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ABSTRACT: The thermotropic liquid crystalline polyesters (TLCPs) with two kind of 
methylene groups in a main chain were synthesized by melt polycondensation. One molecule has 
repeating units in the following composition; 

0 0 
II II 

--{--O-Ph--O-{CH2)io--0-Ph--O-]; + --{--0-Ph--O-{CH2) 6--0- -Ph--O-J1::x + --{--C-Ph-C-)-1, 

where Ph means p-phenylene unit and x was controlled to have values of 1, 0.7, 0.5, 0.3, and 0. 
The random copolyesters (x=0.7, 0.5, and 0.3) revealed lower melting temperatures and wider 
nematic ranges between melting and isotropic transition temperatures than the two homopolyesters 
(x= I and 0). The blends ofpoly(ethylene terephthalate) and TLCPs with x= 1, 0.7, and 0.3 were 
prepared by twin screw extrusion. A sheet of the blend was prepared by single screw extrusion 
and sheet casting, and a film was made by stretching biaxially and annealing the sheet. The effect 
of TLCP on crystallization rate was dominant in the sheet while TLCP addition itself did not 
contribute much to the crystallization when compared with the stress induced crystallization in 
the cold stretching of a stretched and quenched film. The strength and modulus were improved in 
transverse direction (TD) as well as in machine direction (MD) by adding TLCP. In particular the 
blend film with random copolyester having x=0.3 showed high improvements in strength and 
modulus. The dimensional stability of the film was also improved by the addition of the TLCPs. 
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A lot of research groups around polymer 
science and technology have been interested in 
the utilization of thermotropic liquid crystal­
line polyesters (TLCPs) during the last decade. 
Clearly it is known that most of TLCPs have 
a low melt viscosity because of molecular 
orientation by elongational and/or shearing 
forces during processing, and have good 
mechanical properties because they have a long 
relaxation time and maintain the orientated 
state. Some of TLCPs have been commercial­
ized, and a number of papers have presented 
properties of their blends with isotropic 

polymers_ 1.- 4 The blends have improved 
mechanical properties by forming microfibril 
structure of TLCP in the flow direction by the 
process of fiber spinning and injection molding 
of the blend. It is said that the mechanical 
properties of blends with TLPCs are signifi­
cantly affected by the mode of dispersion, the 
shape and the orientation of TLCP, and the 
interfacial adhesion between two polymers. 5 - 8 

Shin and Chung studied that the TLCP with 
long flexible spacers in a main chain showed 
nematic mesophase in the melt and its blend 
with poly(ethylene terephthalate) (PET) had 

1 To whom all correspondence should be addressed. 
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highly improved tensile strength and modulus 
due to the good interfacial adhesion and 
microfibril structure ofTLCP in the fiber. 9 The 
present paper concerns the properties of the 
extruded, stretched biaxially, and/or heat­
treated films of the PET blend with TLCPs 
having two kind of methylene groups in a main 
chain. 

EXPERIMENT AL 

TLPC Synthesis and Film Preparation 
TLCPs based on 4,4' -dihydroxydiphenoxy­

alkane were synthesized by melt polycon­
densation in a high temperature and high 
vacuum vessel equipped with stirrer to obtain 
high molecular weight polymers. The polym­
erization method was described in a previous 
paper. 10 The reaction scheme is as follows: 

DX { H~--{CH,),,0--@-oH} + n(l-x) { Ho-@-<> 
0 0 
II II --{2n-l)HCI 

--{CH 2) 0~H} + n { Cl~-@-~---(!l} -----i> 

To make homopolyesters x was controlled to 
I and 0, and to make random copolyesters x 

was controlled to 0.7, 0.5, and 0.3. The matrix 
polymer PET was manufactured by SKC 
Limited in Korea and had the intrinsic viscosity 
of0.62 in o-chlorophenol solution at 20°C. The 
TLCPs with x= 1, 0.7, and 0.3, and PET were 
dried in a vacuum oven and introduced into a 
twin screw extruder (Plasti-Corder PLE33 l) at 
290°C and 50 rpm to make blends. The blends 
were extruded by Haake extruder (Model 
23-18-000) at 290°C and 90 rpm to be a sheet, 
and the draw ratio was fixed at 2.0. The sheets 
were quenched by a chill roll at 25°C and then 
stretched biaxially in hot air of 100°C at the 
rate of l0mms- 1 (initial size=I00mmx 100 
mm). The thickness of the films drawn at the 
draw ratio of 3.5 x 3.5 in the machine direction 
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(MD) and transverse direction (TD) was about 
30 µm. The films were treated thermally under 
a load in a silicone oil bath. 

Measurements 
The transition temperatures of the TLCPs 

and the crystallization rate constants of the 
sheet and film were analyzed from the dynamic 
heating curve of DSC ( du Pont 910 Thermal 
analyzer). It was observed that the crystalliza­
tion of oriented PET does not follow the 
A vrami theory. 11 The rate constant k( T) of 
oriented PET can be calculated from dynamic 
heating procedure using the following equa­
tion 12: 

__J__(aH) =k(T)(1-~) 
A at T A 

where A is the total area of the thermogram 
peak, Y the area under the thermogram peak 
up to a temperature, and (aH/ath the height 
at this temperature. The tensile modulus and 
strength were measured by Instron tensile tester 
(Model 4201) operated at a crosshead speed of 
10 mm min - i on 25 x 5 mm specimens. For the 
investigation of morphology the fracture 
surfaces were examined by using SEM (Hitachi 
model 1510). Wide angle X-ray diffraction 
patterns were analyzed to see the effect of 
TLCP and heat treatment on oriented 
crystallization of the blend film. Also, heat 
shrinkage data obtained by free annealing at 
various temperatures were analyzed to see the 
effect of TLCPs on the dimensional stability 
of the PET film. 

RESULTS AND DISCUSSION 

Characteristics of the TLCPs 
The inherent viscosity (IJinh) and thermal 

properties of the TLCPs are shown on Table 
I. The previous papers13 · 14 reported the 
detailed thermal properties for the homo­
polyesters with methylene groups in a main 
chain. The thermal properties for the several 
copolyesters showed qualitatively similar be-
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Table I. Inherent viscosity and thermal 
properties of the LC polyesters• 

tifuh Tm T; 
x-Value 

0.7 
0.5 
0.3 
0 

dlg- 1 

0.98 
1.02 
0.88 
1.00 
0.85 

oc oc 

277 338 
236 355 
222 343 
256 358 
299 374 

Tct 

oc 

450 
418 
415 
427 
435 

• Measured in p-chlorophenol solution at 0.2 gdl - 1 and 
75°C. 

havior to the previous data. Chen and Lens14 

reported that molecular weight of the polymer 
had an important effect on the transition 
temperature below about 1Jinh =0.7 and the 
transition temperature had a constant value 
above 1Jinh=0.75 in the thermotropic homo­
polyester with decamethylene group in a main 
chain. So in our experiment the TLCPs with 
decamethylene and/or hexamethylene groups 
in a main chain may have no dependence of 
molecular weight on transition temperatures 
because they have the values of 1/inh = 0.85-
1.02. Figure I shows the melting (Tm) and 
isotropic (TJ transition temperatures of 
homopolyesters and copolyesters. Polarized 
microscopy revealed that they have nematic 
mesophase between Tm and Ti. The random 
copolyesters (x=0.7, 0.5 and 0.3) have lower 
melting temperatures and wider nematic ranges 
than the two homopolyesters (x = l and 0). And 
the lowest melting temperature is shown in the 
copolyester with x = 0.5. From these results it 
is suggested that copolyesters may be more 
processible in a nematic liquid crystalline state. 
The thermal degradation temperatures are over 
410°C (Table I). 

Crystallization of Oriented PET 
Table II shows initiation and peak tempera­

tures of crystallization for the blend, the sheet 
and the film. The samples were all quenched 
after processing. In the blend and the sheet 
Thi and Thp are decreased as TLCP content 
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Figure 1. Melting ( O) and isotropic ( e) transition 

temperatures of thermotropic LC homopolyesters and 
copolyesters. 

Table II. Initiation and peak temperatures of 
crystallization in heating (T.,, Thp) mode for 
the PET-LCP (x=0.3) blend, the sheet and 

the film. The scan rate was I 0°C min - i 

LCP content r., T"" 

wt¾ oc oc 

0.0 112 122 

Blend' 
1.5 110 119 
3.0 107 116 
5.0 104 114 

0.0 107 119 

Sheetb 
1.5 105 116 
3.0 104 114 
5.0 103 113 

0.0 80 Ill 

Film' 
1.5 80 104 
3.0 79 106 
5.0 80 I 12 

a Blend quenched from melt at 290°C. 
b Sheet extruded at 290°C and 90 rpm and quenched. 

' Film stretched by draw ratio of MD x TD= 3.5 x 3.5 
at I00°C and quenched. 

increases up to 5 wt¾, but the stretched and 
quenched films do not show this kind of 
tendency and have quite lower This and Thps. 
To analyze the effect of TLCP content on 
crystallization rate of the PET sheet and film, 
the crystallization rate constant was calculated 
from dynamic heating curve of DSC (scan 
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Figure 2. Crystallization rate constant as a function of 
the· reciprocal of absolute temperature, 1/T, for extruded 
sheet (open symbols) and stretched film (closed symbol): 
pure PET ( O) and the blend with 5 wt¾ of LCP having 
X = 0.3 (1:,). 
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Figure 3. Young's modulus in MD (closed symbol) and 
TD (open symbol) of PET-LCP blend film stretched by 
draw ratio of MD x TD= 3.5 x 3.5 at I00°C, simultane­
ously: x= 1 (D), x=0.7 (0), and x=0.3 (L,). 

rate= 5°C min - i) and was shown in Figure 2. 
The rate constants are higher for the stretched 
film than for the sheet. They are increased for 
the sheet by containing TLCP but they remain 
almost constant for the film as TLCP content 
increases. These results suggest that for the 
blend and quenched sheet the TLCP acts as a 
nucleating agent for the crystallization of PET, 
while for the stretched and quenched film the 
TLCP does not contribute much because of the 
stress induced crystallization of PET itself. 

1342 

80 

70 

:r 
1-
(!) 

ffi 60 
er 
I­
V) 

50 

0.0 1.0 2.0 3.0 4.0 5.0 
LCP - CONTENT Cwt%] 

Figure 4. Tensile strength in MD (closed symbol) and 
TD (open symbol) of PET-LCP blend film stretched by 
draw ratio of MD x TD= 3.5 x 3.5 at I00°C, simultane­
ously: x= I (D), x=0.7 (0), and x=0.3 (L,). 

Mechanical Properties 
Figure 3 shows the Young's modulus of the 

blend film in MD and TD. Pure PET shows 
the same muduli in MD and TD, but the blend 
shows a slightly higher modulus in MD than 
in TD, and the moduli increase as TLCP 
content increases up to 5 wt%. And the blend 
with copolyester having x = 0.3 shows the 
highest modulus. Especially the modulus is 
improved about 2 times higher for the blend 
with 5 wt% of the TLCP than for the pure PET 
film. Figure 4 shows the tensile strength of the 
blend film. The previous papers 1 - 3 reported a 
highly improved Young's modulus but a very 
poor tensile strength in the blend ofTLCP and 
isotropic polymer. But in this blend the tensile 
strength was also highly improved due to the 
good interfacial adhesion. 9 

Figure 5 shows the Young's modulus of the 
blend films in MD which are first stretched and 
then annealed under the load of 30 MPa in MD 
for 7min at 160°C. In this film stress induced 
crystallization is observed as shown in Figure 
6. Totally the heat treatment improved the 
modulus. And the modulus continuously in­
creases as TLCP content increases up to 5 wt% 
for the blend with copolyesters having x = 0.3 
and 0. 7, but it is almost constant for the blend 
with homopolyester having x = 1. 

Figure 6 shows wide angle X-ray diffraction 
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Figure 5. Young's modulus of PET-LCP blend films in 
MD that were first stretched by the draw ratio of 
MD x TD =3.5 x 3.5 at l00°C and then annealed under a 
load of 30 MPa in MD for 7 min at l 60°C: x = I (•), 
x=0.7 (e), and x=0.3 Ca.). 

patterns of the blend films. The directions of 
the incident X-rays are perpendicular to the 
film surface. The pattern unannealed shows 
amorphous state for the film blended with a 
low content of TLCP and stretched. But the 
pattern annealed under a load shows an 
oriented crystalline state. They (Figure 6(b) and 
(c)) have three sharp equatorial arcs at 
d-spacings of 5.14, 3.87, and 3.43 A, and 
separated off-equatorial arcs appear at d­
spacings of 5.40 and 4.07 A for the pure PET 
film (Figure 6(c)). These results suggest that a 
slightly more oriented crystalline pattern is 
shown for the pure PET film than for the blend 
film, the effective molecular orientation of the 
blend is decreased due to the presence of 
strongly bound TLCP particles. 

The fracture surface of the film shows the 
spherical shape of TLCP domain for the blend 
with homopolyester, but a little crooked shape 
for the blend with copolyester having x=0.3 
as shown in Figure 7. There is also some 
discrete fracture of the matrix around the 
TLCP particles and some fuzzy surfaces of the 
dispersed TLCP component. This implies a sign 
of good adhesion of the TLCP with the matrix 
polymer. PET and TLCP having x= 1 were 
reported to have a good interfacial adhesion 
in the blend fiber while they were immiscible. 9 
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Figure 6. WAXD patterns of the PET-LCP (x=0.3) 
blend films that were first stretched by the draw ratio of 
MD x TD= 3.5 x 3.5 at 100°C and then annealed under a 
load of 30MPa in MD for 7min at !60°C: (a) 5.0wt¾ 
LCP and unannealed, (b) 5.0wt¾ LCP and annealed, and 
(c) pure PET and annealed. 

Ko et al.4 reported that the Young's moduli 
in MD and TD increased with the TLCP 
content up to 40 wt¾ because of strong ad­
hesion at the interface without fibril forma­
tion of TLCP (LCP2000 made by Celanese 
Corp.) in an extruded cast PET film. Their 
results are similar to our results after cold 
stretching in the low content of TLCP. They 
also observed Young's modulus in MD for the 
blends that were annealed at l 60°C for 1 h. The 
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a 

b 

Figure 7. Fracture surface (which is perpendicular to 
MD) of PET sheet blended with LCP of 5 wt% having (a) 
x= 1 and (b) x=0.3. 

values became considerably higher by the 
annealing due to the promoted crystallization 
of PET and showed little dependence of TLCP 
composition. But in our experiment the tensile 
property of the blend with the copolyester 
(x = 0.3) is affected significantly not only by the 
PET crystallinity and orientation but also by 
the TLCP content as shown in Figure 5. 

In certain uses of PET films the dimensional 
stability is very important as well as the tensile 
property. Heat shrinkage represents a sort of 
dimensional stability. Heat shrinkage in MD 
versus annealing temperature for the blend 
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Figure 8. Heat shrinkage in MD vs. annealing tempera­
ture for pure PET and the blend films with LCP having 
x=0.3 that were first stretched by the draw ratio of 
MD x TD= 3.5 x 3.5 at 100°C and then freely annealed for 
20 min; pure PET ( e ), LCP of 1.5 wt% (.&.), 3.0 wt% (.), 
and 5.0wt¾ (T). 

films becomes smaller by the addition ofTLCP 
(Figure 8), that is, the dimensional stability of 
of the PET film is improved. 

CONCLUSION 

A copolyester may be more processible than a 
homopolyester in a nematic melt state because 
the former has a lower melting transition 
temperature and wider nematic range than the 
latter. A TLCP promotes the crystallization of 
PET as a nucleating agent, but in the oriented 
and quenched film the effect of TLCP on 
crystallization rate is almost negligible when 
compare with the stress induced crystallization 
of PET itself. The TLCPs act as a reinforcing 
agent of PET film for the improvement of 
tensile properties in the blends, especially in 
the blend with copolyester having x = 0.3. Also 
the dimensional stability of the PET film is 
improved by the addition of the TLCPs. 
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