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Abstract—Poly(ethylene 26-naphthalate), PEN, is a relatively well-known polymer used for
engineering purposes. Naphthalene ring provides rigidity to the polymer backbone, thus, it elevated the
glass transition temperature and enhanced mechanical properties. The structure and properties of PEN
affect a processing conditions severely, and the high-thermal stability have been had a poor thermal
processibility. Hence, the basic mechanism of solvent drawing, is very much the same as that of
thermal drawing from glassy state since both involve the inducement of segmental mobility. The
former achieves the goal by use of chemical energy, and the latter does so by use of thermal energy.
Generally, the sorption of the solvent by the polymer has a plasticizing effect, and leads to a
lowering of the glass transition temperature, 7. In this paper, the dynamic viscoelasticity behavior in
liquid-drawing process of an unoriented amorphous PEN films were investigated using Rheovibron.
The results are as follows: (1) For the drawing in silicone oil, the drawing below 7y had oo
dispersion due to an inhomogeneous taut structure. (2) For the drawing in water, the inhomogeneous
taut structure reduced by the effect of plasticization even below Ty (3) For the drawing in butanol,
the only aliphatic segment in PEN have some molecular mobility but the mobility of the aromatic
segment having naphthalene ring is nearly impossible. (4) For the drawing in dioxane/water mixing
solvent, the solvent effect is complementary each other and accordingly the entire molecular
conformation have stable state. (5) For the drawing in dioxane/butanol mixing solvent, the
inhomogeneity of the taut structure and the aromatic segment increase with increasing the
temperature and this tendencies correspond with that of the draw ratio.
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Table 1. Intrinsic characteristics of PEN

Intrinsic viscosity (LV.) 062 di/g
1 .

Melt viscosity 7’?2.&%(?86

Molecular weight (M) 17,500

Glass transition temperature 13T

(Tp)

Melting point (1) 2712°C
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Fig. 1 The chemical structure of PEN.
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Table 2. Group molar attraction constants at

25C
Group G-
—CHz— (single-bonded) 133
~-COO0— 310
Naphthyl 1146
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(8)E 1113 (calem)olgint. WA o]g 713
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Table 3. Solubility parameter and other characteristics of selected solvents'”

Solvent

8 (cal/cm)"*
Name S.F! MF.2 BP:? MW.*
o/ﬁ
1,4-Dioxane K/O C4Hz0; 101.5 88.11 10.01
1-Butanol ¢~ ¢~ NOH  CiHiO 1177 74.12 1132
O
Water O HO 1000 18 2340

! Structural Formula, 2 Molecular Formula,

3 Normal boiling point in C. This is the temperature at which the liquid phase is in equilibrium with

the vapor at pressure of 760 mmHg,

4 Molecular weight (relative molar mass) as calculated with the 1993 TUPAC Standard Atomic Weight.
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Table 4. Drawing conditions of PEN films
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3.1.1 Silicone Oil Al ¥oiAl

Fig. 2= silicone oil WellA B]Z2A44 PEN 9
A4 259 £ 8 WAA HEA A4
410 & vERA Zlojt} 100T ] daleA
£t £% 100%/min7} 200%/min Xt 487}
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Temperature (C)

Rate (%/min)

Silicone Oil 100, 120, 150 100, 200, 300, 600
Water 50, 60, 70, 80, 90, 100 100
1-Butanol 60, 70, 80 100
Water/1,4-Dioxane (80/20, v/v %) 60, 70, 80 100
1-Butanol/1,4-Dioxane (80/20, v/v %) 50, 60, 70 100
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Fig. 4 Draw ratio of PEN films drawn in
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© Dioxane/Water
© Dioxane/Butanol

w
4

Draw ratio

L i L L

50 60 70 80
Drawing temperature (°C)
Fig. 5 Draw ratio of PEN films drawn in

mixing solvent with dioxane.

AE 94 LE7 37499 mek danle 33
A g BrAA e AR U
BIom, waterstsl EF SuiA QA
QY exol mE A Wk A gk

[
N
ofn
2

HEY AHE9 sy

e 2A Edee 143zen s 2
A Abs ZAA Y] getrE F2 EATReG A
SR8t FAF e 2P R 2 23
E2 vATRI Uk LEA Al 983 &
3 ddole EAAES FHFAHU conformation
Wgle] webr F3H A @A E B9 #ga(ED
% 53 &4 BHYEE"Y FHNEFT AL 9
oA Yepdct A& dges 2 £29 1
ATZE T Aoy, ERAEY Q2%
29} A3tAzke] Flo wel HHd nexow v}
WA 22tz &87F AuH e g el o)y
& 983 g3t 542 EALFY 98 29EY
ojg} & 4 glon, FAld FZE wdslE F8
& &4l

PEN9| Hetyg sl (EAh) Agel #3 Ay o
FRIE §lo]A, Nagai 7”& PEN A+l
A deids 5 A9 @3 93 § 170T 22e
& FEMHao-2), 60T ¥29 238 22
Ahelet a1%l.em, Blundell'®e PENS] 8-

yzgd na9 24 9428 slE2ndy]

ol 28 Zeletxn ot gukgoz
2 Ty #2994 Yeidn wjd3y
FAlES] vlolazne e $¥&
(B-E2hH& T, ol&telA veht
24 2 uZA G99 oAy FAE =
279 AF 250 A% Rez gyA g’
a2y PENS HeA €3 Agel #3 a7
E241&9 conformationd Tetsted a8 o
e Fo= E7ata ooz €& A3} o] o
FolA A Fg AAolr)

32.1 Silicone Oil Al LAMO| mE HEMM

HE

Y

e

@™

2

L r:t‘ L o
I
M

e
2

of 18 A
Qr-{o
£

T o N o oM
o
A
L
He
2

Fig. 62 silicone oil WellA QA% HE Y
SE-BHEE)Y THE vehd oz, o
BAE 4L 74 44 x4 94 &5

J. of the Korean Soc. of Dyers and Finishers, Vol. 11, No. 5(1999. 10) / 327



50 ot - AP - 2¥E

2 713 dAA4ol F9kd 100T —100 %/min,
120°C — 200 %/min, 150C —600 %/min®] A& 1}
Eld Zojck 100TS 120C | A$E 100~
150CoAA 2% #HE 4 Y(Gubbery plateau
region)°] YElgteon 150T FAleAME o] 99
o] YEh}A] &gton, 120T € A$E 10
0C &9 Ao v nFyd HY 49 A
s U T it Yty oz Ny nEx B
29 Had Al oM nFY uE gge
53] WiEHR] e ExAE2 entanglement
s} 2& o] EXNFE UEhllY, o] 99E Ay
Al AF segment®] A E(reorient)o] ©]F o
A Aoz d2ixd Ad?. avjzz daesst
VL E BEAALE WolA wigsx] B2 BF
A3k o H(heterogeneous portion)o] ZrAdte] ¢
ol o8 £ A&l wgH e AAHoR S}
e RS HAE £ YAk

* 100°C
& 120°C
o 102 |
E
O
©
5
Z
lq—
g
10"
i
1 | A 1 1
0 50 100 150 200 250 300

Temperature (°C)

Fig. 6 Relation between modulus and tem-
perature of PEN films having the meost

drawability in silicone oil system.

Fig. 7€ 100CAA AA¢ L9 €%-tand
S4& Ugd Holt ¥4t IaE 60T 2
120C B2, 283 170C 24 Yehgsd,
Nagai 599 338 ZAZ 3t 2 o), 170C
22 AL o-BHFEN), 60T 229 AL
B-AF-E4helzt & 4 g Aot a3y
PENS] 7Sl a-82ko] Tgxth o 50~60C A

328 / BERFEMLEEH F11E F55(199. 10)

0.20
® 100 %/min
v 200 %/min
015 |
©
§ 010}
=
0.05
o.w L [l 1 il L

2 2R9A YEYE AL B F QEd, o
& PETY 7$%¢ njazixz vjds 49 u
2 AAEE] wjo] FE3| o]F|A7] HFo
2 Az g8 AYA7H) Ao B
F AND o-EAH B-EA 9o 120TolN =
Bhto] FAko] a-#4te shoulderst 2 Ao
2 Yelded, o]A& PENY EX42 FAlE9
AR T, ol5te] LxojMe e $EA [
o Aol oste] FE3 wgFo] o]Foixz &
31 BEFYA 1P (taut) F27F 98 A
HA7) WEolet gt e B dFqAE
AL “a,—HA ol dYon AuHoer 17
0C ¥29 BAE al-24toje} 3ttt o] ¢
~wAtE Fig. 69 €5-8A4 & TAHoAMo nH
4 U 499 EAE wgstE Aol

0 50 100 150 200 250 300
Temperature (°C)

Fig. 7 Tan & values of PEN films drawn in
silicone oil of 100°C.

Fig. 8& 120TA |X% HES &% —tan
8 FAE Jeld ol B2 100TA e @
Ao HlEte] AWH o R Pmrt Ridigon, &
3] a-BAY A=l FaTE 8AE 4 Uk
o|Z L Ty oldtellA ANg Aewo vjdAyg 99
W B2 AbEe WubAQl sk o] Frhsilon
Al dEZAJl EL entanglementtt EHY
Al 7138 729 2L 9492 AA B2y A
o2 AZdd



Poly(ethylene 2,6-naphthalate) 229 A w2 54 Fed A% H4 51

020
® 100 %/min
v 200 %/min
015} = 300 %/min
* 600 %/min
<
g ool
=
005 |
o.w 1 1 A 1 b
0 50 100 150 200 250 300
Temperature (°C)

Fig. 8 Tan & values of PEN films drawn in
silicone oil of 120°C.

Fig. 9% 150ToAM A%
g et ROE, g B2

< A% 5 Utk B - HAE A2
&9 Fvle] wE meFZoz oI,
130T e A4l £ 77 v F71
I g ol stmg Aduit FAAESsE
A Akgol tAsHA wgd AHE st &
F Aok @A 150TAM ] A Bt &

o I

td

)

020
015t
0
g o0}
=
005}
o.m 1 i L 'y oo
0 50 100 150 200 250 300

Temperature (°C)

Fig. 9 Tan & values of PEN films drawn in
silicone oil of 1507T.

ANl H AT WA ANANLT T 5
s1ck.

322 Water A} oiflof] mE NEIY HE9
a4

Fig. 1091+ water Al |4ls] ©& PEN Z&9
2x-tand FA& YePH Aotk a-®A R 8-
Bake] BE Yelgon, 53] 80T oJ3te] 2%
M a-EAro] silicone oilAl AN F¢R
tt A3 2A deldoh °)AL water?] 7143
i37) 80T ©)3te] 2EAME atA 4BsR
2¢L 9ujdith. a3y o &7t FUhgh
w2 e-EAte]l @A Phded, oe
water®] %71 F7Hgol et sp4xd FRe] F
7HHE &+ ok 0T AN E T, <18
2xolz E7ain B4Ad ExpAbE] ulgel
o] YEls a-BAtel AY AlgdS gAg
4 vk wEbA waterd] shAast Adol 2sjA
Ty ©18te] XM E Mo 93] Barlee] ¥
AAE wjde #A AL &+ AdYen, F

He
23
re

R

T
g r.(m
>
flo
R,
>
o
0, I
o
ofN
-l
2
2
it
w2l
™,

030
® 50°C
0.25 - v 70°C
= 80°C
* 90°C
020 | A 100°C
(2]
015
&
0.10 |-
0.05 |-
o.m 1 L 'l il L
o 50 100 150 200 250 300
Temperature (°C)
Fig. 10 Tan & values of PEN films drawn in

water.

3.2.3 Butanol Al ¢Alo] mE e AHEQ
49
Fig. 112 1-butanolAl 4l ©& PEN #&

J. of the Korean Soc. of Dyers and Finishers, Vol. 11, No. 5(1999. 10) / 329



52 2ot AAE - 28%

9 &%-tand AL YEM AL Z silicone oil
% waterd] A= ofF tE B AFE B
g g AT 4o F AfoA SR EXA}
&9 Wig dHAR AAF a-FAto] 43 e
U glew whEe) g ,-F4bo} shouidere] e
2 4yeigt. 2 1-butanol& PENe] diste
good-solventelvl, d4le] wg EApAl&e uid
2 E¢4A conformationd WdEE  a-EAb
aA Jebgrl olR-e 1-butanol® A& 3}
gixrt =gl ngE X8l aromatic ¥
ol 8% 24 $54L Rd43x 2oz
A, AAZAQ PEN 2AXM&S FE3] w71
T R ez AzZdn wed dzgd ad
o osld Tz oR FAlE ZHAPE
£ PENo| {014, 1-butanol& PEN W) 4872
¢! aliphatic #&89 Al &54& o= AR
7V538x%k  aromatic B89 €54 ¥4 &
glonz Akl BAALEe] wjaide vy &
& F Aok

0.30
025t ® s0°C
v 60°C
s 70°C
0.20 -
“w
[REY 3
8
0.10
005
°m Il 1 A ]
0 50 100 150 200 250
Temperature (°C)
Fig. 11 Tan & values of PEN films drawn in
butanol.

324 Dioxane E820l| A Lol o2 HEt
A AZ9 iy

Fig. 128} 132 14-dioxane/water(20/80, v/v

%)% 1,4-dioxane/1-butanol(20/80, v/v %) &%

£ oA A41% PEN &9 44 2x9 m

330 / BEFENTEEE FI1E F55%(1999. 10)

2%-tand F4& YR FAojt}. Fig. 129]
good-solvent$®} poor-solvent® T34l
9 dalez, B-EAN, a-¥A, I8lx
ate] B 5 Jeiygth 2%7 Z/1E4E B
AT a-BAS AR 24y WgE o -F
A AErt FA8 257 SUMESE ar-
AL R2FZOR olFFH FA FEE F7t
3o, mekA] Ao % Exprjse] ufgre
7t M85 F83] o]FAEe RoeE %
"ok a8y -84 -3 H3E 60T @
Ao Me ZEr) ¢ 2A Jel Y d4 250t
Mg E Axe 24, 3 255 12
%oz olgdtt &5 Fvt WE a,-BAte
%42 PEN ExAbe O B43F wgs 2E
Fgo] #Fargozn HAAHoz Ha A
conformationg ZtA HE AL Jepdth 5-F
A& Blundel®o] 9&l® vZgd meld] d2¥
F12 8719 ALEE wYsls Ao, 2%
7} 71842 PENY aromatic B¥E5E <HAE
conformationg Z& oz Azdrh welA
water$} 14-dioxane®] &vl E#H7F di x4
oela 43 BegH oz gty 2271 U1
2 }Zed 22 E zH= aromatic F2¥R o}
Y&l dAHA EAAEY] conformation

i g 1S &+ AT

A

s

030
® 60°C
025 - v 70°C
= 80°C
020
«w
015}
&
0.0
0.05 |
o'm 1 ] L I
] 50 100 150 200 250
. Temperature (°C)
Fig. 12 Tan & values of PEN films drawn in
water/dioxane.



Poly(ethylene 2,6~naphthalate) &9 QA& T3 J&A AF 4 53
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Fig. 13 Tan & values of PEN films drawn in
dioxane/butanol.
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1. Silicone oil Al AN A%, T, Bok @&

LEA ANE AT o,-BAE HAY 5
AL, o] B E2 W BF LA

L]

238 FZ& WS & F AU

2. Water 7l @419l 739, 73t Aol o8
A T, 013t 2EoME Aol ofsf &2}
Ao BEAAT Wi A FAaNE F
ARes =& FrMAZA webA A
EAAE] aldS AEE 7 AT

3. Butanol Al 9419 ZA¢-, PEN £2 W 4%
T2%9 aliphatic F&9 A& 54
Hajx oj= AR 7153 AT aromatic F#
9 EEAL A9 EuMsEe AvAQ £
AHEY gy e Y ¢ 4 AT

4. Dioxane/Water &340 A d49 A5 &
o 37 dA x| wEhx HE By
o8 2Agsted 2xrt F/HESE LY
18 & ztE aromatic FEET ofvzl A
HqQ BExA&9 conformatione ¢HAF Hj
F AHE RS ¢ F UM

5. Dioxane/Water S¢-4d] A Q49 A%, £
27 Z7}8H4E aromatic segment9} EX}
Atge] FRAHQ BFY dYo) FksH, A
BEQl BAlAlES uigd YHle A9 F
7} A QXTE ¢ F AN
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