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SYNOPSIS 

Poly(ethy1ene terephthalate) (PET) matrix was modified by blending with a specially pre- 
pared thermotropic liquid crystalline polymer (TLCP), in the hope to make the in situ 
composite during fiber spinning. I t  has been found that the TLCP did not fibrillate in the 
PET matrix at  any concentration under given processing conditions, although it did in the 
polycarbonate matrix. This was explained by the low interaction parameter (low surface 
tension) and partial degree of mixing of P E T  and TLCP. The TLCP was an excellent 
processing aid even a t  very low concentrations, but it had an adverse effect on the strength 
of highly drawn fibers. The modulus of both undrawn and highly drawn fibers increases 
slightly with increasing TLCP concentration. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Poly( ethylene terephthalate) ( P E T )  is a semi- 
crystalline polymer that is widely used for syn- 
thetic fibers because of its excellent properties. 
Further improvement in the PET fiber properties 
can be accomplished by chemical modifications or 
by blending with other polymers. In this work, we 
attempted to improve mechanical properties of 
PET fibers, by blending P E T  with an immiscible 
thermotropic liquid crystalline polymer (TLCP ) . 
We investigated the possibility of obtaining in 
situ-reinforced PET matrix with TLCP. I n  situ 
composites are fiber-reinforced materials based on 
blends of two polymers, where one of the compo- 
nents forms fibers in the matrix of the other during 
processing. Fibrillation of one component during 
biphasic flow may not be obtained readily as it 
depends on many factors. One of the objectives 
of this work was to examine if our TLCP would 
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form in situ composites in a PET matrix and to 
study the effect of morphology on mechanical 
properties. 

Fibrillation occurs only under special conditions 
that are dependent on rheological parameters such 
as the deformation rate and the viscoelastic prop- 
erties of the matrix'-5 as well as on the polymer- 
polymer interaction in the blend. It has been shown 
that the same TLCP, which was used in this work, 
fibrillated in the polycarbonate matrix.6 A number 
of investigators reported recently in situ fibril for- 
mation during processing of biphasic blends con- 
taining a liquid crystalline polymer (LCP) compo- 
nent.7-9 It appears that the largest single group of 
self-reinforcing composites was based on polycar- 
bonate and various LCPs, which were prepared by 
extrusion, compression, and injection molding or fi- 
ber spinning.1°-13 The existence of fibrillation in 
blends of PET and various TLCPs was confirmed 
in some c a s e ~ ' ~ , ' ~  and was inferred but not docu- 
mented in  other^.'^^^^ In several cases during film 
and rod extrusion, fibrillation of TLCP did not oc- 
C U ~ . ~ " ~ ~  A wide range of morphologies and properties 
of PET/TLCP blends suggests that the control of 
the structure is a rather complex problem, influenced 
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by a number of parameters, all of which are not 
readily controllable. 

Composite morphology of the biphasic fibers is 
characterized either by the globular or fibrillar shape 
of the dispersed phase. It is not clear what mor- 
phology is more favorable for fibers that have to be 
drawn to a high draw ratio. If rigid fibrils are un- 
dergoing the same degree of drawing as the PET 

matrix, breaking of the TLCP phase and unpre- 
dicted effects on properties may be expected. Our 
work focused on the morphology and properties at  
low concentrations (up to 15% ) of TLCP in the PET 
matrix, as well as on the effect of processing con- 
ditions on properties. The structure and synthesis 
of our LCP, designated as TR-4-co-PBT copolymer 
was described earlier." Its structural formula is 

I Triad4 - Block I 
Our investigation consisted of blending PET and 
TLCP and extruding fibers, which were posttreated 
(cold- and hot-drawn) in order to reach a high degree 
of crystallinity and orientation. Mechanical and 
thermal properties of the fibers were tested. Optical 
and electron microscopy was used to study the mor- 
phology of the fibers. 

EXPERIMENTAL 

Fiber-grade PET was used as a matrix polymer. TR- 
4-co-PBT (2,  4, 7)  liquid crystalline polymer was 
prepared using the previous synthetic scheme.20 In- 
herent viscosity at the concentration 0.5 g/dL was 
found to be about 0.5. The properties and transitions 
in this TLCP were described earlier.'l 

min, producing typical diameters for the undrawn 
fibers of about 100 and 60 microns, respectively, 
which corresponded to the stretch ratio in the melt 
state of 250-700. The extruder had three heating 
zones: entry zone ( 1 ) , two melting zones ( 2  and 3 ) ,  
and the die. Temperatures of the zones were 220, 
260, 290, and 290°C, respectively. The concentra- 
tions of LCP in the PET/LCP blend were 0, 2.5,5, 
10, and 15%. An Olympus polarizing microscope, 
Model BHSP, linked to the video system was used 
for optical studies. A JEOL scanning electron mi- 
croscope, Model 35 CF, was used to study fine mor- 
phological features of the fibers. An Instron tensile 
tester linked to a data acquisition system was used 
for mechanical studies. The sample length was 50 
mm. The extension rate was 10%/min for cold- 
drawn or 200% /min for undrawn samples. 

Methods 

Polymer blends were prepared by tumble mixing 

regrinding the blend, followed by drying in vacuum 
oven for at  least 2 days. Extrusion of fibers was car- 
ried out in the custom-made miniature extruder, 
manufactured by Randcastle Extrusion Systems. 
Two fiber take-up speeds were used, 75 and 225 m/ 

RESULTS AND DISCUSSION 

ground PET and Lcp ,  compression molding, and The Effect of processing conditions on 
Morphology of Polymer Blends 

Fibrillar morphology of in situ composites is closely 
related to the biphasic structure of the blend melt 
during flow. Deformation of the spherical droplet 
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suspended in a fluid during flow was first theoreti- 
cally described by Taylor.' Apparent deformation, 
D, of the droplet into the ellipsoid and then the fiber 
was defined as 

D = ( L  - S ) / ( L  + S )  (1) 

where L is the long axis, and S ,  the short axis of the 
ellipsoid. Apparent deformation is related to the 
Weber number, We, and the ratio of viscosities, k 
- 
- q d / q r n :  

D = We[ (19k + 16)/(  16k + 16)] = We ( 2 )  

where 

Here, qrn and qd are the viscosities of the matrix and 
the dispersed phase, respectively; +, the shear rate; 
a ,  the droplet diameter, and (r, the interfacial tension 
between two fluids. 

Thus, higher deformation is favored by higher 
viscosity of the medium and by higher shear rate 
and droplet size, while surface tension acts the op- 
posite way. Schematic representation of the droplet 
deformation during elongation flow as a function of 
the flow rate is shown in Figure 1. Figure 1 shows 
schematically that by increasing the flow rate the 
droplet suspended in the matrix fluid changes its 
shape from sphere to ellipsoid to fiber, which even- 
tually breaks up into smaller droplets. Breakup of 
the fiber [transition from ( c )  to ( d ) ]  occurs at a 
critical Weber number, which is the function of vis- 
cosity ratio, k.  

The processing condition for the preparation of 
in. situ composites should allow formation of fibers 
but not their breakup into smaller droplets. The 
stability condition, according to Tavgac, is de- 
termined by the viscosity ratio, k. He found that in 
the uniform shearing flow stability region favorable 
conditions for fiber formation are roughly below k 
= 5 X lop3 and above about 5. According to Tse- 
brenko et al.,3 fibrillation takes place at  k 2 1. How- 
ever, we reported6 fibrillation in polycarbonate/ 
TLCP blends (the same TLCP as used in this work) 
where k was between 0.01 and 0.001. 

An additional factor that may affect the fibril- 
lation is the blend composition, i.e., the concentra- 
tion of the dispersed phase in the matrix. Literature 
data on the effect of concentration of the dispersed 
phase on fibrillation are conflicting. Several 
a ~ t h o r s ~ , ~ , ~ , ' ~  reported a change from discrete to fi- 
brillar morphology as the LCP concentration in- 

a b C d 
r I I I 1 

increasing flow rate 

Figure 1 
mation in a liquid medium as a function of the flow rate. 

Schematic representation of the droplet defor- 

creased above a certain critical concentration. Isayev 
and Modic, lo however, found that fibrils were formed 
at a low LCP content and that at high concentration 
(above 25% ) only dispersed domains are observed. 
Formation of fibrils at low concentrations of LCP 
was found also by other  group^.^,'^ It appears that 
the effect of concentration is not unequivocal and 
that it depends on the system and conditions studied. 
We used a PET/LCP blend with approximately the 
same viscosity ratio as that of a polycarbonate/LCP 
blend that we reported earlier.6 However, interfacial 
tension (which scales with interaction parameter) 
in PET/LCP is much lower than that in PC/LCP 
blends. It appears from previous considerations that 
deformation of a suspended LCP droplet in the PET 
melt should be much higher than in the PC matrix, 
all other conditions being the same. 

Miscibility of PET/TR-4-co-PBT Blends 

Properties of a polymer blend depend largely on the 
degree of miscibility of the polymers. In many ap- 
plications as well as in this one, two-phase mor- 
phology with strong interaction between phases is 
preferred. It has been demonstrated that even the 
pure LCP used in this work has the two-phase 
structure, characterized by separate melting points 
of the mesogen and PBT blocks. When TR-4-co- 
PBT(2,4,7) was blended with PET, a complex mor- 
phology resulted. 

Miscibility of PET and TLCP was estimated from 
the calculated X parameter, which was found to be 
0.011. This calculation is based on the group con- 
tribution method as explained in the Appendix. 
Miscibility of two polymers occurs when the X pa- 
rameter is lower than Xcritical. The critical value of x 
depends on molecular weight (or degree of poly- 
merization, x) of both components according to the 
relationship 

Xcrit = 0.5(1/~:.~ + l / ~ > ~ ) '  (4) 

For infinite (or very large) molecular weights, Xcrit 
becomes zero. To obtain miscibility, a negative value 
of the interaction parameter is required, e.g., specific 
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interactions, such as hydrogen bonding, acid-base, 
donor-acceptor, etc., should be present. Miscibility 
may not be achieved even if these enthalpic require- 
ments are met, due to unfavorable entropic condi- 
tions caused by the excessive rigidity of one of the 
components, as in the case of liquid crystalline com- 
ponents. In our case, in spite of very close solubility 
parameters and small x parameter, two components 
were immiscible as observed from separate melting 
points of the two components. Some degree of mis- 
cibility was present, possibly due to the miscibility 
of PET and PBT blocks from the TLCP copolymer. 
Miscibility and properties of the PETITR-4-co-PBT 
blends will be discussed in a separate ar t i~le . ’~ It 
was difficult to separate components by dissolution 
because of the high degrees of structural dissolution 
and of structural similarity and the partial mixing 
of the two phases. That also made contrasting in 
electron microscopy difficult. 

Morphology of PET/TLCP Fibers 

The main body of the work discussed here was car- 
ried out on samples spun under “standard” condi- 
tions, i.e., using the following extruder temperature 
scheme: zone 1 (entrance), 220°C; zone 2, 260°C; 
zone 3,290”C; and die temperature, 290°C and take- 
up speeds of 75 and 225 m/min. All our attempts to 
find evidence of continuous fibrils of the dispersed 
LCP phase in the PET matrix were inconclusive. 
Brittle fracture of the fibers occurred while stretch- 
ing them quickly in liquid nitrogen. Electron micro- 
graphs of the fractured surface of the as-spun neat 
PET and PET/10% LCP fibers, produced at  the 
take-up speed of 75 m/min, are shown on Figures 2 
and 3. 

The concentric circles on the as-spun PET [Fig. 
2(a)] reflect flow layers of the melt but no specific 
features were observed. At magnification of 10,000 
times [Fig. 2(b)], some roughness of the surface was 
observed. However, the fractured surface of the fiber 
containing 10% LCP, as Figure 3(a) and (b) show, 
is much more irregular even at  lower magnification, 
with some globular features. 

Apparently, very little happens with the mor- 
phology after cold- and hot-drawing of PET and 
PET/LCP fiber. Figure 4(a) exposes the rough frac- 
ture surface of the hot-drawn PET fiber, and Figure 
4(b), the same for the hot-drawn PET/10% LCP 
fiber. Although the matrix become oriented, it ap- 
pears that there is little chance to deform signifi- 
cantly the dispersed globular phase. Figure 4(b) sug- 
gests that the prevailing morphology of the LCP 
phase in the PET/LCP fiber is probably globular. 

Figure 2 Electron micrographs of the fracture surface 
of the as-spun PET fiber at two magnifications: (a) 9OOX 
and (b) 1OOOOX. 

Figures 3 and 4(b) reveal little information on 
the possible morphology of the dispersed phase, 
possibly due to good mixing of the two phases and 
a low contrast coming from the structural similar- 
ities of the phases. Unexpectedly, clearer insight into 
the morphology came from the optical microscopy. 
The fiber containing 10% LCP was embedded in the 
epoxy resin, and upon solidification, cut longitudi- 
nally using a microtome. Figure 5(a) and (b) shows 
reflected light optical micrographs of the sections of 
the longitudinally microtomed fibers embedded in 
epoxy resin. At a very high magnification [Fig. 5(a)], 
it is possible to observe whitish spots, not larger 
than a micron, in two fibers. Figure 5(b) shows a 
not so cleanly microtomed fiber, because the knife 
was not completely parallel to the fiber axis. White 
inclusions in this case were not necessarily round 
and some relatively large chunks of the dispersed 
phase are observed. It is not clear if this morphology 
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the output of the extruder was controlled by the 
number of screw rotations which was generally kept 
constant and viscosity of the melt which was not 
controlled. Fiber diameters were measured using an 
optical microscope connected to the T V  screen and 
VCR-printer. As-spun fibers were cold drawn at 
about 75OC and then hot-drawn at about 200OC. 
Draw ratio (DR)  was calculated from the reduction 
in diameter of the fiber before and after drawing 
(DR = D2/d2) .  The results of tensile tests are the 
average of nine measurements. Standard deviation 
in all tests was lower than 10% except in the elon- 
gation at break of as-spun fibers, where the relative 
error could be larger. 

Figure 7 shows the variation of the modulus of 
as-spun fibers obtained at two take-up speeds. It 
illustrates the fact that increasing LCP content 
slightly increases the modulus of the as-spun fibers. 
It will be shown that the same level of modulus of 
as-spun PET fibers as that of PET/LCP fibers can 
be easily obtained by altering spinning tempera- 

a 

Figure 3 Electron micrographs of the fracture surface 
of the PET/10% LCP fiber at two magnifications: (a) 
2000X and (b) 1800X. 

is representative of all fibers. In conclusion, we did 
not see any indication of fibrillar morphology, al- 
though it was shown that the same LCP does fi- 
brillate in the polycarbonate matrix under the same 
processing conditions.6 

Effect of LCP Concentration on Properties 

Rheological properties measured during cooling of 
the pure PET and PET containing 2.5% LCP and 
5% LCP are displayed in Figure 6. Complex viscosity 
of the LCP was about three orders of magnitude 
lower than that of PET. A jump in complex viscosity 
of LCP upon cooling was observed at  about 250°C, 
while that limit for PET was found around 220OC. 
Addition of only 2.5% of LCP to PET reduced the 
viscosity of the melt by about three times, indicating 
that this TLCP is an excellent processing aid. Lower 
viscosity of the blends containing higher TLCP is 
reflected in a somewhat larger diameter fibers, since 

b 

Figure 4 
drawn (a) PET and (b) PET/lO% LCP fiber. 

Electron micrographs of the fractured hot- 
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(a) 

20 pm - 

Figure 5 Reflected light optical micrograph of the mi- 
crotomed PET/lO% LCP fiber: (a) two microtomed, hot- 
drawn fibers (d - 20 pm) embedded in epoxy matrix; (b) 
microtomed, hot-drawn fiber (d - 26 pm) embedded in 
epoxy matrix. 

t ~ r e . ~ ~  Since the modulus is very sensitive to ori- 
entation, crystallization conditions during spinning 
and resulting orientation *determine how high the 

Cooling Sweeps, PET with (TR-4) 

Modulus, GPa 

2.5 

19 
0 2 4 6 8 1 0 1 2 1 4  

75 mlmin 
t 

225 mlmin 
t 

LCP concentration. wt.% 

Figure 7 
as-spun fibers obtained at two take-up speeds. 

Effect of LCP concentration on modulus of 

modulus will be. It is likely that matrix modification 
due to the addition of LCP affects the modulus more 
than the mixture rule predicts. The modulus of the 
hot-drawn fibers (Fig. 8) increased significantly only 
after addition of 15% of LCP, although the total 
increase was not greater than 10%. As will be shown 
later, the addition of 10% LCP helps increase the 
modulus about 10% when spun at higher tempera- 
ture. Take-up speed may have some effect on crys- 
tallization conditions as faster cooling, due to a lower 
diameter of fibers spun at  225 m/min, occurs. How- 
ever, no significant effect of the take-up speed on 
the modulus was observed in as-spun fibers. Some- 
what higher draw ratios could be attained in thicker 
fibers (spun at  75 m/min), resulting in higher ori- 
entation and, thus, higher moduli of these fibers. All 
results are obtained at the highest attainable draw 
ratios, which varied from sample to sample. 

A good measure of the draw ratio can be obtained 
from the results of elongation at break. Elongation 
at break is about 7%. Higher values indicate that 
the fiber was not drawn to a maximum, resulting in 
somewhat lower moduli and strengths. 

Tensile strengths of as-spun fibers vs. concentra- 
tion of LCP are given in Figure 9. This property in 
as-spun fibers is not technically important. It does, 

Modulus, GPa 

19 

18.5 ~ 

15.5 
0 2 4 6 8 1 0 1 2 1 4  

LCP concentration, w t %  

75 Wmin 
t 

225 rnlrnin 
-t 

Figure 8 
hot-drawn fibers. 

Effect of LCP concentration on modulus of 
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Figure 9 
vs. LCP concentration. 

Tensile strength of as-spun PET/LCP fibers 

however, reflect changes in crystallization and ori- 
entation states of the fiber during cold drawing, oc- 
curring during the tensile test. It is noteworthy that 
this property was virtually independent of LCP 
concentration, except for neat PET fiber obtained 
at a take-up speed of 75 m/min. 

Tensile strength of the hot-drawn fibers appears, 
as Figure 10 shows, to be impaired by the presence of 
the LCP phase. It suggests that the LCP phase acts 
as a defect in the oriented PET matrix. It should be 
emphasized that the LCP used was of fairly low mo- 
lecular weight and could not be tested in the pure state. 

Elongation at break of as-spun fibers is a measure 
of attainable cold drawing at the test temperature. It 
appears that addition of the LCP allows higher draw 
ratios than in the neat PET fiber, although this de- 
pendence is not clearly defined, as Figure 11 shows. 
Elongation at break of hot-drawn fibers was between 
7 and 8%, indicating near optimal draw ratios. 

Effect of Drawing Temperature on Properties 

Cold drawing of polymers is usually carried out 
slightly below the glass transition temperature. We 
varied this temperature from 70 to 90°C (glass tran- 
sition of PET is about 75°C) without a consequence 

Tensile strength, MPa 

I 75rnIrnin 1,400 1 

h 1,300 

1,200 

t 
225 rnlrnin 
t 

I + +  1,100 

1,000 

Elongation at break, % 

1083 

75 mlmin 
t 

225 mlmin 
t 

L V U  

0 2 4 6 8 10 12 14 16 

LCP concentration, wt.% 

Figure 11 
concentration. 

Elongation at break of as-spun fibers vs. LCP 

on the draw ratio. The effect of temperature used 
in hot drawing is of much greater significance. In 
our work, fiber was in contact with the surface of 
the hot plate with controlled temperature during the 
drawing process. Two fibers, one based on neat PET 
and another based on PET/l5% LCP, were each 
hot-drawn at three temperatures and the effect of 
drawing temperature on properties examined. Hot 
drawing is carried out at temperatures near the 
melting of PET. We used 215, 177, and 143°C for 
PET and 235, 210, and 162°C for PET/l5% LCP. 
It should be emphasized that elongation at break in 
all cases was around 7%, indicating an optimal draw 
ratio. The effect of drawing temperature on the 
modulus of PET and PET/15% LCP fibers is dis- 
played in Figure 12. Figure 12 reveals that differ- 
ences in moduli of the fibers drawn at three tem- 
peratures are within experimental error, indicating 
little influence of drawing temperature on modulus. 
The effect of drawing temperature on tensile 
strength of PET and PET/15% LCP fibers (Fig. 13) 
was not significant in the range of temperatures 
used. All variations were within the limits of exper- 
imental error. 

An important reason for incorporating LCP in 
the matrix of a thermoplastic polymer is to reduce 

Figure 12 
modulus of hot-drawn PET and PET/15% LCP fibers. 

The effect of temperature of drawing on 
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APPENDIX 

Figure 13 
strength of PET and PET/15% LCP fibers. 

Effect of drawing temperature on tensile 

thermal shrinkage. Thermal shrinkage is tested by 
heating a fiber for 15 min at  190°C, conditioned pre- 
viously for 24 h at  65% relative humidity and at  
room temperature. Figure 14 shows that the effect 
of drawing temperature on shrinkage is significant. 
At  drawing temperatures above the shrinkage test 
temperature (190°C), the structure is fixed by high 
melting crystallites, resulting in reduced shrinkage. 
If drawing temperatures are below that of the 
shrinkage test, shrinkage is considerable, being 
higher in samples drawn at  a lower temperature. 
Thus, drawing temperature is primarily affecting 
thermal shrinkage. 

CONCLUSIONS 

A series of fibers based on poly(ethy1ene tere- 
phthalate) (PET) and TR-4-co-PBT (2,4, 7) liquid 
crystalline polymer (LCP) were prepared and the 
effect of concentration and spinning temperature on 
morphology and properties examined. It was found 
that this particular LCP has a very close solubility 
parameter to that of PET and that resulting mor- 
phology of the dispersed phase was never fibrillar, 
unlike the case of the same LCP and polycarbonate. 

The modulus of both undrawn and hot-drawn fi- 
bers increases slightly with the increasing LCP con- 
centration, but the modulus of the pure LCP phase, 
which could not be tested in the form of fibers, was 
not much higher than that of the PET itself. The 
properties of fibers based on PET/LCP blends are 
thought to be affected by the matrix modification 
in the presence of LCP. Moduli of fibers based on 
blends were slightly increasing and tensile strengths 
decreasing with increasing LCP concentration. The 
effect of drawing temperature was reflected in in- 
creased thermal shrinkage if drawing temperatures 
were below the shrinkage test temperature, but it 
had little influence on modulus and tensile strength. 

Interaction parameter, x, can be calculated from 
known solubility parameters, 6, of the components 
in the binary mixture, using the expression 

(6, - 6 2 ) z ” 1  

RT 
X =  

where dl and are solubility parameters of the two 
components, and Vl, the molar volume of the solvent 
or repeat unit of the polymer. Conveniently, the 
value of Vl = 100 cm3/mol is taken for polymer mix- 
tures. R is the gas constant, and T ,  the temperature. 

Solubility parameters can be estimated from the 
chemical structure of the polymers using molar at- 
traction constants, Fi, and molar volumes of the 
corresponding chemical groups, Vi : 

C Fi a = -  c vi 
Values of Fi and Vi for various chemical groups are 
given in tables be lo^.^^,^^ 

Calculation of 

The repeat unit of PET has 

Fi [(MPa)”’ cm3/mol] Vi (cm3/mol) 

2 -CO-0- 682 X 2 = 1364 24.6 X 2 = 49.2 
- C6H4 - (Ar) 1440 65.5 

269 X 2 = 538 16.32 X 2 = 32.6 2 -CH2- 

B Fi = 3342 L: Vi = 147.3 

dpET = 3342/147.3 = 22.7 (MPa)”’ 

Figure 14 
mal shrinkage of PET and PET/15% LCP fibers. 

The effect of drawing temperature on ther- 
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The table value for PET (Van Krevelen) is 22.69, 
which is in excellent agreement with the calculated 
value. A range of experimental values from 19.9- 
21.9 was reported (Van Krevelen). 

Calculation of 6 Parameter for TR-4 co PBT 

The TR-4/PBT [2,4,7] copolymer consists of 

2 Diads + F, = 9888 V,  = 409.6 
2 Butylene units F2 = 2152 Vz = 131 
4 TR-4 units + F3 = 32,592 Vs = 1440. 
7 PBT units + F4 = 27,244 V, = 1260 

2 V, = 3241 Z Fi = 71,876 

dLcp = 22.2 (MPa)''' 

(22.7-22.2)2 X 100 
= 0.011 

8.314 X 298 XPET/LCP = 
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