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SYNOPSIS 

Samples of P C - P B T  blends over the entire composition range were drawn at 160OC to high 
extensions, 2.1-5.8, t o  study the  mechanical reinforcement and the  molecular structure 
development upon deformation. Elastic modulus E' increases with extension ratio for all 
compositions and  temperatures. Blends with 25 and 40 wt % of P C  show higher E' at low 
temperature than pure P B T  blends do. Crystallinity increases with extension ratio and  is 
relatively smaller with increasing P C  content. T h e  influence o f t h e  reversible a t o  p crystal 
form transformation was also studied. T h e  second moment of the  orientation function f 
for both crystal forms increases to  high values > 0.9 at relatively low extensions.fdecreases 
with P C  content for a crystals but decreases for p crystals. T h e  a fraction is high for P B T  
and decreases with P C  content and extension ratio in the  blends. Strain recovery experi- 
ments show that  the (Y to  p transformation is also elastic in nature a t  high extension ratios 
and  tha t  the reinforcing effect in high P B T  content blends is not due t o  the  a/@ ratio. 
(C: 1996 .John Wiley & Sons, Inc. 

I NTRO DU CTlO N 

Deformation and blending have long been an integral 
part of the tools to improve physical properties of 
polymers. Through deformation, higher orientation 
and crystallinity can be obtained, which enhance 
mechanical strength and shape retention under ther- 
mal and mechanical stress. Blending allows for the 
beneficial properties of two polymers to be combined 
in one material while shielding their mutual draw- 
backs. Deviations in the rule of mixing can lead to 
properties of the blend over and above those of its 
components. In this study, the influence of defor- 
mation of the blend of polycarbonate of Bisphenol A 
(PC) and poly(buty1ene terephthalate) (PBT) on 
mechanical properties and crystallinity is examined. 

PC-PBT blends have been studied widely as  an  
example of a partially miscible system of an amor- 
phous polymer, PC, with a semicrystalline one, PBT. 
Recently a phase diagram with an  upper critical so- 
lution temperature was proposed with less than 10% 
of each polymer dissolved in the other upon phase 
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separation.' Morphology ranges from continuo S 
~~ 

PC phase, with PBT inclusions in high PC content 
blends, to a continuous PBT phase structure with 
PC inclusions a t  high PBT content. A bicontinuous 
structure is found a t  blend compositions with 50- 
60 wt % PC.' 

The  semicrystalline component in the blend 
studied here, PBT,  exhibits a reversible crystal 
transformation between a and @ forms between 4 
and 12% strain in the elastic deformation region 
of the stress-strain diagram. Tensile and recovery 
measurements,"5 wide-angle X-ray diffraction 
(WAXD),'-' and IR s p e ~ t r o s c o p y ~ * ~ * ~ ~ ~ ~ ~ '  have been 
widely used to  study this transformation. The  @ 
form is the stressed form and is characterized by 
a more extended butylene segment. The  fraction 
of @ crystals remaining after deformation beyond 
the yield point depends largely on draw temper- 
ature and ratio.I2 Annealing a t  elevated temper- 
atures transforms @ form crystals back into (Y form 
crystals. Mechanical properties of semicrystalline 
polymers are generally related to  crystallinity. As 
high crystallinity in commercial processing is 
achieved by hot drawing, this study focuses on the 
development of mechanical properties in hot- 
drawn samples. Structure development and ori- 
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7 -  

entation function for pure P B T  has been studied 
a t  high strain, and a wide range of temperatures 
has been studied in this lab before.13 The  aim here 
is to  extend this knowledge to  blends of P B T  with 
PC. Mechanical properties are measured by dy- 
namic mechanical thermal analysis. Crystallinity 
is studied by differential scanning calorimetry 
(DSC) and crystal structure development by 
WAXD techniques. 

1 -  

EXPERIMENTAL 

I I I I 

Sample Preparation 

The PC in this study is Teijin Panlite. The PBT 
used is a Duranex 2002 obtained from Polyplastics 
Co., Ltd. Blend sheets with PC-PBT compositions 
of 25-75,40-60,50-50,60-40, and 75-25 wt %, and 
PC and PBT sheets were extruded using a twin- 
screw extruder with a coat-hanger die. The die tem- 
perature was 255°C for all samples. To  prevent 
transesterification, 0.5 wt % of Irganox (generously 
supplied by Ciba Geigy) was added to the blends. 
The sheets were allowed to cool in air and take-up 
speed was 3 m/min. This resulted in films with 
thicknesses ranging from 90 ym at  high PC contents 
to 300 ym a t  high PBT contents. Dumbbell shaped 
samples were cut from the films and uniaxially 
drawn a t  elevated temperatures in a UTM-111-1OT 
tensile testing machine from Orientec Co. Ltd. Ex- 
tension rate was 20 mm/min, which corresponded 
to an extension ratio of approximately 0.5/min. 

Characterization 

WAXD diffractograms were obtained using Ni-fil- 
tered Cu-Ka radiation (40 kV, 40 mA) from a Geig- 
erflex XGC-20 (Rigaku Denki Co., Ltd.). Intensity 
profiles were measured by a scintillation counter and 
pulse height analyzer. Azimuthal intensity distri- 
butions of meridional reflections were used to de- 
termine the second moment of the crystal orienta- 
tion function. 

Melting temperature and glass transition tem- 
perature were obtained from DSC traces measured 
from -10 to 250°C a t  a heating rate of 20"C/min 
with a Perkin Elmer DSC-7. Temperature and heat 
of fusion calibration was performed with Indium as 
a standard. Percent crystallinity of PBT was cal- 
culated from the heat of fusion using the value of 
140 J/g for perfect ~rysta1s. l~ 

Elastic modulus E' was used as a measure of me- 
chanical properties. Dynamic mechanical thermal 

analysis experiments were done using a Rheovibron 
Mark I1 from Orientec Co. Ltd. a t  frequencies of 
3.5, 11,35, and 110 Hz a t  a heating rate of 2"C/min 
between -150 and 220°C. Results reported are from 
3.5 Hz experiments. 

RESULTS AND DISCUSSION 

Dynamic Mechanical Measurements 

Figure 1 shows the extension to failure of blend 
samples with 25, 50, 75, and 100 wt % PC at  tem- 
peratures from 130 to 16OoC. Extension to break 
decreases significantly when the deformation tem- 
perature is below 150°C. As it was our aim to study 
the influence of high deformation on mechanical and 
molecular properties, 160°C was chosen as  the de- 
formation temperature unless otherwise indicated. 
It was observed that the DSC trace, around the Tg 
of PC, for samples drawn to failure exhibited a stress 
recovery peak slightly above the T,. of PC. This phe- 
nomenon interferes with accurate determination of 
T,.. For samples not drawn to break but instead 
cooled while clamped, this recovery peak was not 
observed. Therefore, a series of samples of all com- 
positions were deformed to extension ratios p = X/ 
Xo between 2.1 and 5.8 at  160°C and held clamped 
while cooling to < 40°C by opening the oven door. 
Xo is the initial length of the sample while X is the 
deformed length. Minimum extension ratios after 
yielding were 2.10, 2.35, 2.70, 2.90,3.20, and 3.40 for 
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Figure 1 Extension to  failure versus composition as  a 
function of drawing temperature. (0)  160°C; (m) 150°C; 
(+) 140°C; (A) 130°C. 
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Figure 2 E (3.5 Hz, GPa) at  -15OoC versus extension 
ratio p for different blend compositions. (0)  PC-PBT 0- 
100; (M) PC-PBT 25-75; (+) PC-PBT 40-60; (A) PC-PBT 
50-50; (V) PC-PBT 60-40; (B) PC-PBT 75-25. 

25, 40, 50, 60, 75, and 100% P B T  samples respec- 
tively. 

Figures 2-5 show the elastic modulus E' as  mea- 
sured by DMTA for temperatures of -150, 20, 110, 
and 200"C, respectively. The E'(-15Oo) is a measure 
of the average orientation of crystalline and amor- 
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Figure 3 E' (3.5 Hz, GPa) at 20°C versus extension 
ratio p for different blend compositions. Symbols are the 
same as those in Figure 2. 

P 

2.5 

2 

n 

G U, 1.5 

e 
2 
Y 
- 1  

0.5 

0 

------I 

I I 1 I I 1 
0 1 2 3 4 5 6 

P 
Figure 4 E' (3.5 Hz, GPa) at 110°C versus extension 
ratio p for different blend compositions. Symbols are the 
same as those in Figure 2. 

phous parts of the material since -150°C is well 
below the p transition of both PC and PBT. A clear 
and significant increase is observed for all compo- 
sitions, except PC-PBT 75-25, where the increase 
is marginal. For E' a t  20°C an increase is again ob- 
served for all blend compositions, but the behavior 
is far less systematic. This temperature is above the 
p relaxation of PBT and PC but below the glass 
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Figure 5 E (3.5 Hz, GPa) at 200°C versus extension 
ratio p for different blend compositions. Symbols are the 
same as those in Figure 2. 
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transition temperatures of both PBT and PC. At 
llO"C, E' changes upon extension are more system- 
atic with composition and p .  Since this measurement 
is taken above the T,. of PBT and below the T, of 
PC, it is not surprising to see that the samples with 
high PC content show higher E values, but it needs 
to be noted that increases with p are modest. A 
strong systematic dependence of E' on p and com- 
position is again observed a t  2OO"C, above the T, of 
both PC and PBT. To quantify the behavior of E', 
as a function of p and composition, changes in E' 
with the change in p ,  AE'/Ap, were calculated from 
the slope using a linear least square fits for -150, 
110, and 200°C. A E / A p  values are given in Table I 
with their respective correlation coefficients in 
brackets. 

AE'/Ap is found to  be higher than for the pure 
PBT samples in the samples with 40 (except a t  
-150"C), 50, 60 and 75% PBT blends a t  all tem- 
peratures. The relatively small increases found in 
E'(110) indicate that the PC phase may be slightly 
oriented, but without significant influence on the 
mechanical properties. Together with the observa- 
tion that A E / A p  is significantly smaller for 25% 
PBT blends over the entire temperature range, this 
indicates that deformation or orientation of PC 
phase is not the reason for the larger increase of 
E'(-150) relative to pure PBT, but that blending 
with PC influences the properties of deformed PBT 
significantly. The reinforcing effect of PC on de- 
formed PBT-PC blends is most prevalent in the 25 
and 40% PC blends. 

DSC Measurements 

Figure 6 shows crystallinity versus extension ratio 
relative to the weight fraction of PBT for all samples. 
A clear, systematic increase in crystallinity is seen 
for all compositions. The relationship between the 
increase in crystallinity and p is practically linear. 
The crystallinity is lower a t  the same extension ratio 
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Figure 6 W t  5% P B T  crystallinity versus extension ratio 
p for different blend compositions. Weighted to  P B T  
weight fraction in the blend. Symbols are the same as 
those in Figure 2. 

for samples with higher PBT content. Figure 7 shows 
the melting peak for all compositions and p .  The 
melting temperature a t  a certain p is lower for blends 
with higher PC content. This indicates smaller 
crystal sizes when the PC content is higher. The 
width of the melting peak decreases with extension, 
which indicates improving crystal perfection. 

For each particular composition, a decrease in 
melting temperature is observed between the un- 
deformed sample and the sample with the lowest 
extension ratio. With increasing p ,  the melting tem- 
perature increases. This phenomenon may originate 
from the reorientation of the spherulites during the 
yielding process, which lowers T,, followed by stress- 
induced crystallization, which raises T,. Another 
peculiar feature is seen in the thermograms of the 
series of 40 and 25% PBT samples. A t  no and low 

Table I Increase of E' with Deformation, A E'IAp, as a Function of Blend Composition 

PC-PBT Composition AE'/Ap (-150°C) AE'/Ap (110°C) AE' /Ap  (200°C) 

0-100 
25-75 
40-60 
50-50 
60-40 
75-25 

1.25 (0.97)' 
1.82 (0.98) 
1.40 (0.97) 
1.31 (0.97) 
1.01 (0.91) 
0.30 (0.56) 

0.13 (0.91) 
0.18 (0.98) 
0.18 (0.94) 
0.16 (0.92) 
0.18 (0.96) 
0.10 (0.56) 

0.046 (0.93) 
0.056 (0.98) 
0.063 (0.96) 
0.047 (0.97) 
0.054 (0.93) 
0.037 (0.94) 

a Value in parentheses is the correlation coefficient of the linear least square fit 
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Figure 7 DSC traces between 200 and 240°C at  heating rate 2O"Clmin for deformed 
and undeformed PBT and blends over the complete composition range. (a) PC-PBT 0- 
100; (b) PC-PBT 25-75; (c) PC-PBT 40-60; (d) PC-PBT 50-50; (e) PC-PBT 60-40; (f) PC- 
PBT 75-25. Extension ratio p for each trace indicated. 

extensions, two overlapping melting peaks can be 
seen. Upon extension, the higher temperature peak 
disappears while the lower temperature peak be- 
comes larger until it is eventually the only peak ob- 
served. The phenomenon is more prevalent in the 
25% PBT sample series. Multiple melting peaks 
have been observed in PBT before.15 Elaborate 
studies have shown that, upon heating, smaller PBT 
crystallites start melting a t  fairly low temperatures, 

followed immediately by their recrystallization into 
bigger ones. At lower temperatures, a peak is ob- 
served when the rate of melting of the small crystals 
exceeds the rate of recrystallization. A second peak 
is subsequently observed for the recrystallized crys- 
tals a t  higher temperature. The temperature differ- 
ence between the two peaks is usually of the order 
of 0-15"C, depending on thermal history and heating 
rate in the experiment. Only one peak may be ob- 
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Figure 8 Second moment of the orientation function 
fa of the a form crystals versus extension ratio p for dif- 
ferent blend compositions. Symbols are the same as those 
in Figure 2. 

P 

served even though recrystallization is taking place. 
Observation of two melting peaks here indicates that 
recrystallization also occurs in these deformed 
blends. 

The  recrystallization phenomenon only be- 
comes visible for the series with low PC content. 
I t  is possible tha t  the phenomenon observed for 
these compositions stems from impeded recrys- 
tallization due to the smaller size of the crystallites 
and the higher orientation. Par t  of the small crys- 
tallites can recrystallize into relatively big crys- 
tallites, while others are impeded by orientation 
and cannot recrystallize. As deformation results 
in more orientation, and crystallites are smaller 
a t  higher PC contents, the results of recrystalli- 
zation can only be observed in the low P B T  con- 
tent/low deformation blends. 

WAXD Experiments 

The  second moment of the orientation function f 
was determined by evaluating the azimuthal in- 
tensity distribution for both the a and @ crystal 
form of P B T  by using the 20 = 39.8 reflection of 
the i05 plane of the a form, and the 20 = 42.9 
reflection of the 706 plane of the @ form. The  sec- 
ond moment was calculated from the intensity 
profile, I($’) while taking into account the correc- 
tion by Gupta and Kumar for off-meridional re- 
flections.“j 

(cos2$’) 
(COS*$) = ~ 

cos2y 

Figures 8 and 9 show the orientation function f C y  and 
f,, as a function of the extension ratio for the a form 
and @ form crystals, respectively. 

For the a form of pure PBT, a plateau value of 
f, = 0.97 was found, while relatively high fcl > 0.92 
are found for lower p .  For the deformed blend films, 
slightly yet significantly lower plateau values are 
found for f n  with the difference being bigger for 
blends containing more PC. 

The f,: for pure PBT is significantly lower than 
f,. A trend opposite to the a form result is found for 
blends in that f,: values increase with PC content. 

Relative intensities of a and p form in stretched 
PBT have been reported before, as obtained from 
DSC measurements under tension5 and comparison 
of the meridional WAXD scan peak intensity of the 
104 reflections of the a and p form crystals for sam- 
ples of known crystallinity.12 The first method is 
impractical for films. The second method is only a 
first approximation as it does not take into account 
that the actual peaks for the 101 reflections are not 
on the meridian but are found at  an angle of 5- 
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Figure 9 Second moment of the orientation function 
fs of the p form crystals versus extension ratio p for dif- 
ferent blend compositions. Symbols are the same as those 
in Figure 2. 
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15°C. This causes concern since the intensity on the 
meridian is both a function of the fraction of crys- 
tallinity corresponding to that reflection and of the 
orientation function. 

The method employed here compares the integral 
of the azimuthal intensities of the 105 reflection of 
the a form with the i06 reflection of the /3 form. In 
order for this method to yield accurate results, it is 
required that the peak width of both reflections are 
constant. Only small deviations were observed and 
calculations showed that these differences have in- 
significant influence on the eventual result. To ad- 
just for the 20 dependence of intensity I (@) ,  azi- 
muthal intensity profiles were obtained from an a- 
rich film (later designated as sample 3), from a @- 
rich film (later designated as sample l l ) ,  and from 
a sandwich of the two. The crystallinity was deter- 
mined by DSC as described before. As the integrals 
of the azimuthal scans corresponded to known crys- 
tallinity, the 20 dependent correction factor could 
be obtained. 

Figure 10 shows the fraction of the crystallinity 
in the a form versus extension ratio for all compo- 
sitions. Pure PBT samples exhibit high levels of a 
form crystallinity, while the @ form crystallinity in- 
creases with PC content in the blend. The a fraction 
increases with extension ratio for samples with high 
PBT content, while the opposite is observed for 
samples with low PBT content. 

No significant evidence was found to suggest ori- 
entation of the amorphous phase. 

. 

. 

Strain Recovery Experiments 

Two possible reasons can be given for this discrep- 
ancy between pure PBT and the blends with PC. 
First, it is conceivable that the PC dissolved in the 
PBT phase of the blends has an inhibiting influence 
on the formation of the a crystal form. This hy- 
pothesis is congruent with the melting behavior as 
found in the DSC study. No other signs of crystal 
imperfection due to the presence of PC in the PBT 
phase were found. Another possibility takes into ac- 
count the completely reversible a to @ transition ex- 
hibited at low strains. It has been shown that, upon 
applying higher strains, the @ crystalline phase still 
reverts to the a crystal form, but to a lesser degree.3 

To test this hypothesis, a number of samples of 
three different compositions were prepared by de- 
forming under slightly differing procedures. Table 
I1 gives a detailed description of the stretching pro- 
cedures employed and the resulting properties. In 
each case, the percentage strain recovery was mea- 
sured as the difference between the length of the 
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Figure 10 Fraction of the  crystallinity in the CY form 
versus extension ratio p for all different blend composi- 
tions. Symbols are the  same as  those in Figure 2. 

sample while clamped and unclamped. Figure 11 
shows the clear relationship between strain recovery 
and a fraction. The behavior in Figure 10 can there- 
fore be explained by the higher extension retention 
after stretching of PC and of its blends with PBT. 
The extension retention decreases for blends with 
lower PC content. It needs to be noted that Figure 
11 is completely analogous to the Figure 14 of a 
crystal fraction versus strain in the small strain 
elastic region as given in Reference 5. This is evi- 
dence that the a to @ transformation of PBT is a 
phenomenon closely related to the small strain elas- 
ticity, regardless of the actual extension ratio. 

A second reason for doing the strain recovery ex- 
periments was to find an explanation for the rein- 
forcement effect in E' at low and high temperatures 
for blends with high PBT content as in pure PBT. 
The theoretical modulus of @ crystal formed in the 
direction of the c-axis is significantly higher than 
for a crystals. Also, elastic recovery can relax some 
of the undetectable orientation in the amorphous 
phase or at the crystalline-amorphous interface. The 
values for G at -150,110, and 200°C found for the 
strain-recovered samples can be compared in Table 
11. It is found that strain recovery causes a significant 
decrease in the modulus of stretched PBT samples 
and to a lesser degree in the 50% PBT samples, but 
not for the 75% PBT samples. If transformation of 
the @ form to the a form crystals would result in a 
decrease of the modulus, then the biggest change 
would have been found in the blends and none in 
pure PBT. 

This indicates that morphology of the deformed 
blends plays a large part in the mechanical com- 
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Table I1 Deformation Conditions and Results from Relaxation Recovery Experiments 

No. % PBT a Trel P 74 rel' f(Cu)d E' (-150")' E' (llO")e E' 

1 

2 

3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 

14 
15 

100 

100 

100 
75 
75 
75 
75 

75 
75 

50 
50 
50 
50 

50 
50 

160 
(40) 
160 
(40) ' 
190 
160 
100 

40 (1/3)g 
40 (2/3)h 
(40)' 
160 
100 
(40)' 
160 
100 

40 (1/3)g 
40 (2/3)h 
(40) ' 
160 
100 
(40) 1 

4.60 

3.60 

4.22 
4.40 
4.60 
4.90 
4.80 
(4.70)' 
3.05 
3.15 
(3.30)' 
4.72 
4.82 
4.80 
4.75 

2.80 
3.20 
(3.27) 

(4.55)' 

(3.55)f 

(4.75)' 

10.7 

9.4 

14.6 
11.8 
8.5 
4.3 
6.1 

3.2 
6.1 

2.5 
1.4 
3.2 
5.3 

5.8 
1.9 

0.709 
(0.645)' 
0.683 
(0.591) 
0.786 
0.695 
0.591 
0.394 
0.441 

0.698 
0.613 

0.132 
0.125 
0.191 
0.340 
(0.142) ' 
0.580 
0.242 
(0.336)' 

7.09 

5.11 
(9.38) ' 
7.06 
9.82 
9.63 

(9.99) ' 

10.7 
10.8 
(9.88)f 
7.22 
7.60 
(6.26)' 
8.57 
8.38 
8.45 
9.85 
(9.27)' 
5.44 
5.92 
(7.40) 

0.72 
(0.79)' 
0.46 
(0.56) ' 
0.61 
1.17 
1.17 
1.23 
1.31 

0.89 
0.96 
(0.96)' 
1.66 
1.58 
1.33 
1.43 
(1.75) ' 
1.06 
1.24 
(1.48)f 

(1.20)f 

0.288 
(0.320) 
0.194 

0.230 
0.249 
0.262 
0.293 
0.285 
(0.288) ' 
0.162 
0.183 

0.193 
0.203 
0.209 
0.206 
(0.251)' 
0.110 
0.140 

(0.220) 

(0.200) * 

(0.191)' 

a PHT content in the hlend. 
Z,@, is the temperature a t  which the strain on the sample was removed. 

' Percent ot' total length after deformation relaxed after removal of strain. 
f, is fraction of cy form crystal. 
E' values in GPa.  
Values in brackets are for samples made under the previous protocol that  are  closely related in extension ratio to  results of samples 

One-third of' the  stress on the sample was removed after deformation a t  160°C, and the sample was subsequently cooled to  40'C. 
Two-thirds of  the  stress on the sample was removed after deformation a t  160°C. and the sample was subsequently cooled to  40°C. 

reported here. 

position-dependent properties. It is unclear from 
these experiments what this influence is. However, 
it is clear that the a/P crystallinity ratio, the ori- 
entation of PC phase, increase in crystallinity, ori- 
entation of the PBT crystallites, and stress retention 
do not contribute to this reinforcing effect. 

CONCLUSIONS 

Blending PC with PBT significantly changes the 
deformation behavior and the properties of the de- 
formed samples in a number of ways. Deformed 
blends with a PBT content of 50% or higher have 
higher E' than deformed pure PBT a t  low and am- 
bient temperatures, while the mechanical properties 
of all blends are improved in the deformation direc- 
tion. PBT crystallinity as measured by DSC in- 
creases significantly with deformation in pure PBT 
and blends; while, in the blends, relatively lower 
crystallinity is observed with increasing PC content. 
The melting temperature initially decreases slightly 
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Figure 11 Fraction of the crystallinity in the a form 
versus strain recovery. Numbers in the figure correspond 
to the sample numbers in Table 2. 
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upon deformation, but increases through stress-in- 
duced crystallization. T,,, decreases with decreasing 
PBT content. 

The cy fraction crystallinity decreases with de- 
creasing PBT content, increases with extension for 
high PBT content, and decreases with extension for 
high PC content. Through strain recovery experi- 
ments after large deformation under different pro- 
cessing conditions, it was shown that the LY fraction 
depends largely on the strain recovery after defor- 
mation. It was shown that this relationship is anal- 
ogous with the LY to @ transition at  4-12% strain. 
This suggests that even at high deformations, the LY 

to @ transition is related to the elasticity of the sam- 
ple. The presence of PC in the blends influences the 
recovery after deformation and gives rise to the large 
differences in cy form fraction. 

E' measurements for the strain recovered samples 
could not explain the larger increase of E' in PBT 
rich blends upon deformation. 
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