 108 21 201 B8
300 1 7452 100 6o 2b2 56
40 1 7301 - 20300
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Figure 10, FPlots of free therm al-shrmnkage agamst shrnkage
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Tabl 6, Expermental Data on Degree of Crystallnity, X (%) , for the

PET Tubes
Samples Sy &g (312) Xe (%)
before draw mg 3362 2476
- draw ratio=19 1 21 &1 20 48
before draw mg 42 02 S0 84
- draw ratio=2.0 @1 32 .24 23.74

- 35 .




Table 7, Expermental Data on Degree of Crystallnity, X (%) , for the

Drawn PET Film s w ith Varwous Draw Eaties before and after

Free Shrmkage at Various Temperatures

Draw ratio ,&Hf (Jrg) X (%)
=7 48 BH 35 83
oE -1 70% 4812 3543
T TET 100 % 48 77 3501
140% 4476 39 06
=7 K4 27 30 06
70% 53097 3074
3.0 :1 o _
= 100% 5174 3810
140% 5170 38 14
=7 hd 45 4010
70% hB 22 41 40
40 :1 o
=D 100% 58 56 4319
140% 55 57 40 09
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Figure 11. Plots of therm al-shrinkage force agamst tme for the undrawn
and drawn PET tubes (draw ratio=1Y : 1) at varpus tem peratures:
(A) ! before draw ng V-sample, (B) ! after drawmng V-sample.
The shrmkage forces were monitored at room tem perature

after t=900,
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Figure 12, Plots of therm al-shrinkage force agamst tme for the undrawn
and drawn PET tubes (draw ratio=15 : 1) at varous tem peratures:;
(A) : before draw mg H-sample, (B) © after drawmg H-sample.
The shrmkage forces were monitored at room tem perature

after t=900,
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Figure 13. Plots of therm al-shrinkage force agamst tme for the undrawn
and drawn PET tubes (draw ratio=20 @ 1) at varpus tem peratures:
(A) ! before draw ng V-sample, (B) ! after drawmng V-sample.
The shrmkage forces were monitored at room tem perature

after t=900,
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Figure 14, Plots of therm al-shrinkage force agamst tme for the undrawn

and drawn PET tubes (draw ratio=20 @ 1) at varpus tem peratures:

(A) ! before draw ng H-sample, (B) © after drawmg H-sample.
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forces were monttored at rcom tem perature

- 41 -



7]l =UH (retractive force)?] GH2
A “e= AR Bt T, oY XM EAEs
o] 7l=3F Alg £ d(chain segment)d F7} F7MEHAl H nEA A2y ols
ol g A AR, L e E oA HE 2259 £A2wcl A @i
E o] sl 2ot} 100%ET H2& 2%

SO % AY FEHA FAH,
Figure 122} 149 H-sampled AFZRE BEH, 25 A3 T, %9
0ol A= F&FEHol AY AR Fkn T, =RE0 =2 8017 dlA

o rEHI BP0, LEUET B H-sanpkd F5EH AsS DA
Atzo HujEd o2 Qs V-samplkd| vHlgld AHHOE S £+5:H= EY
E—:J.

Figure 1594 Figure 177} @487y 22k 25 11,30 @1, 281

4,0 1] PET HEo i3t €55 &4 2938 EAFA0. 94 PET 5

9} H-sampleg EH, AA, B Z5o 700 o1d7A = £5Hol AY ZA3)

Al ke H PET HRES riR7MAE F2{do] = E2EH 22 2Ed|M E3%

ol e AR F8A F7] WEeltk, EA, 704 edM FHf £EES
=

aHEHT, A, AARZE S e £EFHY 37| = SIS, ol A

A4RS 2otE 9lE mEA Aled iR ET A SotER0] dELE

AT, w100 o] H7A & F22AM Bk h7|FolA 9] FHH o] S8

Ao 100%Ed =EoME 2EREY ooz st £7] FEHO
AAR7}

1o, weld Figure 17904 BE RAd T, 049 &=
9 #2382 Yo 9ot 2y A £%9

. 472 -



¥
Al HC
PRI | B
A, |- 50t
= -0 8T
0 -
— o0
W || —c—s80C
¥ 8-
- —&— 100°C
- | B0 ntus gy jms 1uinm nRREEANS o O 0
e ey 1T ) u
v | 0
o | gMnoee..po .
" 4-
== |
=
= ] i_
]
= | i
@ oo R

Time (sec)

(E)

14

.. 307
- 407

. ThC
— & B

——1007C
| —=—120"C

—0— 140°C

B o = b K

Shrinkage Force (MPa)
|

Lo omi Sl

oo
o
2

Time (sec)

Figure 1h, Flots of therm al-shrmnkage force agamst tme for the drawn
FET films with draw ratio of 2.5 1 at varicus tem peratures:
(A) : H-sample, (B) : V-sample. The shrinkage forces were

moniored at room tem perature after t=200,
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Figure 16, Flots of therm al-shrnkage force agamst tme for the drawn
FET films with draw ratio of 3.0 1 at variocus tem peratures:
(A) : H-sample, (B) : V-sample. The shrinkage forces were

moniored at room tem perature after t=200,
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Figure 17, Flots of therm al-shrmnkage force agamst tme for the drawn
FET films with draw ratio of 4.0 1 at variocus tem peratures:
(A) : H-sample, (B) : V-sample. The shrinkage forces were

moniored at room tem perature after t=200,
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Figure 25, Plots of free shrnkage of drawn FET film

(draw ratio : 3.0 1) m various solwents agamst

mmersion time at room tem perature(207),
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Table &, Expermental Data on Solvent- Induced Free Shrinkage for the

FET Tubes m Aniline at the Varwus Inmersion Tmes

Free shrinkage (%)

Free shrimmkage (%)

Solvent Immersion
OWENY iim e (sec)| Undrawn | Drawn ° | Undrawn | Drawn °
V-sample | V-sample | H-sample | H-sample

10 0,189 90176 0116 h G811
180 h B84 17 868 6111 11503

Anilne
500 10287 18017 9481 15,166
1800 10424 18,718 10,458 15218

" Draw ratio of the drawn sample was 1.9 : 1.
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Table 9. Expermental Data on Degree of Crystallnity, X . (3), for the

Drawn FPET Tube (Draw Ratwo=1.9 1) Inmersed n Various

Solvents for 3 mn at Room Tem perature (20%))

tem s AH X ]-anI'EIll ent

Solvents in X (%)
N itrom ethane 36.12 26 60 6.12
M ethanol 535,16 24 47 394
Acetone 42 b4 3155 10.80
Cyclohexanone 55,21 24 46 3 .98
M EK 38 .8b 2861 8.13
M IBK 24 58 2052 484
M ethylene chloride 40,00 20 46 898
Tetrahydrofuran 38 .30 28 20 702
Aniline 28 27 2082 034
E thyl acetate 40 .65 28 585 940
D iethylene dioxide 35 .32 2601 hhi3
Benzene a4l 2100 107
T ohene 38 b3 2837 789

" Crystallnity of the drawn PET tubes before mmersing them n solvent

was 20 48% ,
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How Ueyth, Anilned 48 daine zhe 225 WMPa)? 24 E A9
oAl A AREFE 7|84 FollAM PET FA9 Bsi= =kn|e g3 73 4835
= 7T, ETE anilnes @710y, o3 SAXE &80 PET A|H
S anilned] FFAZS FF 2AIE Sotgke 7+ E 22 g9l 034 % o9,
ol= anilmee)) T H nitrogen 2E9 NH, 7} PET &7} 452822 o

E5} 2AF FEAE o P aslel IS HOE AR

3) €4 = EUNY 2 74 ¥

2 A¥dMEs PET HFES HEHo] /7184 g4 Al wey g A 4
S HeAE 2AEIRT, F718 A9 F5 wet g4 & PET FE HU
ol Ale GRS 2AMEOT. FrE Ay EE ZE wE Euo WY 2 ¢
2 AEE= SEM (Scanning Electron M icroscopy)E& £33 2ASQITE, Figure
302 FAAZE e wWE PET EE9 EY #HaE E9Fn ok, #ZH A
7¥ol dojge wrel EH Hyo] Haetn S-S o F A}, o= FAH A7
of 27t} o= PET FE EUHJ 247 Ett Bo] IAF =S n&Ea Al=9
FEi7t Hyd 29 =E #@dugo,

Figure 31, 32, 352 249 &7 W& PET FE EH A3 BEoF 1
At FAAH AEH EA9 FH el FEEe] A UEd PET FE
o) o AAFEI) HF e PET BEY EHS 1EEe EoFEn o,
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(A) (B)

(C) (D)

Fegure 31, SEM m wcrographs of the surface of FET tube mmersed m
various solvents: (A) methanol, (B) acetone, (C) M KK,

and (D) cyclohex anone.,



(A) (B)

(C) (D)

Fiegure 32, SEM m crographs of the surface of FET tube mmersed m
various solvents; (A) M BK , (B) ethv!| acetate, (C) benzene,
and (D) toliene.



(C) (D)

Fegure 35, SEM m crographs of the surface of FET tube mmersed m

various solvents; (A) nitromethane, (B) m ethyvlene chlorde,

(C) diethvlene dioxide, and (D) THF.
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1S ZE|sk = Z2A3A PET AES PET BE AHYAM d2 HE AH
2 FFE, € ©FYH, 181 Z2HgE HIE 30Td|M 140% 9 ==
M ZAEFAL, S o] PET AlHe] il /7|24 A2 243 Ass
2 255 O3 #o] feFssiny,

2 PET HEY & FEE2 NE=2E7 T, =5 9
Tl = 528 F7seitt, BE-o|u PET FEY UE3AHAA
gk 210] 'R o A4’k WSk o FHFgo] HA S

2 FEYH B NE 2E T, 2EED 2 22X 3
TEHIME HE oy FEY HAISkE Hajol ’fdkofA
20 & FEEHS WEUIR, WM f FFAsS PET T£A9 F8{fo] A
=3 4353 #A7 Jdoem, £2-A PET FA AN v|2A A4S BEaprlEs 25,
= AdEZHH BAdAgd 2oz JgEsie AeE ATHEG, ALY o=E
Hi ke mE A} AbEo] T, ®E o4 ez »E8d ddads ZEYse Ao
=2 4 FEAFLE FAET, PET ZEEo|W PET FEY 7T dA4xvtzkn &
g2l ’pEkof|M 9] 2] € FE&T EFEFHS 27 50% 9 12M Pa o|ln H4l
Arake]] 29 ’AEEAM Y 2| € TEEH € FEHE 424 10% 2 bl Pa ©]

2. A4" PET EE9 ZAZE= & 40%o1em A4n7E Ad B
Hl A Z7bsle HAoks BS990, @55 AYdA =EHEr7) 2485y HE
Aok, DSCE 28] 23" PET F£A9 wdol=
ZEE 240%~254%, O33ln AAF 225 1004 ~134%

A
A5,
£2

Fg AARE AR PET BEY A4 §E £ PET AW
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AAAAZS W] ZA Z=7 9. 23 methanol, acetone, cvclohexanone,
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o FFgo] FAY HEE Akt 24 gA8A] 94l HA 5= PET AJHEH
AXH AlHAM FHF o] B4 A4 Hetgt, w72 @4 439 F PET
59 Z2AgdE= = 10% 7HA] F 718k T

4, 7154 dAF SEM & B3 PET 259 EUHS F&3t 237 54
HAZke] dojdFE O BEHol YA HEHo AHAAAY pEo] A4
= Z 7 AT, BT 2 FHF e B9 PET A|HY EH
= TEAHEI AHHCE A EAHNN, =2 24HFIEE B
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A Study on Therm al Shrinkage and
Solvent-induced Crystallization of O riented
Poly(ethylene terephthalate) Film s

Yunseck Lee

Departm ent of Fme Chem wcals and Process Engmeering
Graduate Scheool, Chonnam MNatwonal Unwersity
Gwangu, Korea
(D rected by Professor Shmyoung Kaang, Ph. D)

(A bstract)

This study was to mvestigate the mterrelation between the degree of
draw mg of PET film and the therm al shrinkage behavicur, and performed
the mmersion experment to fnd out the solwent- nduced crystallization
behavicur. T he study measured the free shrmkage and shrmkage force at
the tem perature ranging 3001407 for the testpieces parallel and
vertical to the direction of draw ng. Utilzmg peolar and non—-polar organic
so wvent, the degree of contraction of PET filn was also mvestigated, As
far as the deformation of the surface and cracks caused by organic
so went— nmduced crystallization are concerned, they were observed
through SEN .

The PET filn showed abrupt contraction hehavicur, begnnmg at glass
transition tem perature, As a result, the free shrmkage and shrmnkage
force m the FPET filn mcreased sharply when the expermental
tem perature went up above glass transition tem perature. The therm al
shrinkage behaviour was apparent m the direction parallel to the direction
to which the FET filn was drawn m the extrudmg process, with 1ts
maxim un shrnkage and shrmkage force bemg 40% and 1Z2MFPa
respectwvely. T he testpieces that had the direction perpendicular to the

draw mg direction marked them bemg 10% and b M FPa. It has been
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concluded that the heat contraction for the sem rcrystallzed PET resmm
absolutely depends on conform ational change of polymer chains n
am orphous state, that 13, an entropic elastic behaviour.

W hen mmersed mn niromethane, dethylene dwoxde, THF, anilme, and
methvlene chloride, the so lwvent— nduced shrinkage of PET filn mcreased
by up to 1b% and showed roughness or a few cracks on s surface,
W hen mmersed mn other solvent, the filn showed shrinkage less than 2%
and showed alnost non—-deformation of the surface, W ith changmng
duration of mmersion, the lnger the duration, the more ther surface
deformed and the higher the shrinkage were, The degree of

crystallzation by organic solvent for the PET film mcreased up to 10% .,
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