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CHAPTER VII
THERMAL, CRYSTALLIZATION, AND RHEOLOGICAL  

CHARACTERISTICS OF POLY(TRIMETHYLENE TEREPHTHALATE)/ 
POLY(BUTHYLENE TEREPHTHALATE) BLENDS

Nujalee Dangseeyun, Pitt Supaphol,* and Manit Nithitanakul

The P e tro leu m  a n d  P e tro ch em ica l C ollege, C h u la lon gkorn  U n iversity , S o i C h u la l2 , 
P h ya th a i Road, Pathum w an, B angkok 10330, TH AILAN D

ABSTRACT
Blends o f poly(trimethylene terephthalate) (PTT) and poly(buthylene 

terephthalate) (PBT) were miscible in all o f the blend compositions studied, as 
evidenced by an observed single and composition-dependent glass transition 
temperature for each blend composition. The variation o f the glass transition 
temperature with the blend composition was well predicted by the Gordon-Taylor 
equation, with fitting parameter being ca. 6.9. The cold crystallization (peak) 
temperature was found to increase, while the melt crystallization (peak) temperature 
was found to decrease, with increasing PTT content. The subsequent melting 
behavior for these blends (after cold crystallization) showed the melting point 
depression behavior, in that the melting (peak) temperature for each component was 
lowered with increasing content o f the other component. During crystallization, the 
pure components crystallized simultaneously to form their own crystals. The blend 
having 60 percent by weight o f PTT showed the lowest apparent degree o f 
crystallinity. The steady shear viscosities for the pure components and the blends 
showed slight decrease with increasing shear rate (within the shear rate range o f 0.25 
to 25 ร'1), with those o f the blends lying in between those o f the pure components.
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1. INTRODUCTION
Polyethylene terephthalate) (PET) and poly(buthylene terephthalate) (PBT) 

are linear aromatic polyesters which have been commercialized for a long time. 
Both PET and PBT are versatile polymeric commodities. Poly(trimethylene 
terephthalate) (PTT) has recently been introduced commercially by Shell Chemicals 
under the tradename Corterra™. PTT has properties in between those o f PET and 
PBT, by taking an unusual combination of the outstanding properties o f PET and 
processing characteristics o f PBT. These characteristics make PTT highly suitable 
for uses in fiber, film, and engineering thermoplastics applications.

Polymer blending is an attractive alternative for producing new polymeric 
materials with desirable properties without having to synthesize a totally new 
material. Other advantages for polymer blends are versatility, simplicity, and 
inexpensiveness. Numerous published articles related to various aspects o f binary 
blends o f polyesters are available in the open literature. Some o f these are, for 
examples, blends o f PET and PBT [1-8], PBT and an amorphous co-polyester o f 
cyclohexane dimethanol, ethylene glycol, and terephthalic acid (PETG) [9], and PBT 
and poly(ether imide) (PEI) [10],

In PET/PBT blends, Escala and Stein [1] reported that the blends showed a 
single and composition-dependent glass transition temperature at all compositions, 
suggesting that PET and PBT were miscible in the amorphous state. Similar results 
were also reported others [5,6]. Based on various experimental techniques, Escala 
and Stein [1] reported that, upon crystallization, PET and PBT did not co-crystallize. 
Avramova [5] confirmed such findings and added that, even though each component 
formed its own crystalline phase upon crystallization, both components could 
crystallize concurrently at all compositions o f the blends and the presence o f one 
crystalline phase did not deter or enhance the crystallization rates o f the other.

In PBT/PETG blends, Nabi Saheb and Jog [9] reported that the blends 
exhibited a single and composition-dependent glass transition temperature at all 
compositions, suggesting miscibility between PBT and PETG molecules in the 
amorphous state. The miscibility o f PBT and PETG molecules was confirmed by the 
negative value o f the interaction parameter. They also reported that the blends 
exhibited composition-dependent melting point depression, a direct result o f the
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presence o f PETG. In addition, an observed decrease in the crystallization rates for 
the blends as evidenced by an increase in the crystallization half-time was attributed 
to either an increase in the glass transition temperature and to a decrease in the ability 
o f PBT molecules to mobilize due to the presence o f PETG molecules.

Recently, Huang and Chang [10] studied miscibility, melting, and 
crystallization behavior o f PTT/PEI blends. They observed that the blends showed a 
single and composition-dependent glass transition temperature over the entire 
compositional range studied, indicating that the blends were fully miscible in the 
amorphous state. They also reported that recrystallization o f PTT during a heating 
scan in a differential scanning calorimeter (DSC) was either retarded or fully 
inhibited by the presence o f PEI component, a direct result o f the decreased 
segmental diffusion o f PTT molecules onto an existing growth face.

In the present contribution, blends o f PTT and PBT were characterized for 
their thermal, crystallization, and rheological behavior. The objectives for this work 
are 1) to assess the miscibility o f the blends in the amorphous state, 2) to investigate 
the effect o f blend composition on non-isothermal cold and melt crystallization 
behavior, 3) to investigate the effect o f blend composition on subsequent melting 
behavior (after non-isothermal cold crystallization), 4) to assess the effect o f blend 
composition on the apparent degree o f crystallinity obtained, and 5) to assess the 
effect o f blend composition on the rheological behavior. 2

2. EXPERIMENTAL DETAILS
2.1. Materials

Poly(trimethylene terephthalate) (PTT) was supplied in pellet form by Shell 
Chemicals (USA) (Corterra CP509201). The weight- and number-average molecular 
weights for this resin were determined to be ca. 78,100 and 34,700 Daltons, 
respectively. Poly(buthylene terephthalate) (PBT) was supplied in pellet form by LG 
Chem (Korea) (LUPOX GP-2000). The weight- and number-average molecular 
weights for this resin were determined to be ca. 71,500 and 36,300 Daltons, 
respectively. Molecular weight characterization for these resins was carried out by 
size-exclusion chromatography (SEC) technique.
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2.2. Sample Preparation
Both PTT and PBT resins were dried in a vacuum oven at 140°c for 5 hours 

and then were pre-mixed in a dry mixer to produce PTT/PBT pre-blends o f 10, 25, 
40, 50, 60, and 75% พ/พ of PTT, respectively. The pre-blends were then melt-mixed 
in a self-wiping, co-rotating twin-screw extruder (Collin, ZK 25), operating at a 
screw speed o f 70 rpm and the die temperature o f 260°c. The extrudate was cooled 
in water and were palletized using a pelletizer (Planetrol, 075D2). The resulting 
blends were hereafter denoted xPTT/(l-x)PBT, where X is the weight percentage o f  
PTT in the blends. Pure PTT, PBT, and each blend were later melt-pressed at 260°c 
in a compression press (Wabash, V50H) under an applied pressure o f 4.62x1 o2 
MN-m'2 for 5 min before cooling down to room temperature to produce films o f 
approximately 200 pm in thickness.

2.3. Differential Scanning Calorimetry Measurements
A DSC (Perkin-Elmer, DSC-7) was used to record non-isothermal cold and 

melt crystallization exotherms and subsequent melting endotherms (after non- 
isothermal cold crystallization) for PTT, PBT and their blends. Calibration for the 
temperature scale was carried out using a pure indium standard (Tm° =  156.6°c and 
A H °  = 28.5 J-g'1) on every other run to ensure accuracy and reliability o f the data 
obtained. To minimize thermal lag between the polymer sample and the DSC 
furnace, each sample holder was loaded with a disc-shape sample weighing around
8.0 ± 0.5 mg which was cut from the as-prepared films. It is worth noting that each 
sample was used only once and all the runs were carried out under nitrogen 
atmosphere to prevent extensive thermal degradation.

The experiments started with heating PTT, PBT and their blends from 40°c  
to a fusion temperature o f 260°c at a rate o f 80°c min'1 for a melt-annealing period 
of 5 min in order to rid o f previous thermal histories, after which the samples were 
taken out and immediately quenched in liquid nitrogen to attain the completely 
amorphous state o f the samples. In order to observe the non-isothermal cold 
crystallization and subsequent melting behavior, each sample was reheated again in 
DSC from 25 to 260°c at a rate o f 10°c min'1. After a melt-annealing period of 5
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min at 260°c, the sample was cooled down to 30°c at a cooling rate o f 10°c min'1 in 
order to observe the non-isothermal melt crystallization behavior. These experiments 
allow one to obtain values for the glass transition temperature Eg, cold crystallization 
peak temperature Tcc, apparent melting peak temperature Tm, and melt crystallization 
peak temperature rc, respectively.

2.4. Crystal Structure and Crystallinity
Wide-angle X-ray diffraction (WAXD) technique was used to determine the 

crystal modification and apparent degree o f crystallinity for PTT, PBT, and their 
blends which had been prepared in DSC by cooling from 260 to 30°c at a cooling 
rate o f l o o m in '1. Each sample, after being taken out o f the DSC sample holder, 
was paste onto a glass sample holder, using Vaseline as adhesive. The WAXD 
intensity pattern for each sample was collected on an X-ray diffractometer (Rigaku, 
Rint2000), equipped with a computerized data collection and analytical tools. The 
X-ray source (CuKor radiation, X = 1.54 Â) was generated using an applied voltage 
o f 40 kV and a filament current o f 30 raA.

2.5. Shear Viscosity Measurements
Pure PTT, PBT, and PTT/PBT blend pellets were melt-pressed into circular 

disks o f 1 mm in thickness and 25 mm in diameter. A rheometer (Rheometric 
Scientific, model ARES) with cone-and-plate geometry was used to study the steady 
and dynamic shear behavior o f these materials. Before each measurement, the 
rheometer was heated up to 260°c and the gap between the cone and plate was set at 
0.052 mm. For a steady rate sweep test, the shear viscosity o f the materials was 
determined as a function o f shear rate. In case o f a dynamic measurement, the strain 
values were chosen such that the experiments could be performed in the linear 
viscoelastic region.

3. RESULTS AND DISCUSSION
3.1. Glass Transition Temperature of PTT/PBT Blends

The presence o f a single and composition-dependent glass transition 
temperature Eg, which located between those o f the pure components, is indicative o f
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m isc ib ility  b e tw e e n  th e  tw o  p o ly m ers  in  th e  am o rp h o u s  sta te . F ig u re  l a  sh o w s the  
D S C  co ld  c ry s ta lliz a tio n  and  m e ltin g  th e rm o g ra m s fo r q u e n c h e d  P T T , P B T , and  
P T T /P B T  b len d  sam p le s  reco rd ed  d u rin g  h ea tin g  a t a  h e a tin g  ra te  o f  K f c - m in '1, 
F ig u re  lb  sh o w s D S C  m elt c ry s ta lliz a tio n  ex o th e rm s fo r P T T , P B T , an d  P T T /P B T  
b le n d  sam p le s  re c o rd e d  d u rin g  su b seq u en t co o lin g  a t a  c o o lin g  ra te  o f  1 0 °C -m in '1. It 
is o b v io u s , fro m  F ig u re  la ,  th a t a  s in g le  7g v a lu e  w as o b se rv e d  in  e a c h  th e rm o g ram  
an d  th a t th e  Tg v a lu e  fo r th e  b le n d  sam p les lo ca ted  b e tw e e n  th o se  o f  th e  pu re  
p o ly m e rs  (i.e ., TgfTX =  4 3 .1 ° c  an d  TgPBT =  34 .8°C ). T h e  re su lts  c le a rly  su g g est th a t 
P T T  an d  P B T  w ere  m isc ib le  in  th e  am o rp h o u s  state .

A  n u m b e r o f  em p irica l m o d e ls  w ere  p ro p o se d  in  o rd e r to  p red ic t th e  
co m p o s itio n -d e p e n d e n c e  o f  Tg fo r a  m isc ib le  p o ly m e r b len d : so m e  o f  th e se  are  th e  
G o rd o n -T a y lo r [11], F o x  [12], C o u ch m an -K ara sz  [13], an d  U track i [14] eq u a tio n s. 
T h ese  e q u a tio n s  p re d ic t a m o n o to n ie  d ep en d en ce  o f  th e  Tg v a lu e  o n  th e  b len d  
co m p o sitio n , w ith o u t any  cu sp  in  th e  p red ic ted  cu rve . A m o n g  th e se , the  F ox  
e q u a tio n  is w id e ly  u sed . In  th is  m o d e l, the  o b se rv ed  Tg v a lu e  o f  th e  b le n d  re la tes  to  
th e  g lass  tra n s itio n  tem p e ra tu res  o f  th e  pu re  co m p o n en ts  1 an d  2 (i.e ., r gi an d  7g2) 
an d  th e  b len d  c o m p o s itio n  acco rd in g  to  th e  fo llo w in g  e q u a tio n  [12]:

w h e re  พ 1 an d  พ2 a re  the  w e ig h t frac tio n s  (นำ. th e  am o rp h o u s  s ta te  on ly ) o f  
co m p o n en ts  1 an d  2, re sp ec tiv e ly , an d  Tg 1 and  rg 2 a re  th e  re sp e c tiv e  Tg v a lu es  o f  th e  
p u re  co m p o n en ts  1 an d  2 , resp ec tiv e ly .

T h e  F o x  e q u a tio n  a ssu m es  ran d o m  m ix in g  b e tw e e n  th e  tw o  co m p o n en ts , 
eq u a l v a lu es  o f  th e  en th a lp ic  ju m p  in  the  g lass  tra n s itio n  re g io n  b e tw e e n  th e  tw o  
co m p o n en ts  (i.e ., ACpi =  ACp2), and  no v o lu m e  e x p a n s io n  b e tw e e n  th e  tw o  
co m p o n en ts  d u rin g  m ix in g . T h e  d ep en d en ce  o f  th e  Tg v a lu e  o n  the  b len d  
c o m p o sitio n  fo r P T T /P B T  b len d s  is illu s tra ted  in  F ig u re  2. T h e  d o tte d  line is th e  
p re d ic te d  co m p o sitio n -d e p e n d e n c e  o f  th e  Tg v a lu e  fo r P T T /P B T  b len d s  acco rd in g  to  
th e  F o x  eq u a tio n . A p p aren tly , th e  F o x  eq u a tio n  o v e re s tim a te d  th e  Tg v a lu e  fo r th e  
b len d s  in  all o f  th e  b len d  co m p o sitio n .
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A n o th e r  p o p u la r  eq u a tio n  u sed  to  p re d ic t c o m p o s itio n -d e p e n d e n t b eh av io r 
o f  Tg fo r a  m isc ib le  p o ly m e r b len d  is th e  G o rd o n -T a y lo r e q u a tio n  [11], w h ich  can  be  
w ritte n  as

(2)
+ เ<พ2

w h ere  A: is an  a d ju s tab le  p a ram ete r. T h e  so lid  line  sh o w n  in  F ig u re  2 is th e  p red ic ted  
c o m p o s itio n -d e p e n d e n c e  o f  th e  Tg v a lu e  fo r P T T /P B T  b len d s  acco rd in g  to  the  
G o rd o n -T ay lo r eq u a tio n , w ith  th e  fittin g  k p a ra m e te r  b e in g  6 .89 . B ased  on  th e  
p red ic ted  cu rv e  an d  th e  d a ta  sh o w n  in F ig u re  2, g o o d  a g re e m e n t b e tw een  the  
o b se rv ed  Tg v a lu es  an d  the  p re d ic tio n  by  th e  G o rd o n -T ay lo r e q u a tio n  w as o b ta in ed  
o n ly  fo r b len d s  h av in g  P T T  co n ten t o f  60  w t%  o r h igher.

3.2. Crystallization Behavior
A cc o rd in g  to  F ig u re  la ,  th e  co ld  c ry s ta lliz a tio n  (p eak ) te m p e ra tu re  r cc fo r 

P T T  w as o b se rv e d  a t ca. 6 8 .8°c, w h ile  th a t fo r P B T  w as o b se rv ed , su g g es tin g  th a t 
P B T  w as ab le  to  c ry s ta lliz e  fast e n o u g h  d u rin g  q u e n c h in g  th e  sam p le  fro m  a  fu sio n  
te m p e ra tu re  o f  2 6 0 ° c  in  liq u id  n itro g en . T h e  o b se rv e d  Tcc v a lu e s  fo r  P T T /P B T  
b len d s  (tak en  fro m  th e  th e rm o g ram s sh o w n  in  F ig u re  la )  w e re  p lo tte d  ag a in s t the  
b len d  c o m p o s itio n  in  F ig u re  3. O b v io u sly , a  s in g le  an d  co m p o s itio n -d e p e n d e n t co ld  
c ry s ta lliz a tio n  (p eak ) tem p e ra tu re  w as o b se rv ed  fo r m o st o f  th e  b le n d s  s tud ied , 
ex cep t fo r th e  1 0 P T T /9 0 P B T  b len d . T h e  o b se rv ed  Tcc v a lu e  fo r th e  b le n d s  w as found  
to  in c rea se  fro m  ca. 47°c in  2 5 P T T /7 5 P B T  b len d  to  ca. 71°c in  7 5 P T T /2 5 P B T  b len d  
an d  lev e l o f f  to  a p p ro a c h  th a t o f  P T T . T he re su lts  su g g es t th a t b o th  P T T  and  P B T  
co m p o n en ts  in  th e  b len d s  c ry s ta lliz ed  s im u ltan eo u s ly  an d  th a t th e  p re se n c e  o f  the  
m o re  c ry s ta lliz a b le  P B T  m o lecu le s  in  th e  b len d s  h av in g  th e  P B T  co n te n t o f  m o re  
th a n  ca. 25 w t%  h e lp s  p ro m o te  th e  c ry sta lliz ab ility  o f  th e  b len d s .

A cco rd in g  to  F ig u re  lb ,  th e  m e lt c ry s ta lliz a tio n  (p eak ) te m p e ra tu re s  Tc fo r 
P T T  and  P B T  w ere  o b se rv ed  at ca. 179.8 and  1 9 2 .1 °c , re sp ec tiv e ly . T h e  o b se rv ed  
Tc v a lu es  fo r P T T /P B T  b len d s  (tak en  fro m  th e  e x o th e rm s  sh o w n  in  F ig u re  lb )  w ere  
p lo tted  as a  fu n c tio n  o f  th e  b len d  co m p o sitio n  in  F ig u re  4. E v id e n tly , a  sin g le  and  
co m p o s itio n -d e p e n d e n t m elt c ry s ta lliz a tio n  (peak ) te m p e ra tu re  w a s  o b se rv ed  fo r all
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o f  th e  b len d s  รณd ied . G enera lly , th e  o b se rv ed  r c v a lu e  o f  th e  b len d s  w as found  to  
d ec rea se  fro m  th a t o f  P B T  to  ap p ro ach  th a t o f  P T T  w ith  in c rea s in g  P T T  co n ten t, w ith  
an  ex c e p tio n  fo r th a t o f  th e  6 0 P T T /4 0 P B T  b len d  w h ich  e x h ib ite d  m u c h  lo w er v a lu e  
th a n  th a t o f  P T T . T h e  re su lts  su g g es t th a t b o th  P T T  an d  P B T  c o m p o n e n ts  in  th e  
b le n d s  c ry s ta lliz ed  c o n cu rren tly  an d  th a t th e  p re sen ce  o f  th e  le ss  c ry s ta lliz a b le  P T T  
m o le c u le s  in  th e  P B T -rich  b len d s  re ta rd s  th e  c ry s ta lliz a b ility  o f  th e  b len d s , w h ile  the  
p re se n c e  o f  th e  m o re  c ry s ta lliz ab le  P B T  m o lecu le s  in  th e  P T T -ric h  b len d s  h e lp s 
p ro m o te  th e  c ry s ta lliz ab ility  o f  th e  b len d s , w ith  a n  e x c e p tio n  fo r th e  6 0 P T T /4 0 P B T  
b lend .

3.3. Crystal Structure and Apparent Degree of Crystallinity
T h e  c ry s ta l s tru c tu re  and  th e  ap p a ren t d eg ree  o f  c ry s ta llin ity  fo r P T T , P B T , 

an d  P T T /P B T  b le n d  sam p les  n o n -iso th e rm a lly  c ry s ta lliz e d  fro m  th e  m o lte n  sta te  a t a  
c o o lin g  ra te  o f  1 0 °C -m in '1 w ere  o b se rv ed  u s in g  W A X D  tech n iq u e , an d  th e  resu lts  are 
sh o w n  in F ig u re  6. T h e  ch a rac te ris tic  X -ray  p e a k s  fo r P T T  w ere  o b se rv e d  at the  
sca tte rin g  an g les  26  o f  ca. 15.3, 16.8, 19.4, 2 1 .7 , 2 3 .6 , 2 4 .6  an d  27 .3°, w h ich  
c o rre sp o n d  to  th e  re fle c tio n  p lan es  o f  (010), ( 0 Ï 2 ) ,( 0 1 2 ) ,  (1 0 2 ) ,(1 0 2 ) ,  (1 1 3 ) , ( 1 0 4 ) ,  

re sp ec tiv e ly  [15]. F o r P B T , th e  ch a rac te ris tic  X -ray  p eak s  w e re  o b se rv e d  at th e  
sca tte rin g  an g les  26  o f  ca. 15.8, 17.0, 20 .5 , 23 .2 , an d  25 .0°, w h ic h  c o rre sp o n d  to  th e  
re fle c tio n  p lan es  o f  (o il) ,(0 10 ), (Oil), ( 10 0 ), ( 1 1 1 ), re sp e c tiv e ly  [16]. B o th  P T T  an d  
P B T  c ry s ta lliz e  in to  a  tr ic lin ic  c ry sta l s tru c tu re , w ith  th e  u n it ce ll p a ra m e te rs  b e in g  a 
=  4 .6 4  A, 6 =  6 .2 7  A, c =  18.64 Â , a  =  98°, p =  90°, an d  y=  1110 fo r P T T  [17] an d  a  
=  4 .83  Â , b =  5 .95  Â , c  = 1 1 .6 7  k , a  = 100°, p  =  64°, an d  y  =  69° fo r P B T  [18], 
re sp ec tiv e ly .

T h e  c h a ra c te ris tic  X -ray  p eak s  fo r all o f  th e  sam p le s  s tu d ied  ( ta k e n  from  th e  
d iffra c to g ram s  sh o w n  in  F ig u re  6) a re  su m m arized  in  T ab le  1. A p p a ren tly , ap art 
fro m  th o se  o f  th e  p u re  co m p o n en ts , no  n ew  p eak s  w ere  o b se rv e d  in  th e  d iffrac tio n s  
p a tte rn s  o f  th e  P T T /P B T  b len d  sam p les, in d ica tin g  th a t th e  P T T  and  P B T  
co m p o n e n ts  in  th e  b len d s  c ry s ta lliz ed  sep ara te ly , ev en  th o u g h  it w as sh o w n  
p re v io u s ly  th a t b o th  c o m p o n en ts  c ry s ta lliz ed  s im u lta n e o u s ly  d u rin g  n o n -iso th e rm a l 
c ry s ta lliz a tio n  fro m  b o th  the  g la ssy  an d  the m o lten  sta tes.
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A n o th e r im p o rtan t in fo rm a tio n  w h ich  can  be  o b ta in ed  fro m  th e  W A X D  
p a tte rn s  is th e  a p p a ren t d eg ree  o f  c ry s ta llin ity . T h e  a p p a re n t d eg re e  o f  c ry s ta llin ity  
^ WAXD can  ke  ca lc u la ted  fro m  th e  ra tio  o f  th e  in teg ra ted  in te n s itie s  u n d e r th e  
c ry s ta llin e  p e a k s  Ac to  th e  in teg ra ted  to ta l in ten s itie s  A t (i.e ., At = A c +  Aa, w h ere  A a is 
th e  in teg ra ted  in ten s itie s  u n d er th e  am o rp h o u s  h a lo ). A c c o rd in g  to  th is  p ro ced u re , 
th e  XCWAXD v a lu es  fo r  P T T  an d  P B T  w ere  fo u n d  to  be ca. 2 4 .8  an d  29 .1% , 
re sp ec tiv e ly . O u r /f rWAXD v a lu e  o b ta in ed  for P T T  ag re e d  w e ll w ith  th e  v a lu e s  o f  ca. 
15 to  30% , re p o rte d  by  C h u ah  [19] fo r m e lt-c ry s ta lliz ed  P T T  sam p les . T h e  o b ta in ed  
XcWAXD v a lu es  o f  each  co m p o n en t fo r P T T /P B T  b len d s  (c a lc u la ted  from  the  
d iffra c to g ram s  sh o w n  in  F ig u re  6) w ere  p lo tte d  as  a  fu n c tio n  o f  the  b lend  
c o m p o s itio n  in  F ig u re  7, w h ile  th e  to ta l /f rWAXD v a lu es  w ere  su m m a riz e d  in  T ab le  1.

A cc o rd in g  to  F ig u re  7, th e  /f rWAXD v a lu e s  fo r b o th  P T T  and  P B T  
co m p o n en ts  in  th e  b len d s  w as fo u n d  to  d e c rea se  m o n o to n ic a lly  w ith  in c reas in g  
c o n te n t o f  th e  o th e r  co m p o n en t. T h e  to ta l XCWAXD v a lu e  fo r  th e  b len d s  w as, in 
g en e ra l, fo u n d  to  d e c rea se  from  th a t o f  P B T  w ith  in c rea s in g  P T T  co n te n t, reach  a 
m in im u m  v a lu e  fo r th e  b len d  h av in g  the  P T T  c o n te n t o f  60  w t% , and , finally , 
in c rease  w ith  fu rth e r in c rease  in  th e  P T T  co n ten t u n til a p p ro ach in g  th a t o f  P T T  (see  
T ab le  1). It sh o u ld  b e  n o ted  th a t th e  to ta l XCWAXD v a lu es  fo r th e  P B T -ric h  b len d s 
w ere , in  g en era l, h ig h e r th an  th o se  fo r the  P T T -rich  b len d s , a  d ire c t re su lt o f  th e  
h ig h e r c ry s ta lliz a b ility  o f  the  P B T -rich  b len d s . S im ila r  b e h a v io r  w a s  a lso  rep o rted  in  
b len d s  o f  p o ly (e th y le n e  n ap h th a la te ) (P E N ) an d  p o ly (b u th y le n e  n a p h th a la te )  (P B N ) 
[20],

3.4. Melting Behavior
A cc o rd in g  to  F igu re  la ,  P T T  ex h ib ited  a  s in g le  m e ltin g  e n d o th e rm , w ith  the  

p e a k  te m p e ra tu re  Tm b e in g  o b se rv ed  at ca. 2 2 6 .ร0c ,  w h ile  P B T  e x h ib ite d  d o u b le  
m e ltin g  en d o th e rm s, w ith  the  p eak  tem p e ra tu res  o f  th e  m a jo r  e n d o th e rm  (T m i) and  
th e  m in o r e n d o th e rm  (Tin2) b e in g  o b se rv ed  at ca. 2 2 3 .2  an d  2 3 0 .0°c, resp ec tiv e ly . 
T h e  o b se rv ed  m e ltin g  (peak) tem p e ra tu res  fo r P T T /P B T  b len d s  (tak en  from  the  
th e rm o g ra m s sh o w n  in  F igu re  la )  w ere  p lo tted  a g a in s t the  b le n d  c o m p o sitio n  in  
F ig u re  5. It sh o u ld  be  n o ted  th a t th e  a ss ig n m en t o f  th e  o b se rv e d  Tm to  a  g iven
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co m p o n e n t in  4 0 P T T /6 0 P B T , 5 0 P T T /5 0 P B T , an d  6 0 P T T /4 0 P B T  b le n d s  w as q u ite  
d iff icu lt, s in ce  th e  m e ltin g  range  fo r b o th  P T T  an d  P B T  c o m p o n e n ts  w a s  in  a  c lo se  
p ro x im ity  to  o n e  an o th er.

A cc o rd in g  to  F ig u re  5, it is o b v io u s  th a t b o th  P B T -ric h  an d  P T T -ric h  b len d s  
e x h ib ite d  th e  m e ltin g  p o in t d ep re ss io n  p h en o m en o n , in  th a t th e  o b se rv e d  Tm v a lu e  o f  
each  co m p o n e n t in  th e  b len d s  d ec rea sed  w ith  in c re a s in g  c o n te n t o f  th e  o th e r m in o r 
co m p o n en t. T h e  m e ltin g  p o in t d e p re ss io n  can  be u sed  to  s tu d y  in te ra c tio n s  b e tw een  
p o ly m e r m o lecu le s  o f  tw o  d iffe ren t sp ec ies  w h en  o n e  o f  th e  c o m p o n e n ts  in  the  
m isc ib le  b len d s  is p a rtia lly  c ry s ta llin e . D ue to  th e  lo w ered  ch em ica l p o te n tia ls  o f  the  
m o lecu le s  in  th e  b len d s  as co m p ared  to  th o se  o f  th e  p u re  s ta te , th e  tem p e ra tu re  at 
w h ic h  th e  c ry s ta ls  o f  o n e  co m p o n en t a re  in  eq u ilib riu m  w ith  th e  m isc ib le  am o rp h o u s 
p h ase  co n s is tin g  o f  b o th  co m p o n en ts  w ill be lo w er, h en ce  th e  o c c u rre n ce  o f  th e  m elt 
p o in t d ep re ss io n  p h e n o m en o n  [21], T h e  m eltin g  p o in t d e p re ss io n  p h e n o m e n o n  for 
b o th  o f  th e  p u re  co m p o n en ts  in  th e  m isc ib le  b len d s  o f  P E T  an d  P B T  w as a lso  
o b se rv ed  an d  rep o rted  [5 ,22],

3.5. Shear Viscosity
F ig u re  8 sh o w s th e  s tead y  sh ea r v isco s itie s  ๆ m easu red  a t 260°c fo r P T T , 

P B T , an d  P T T /P B T  b len d  sam p les  as a  fu n c tio n  o f  sh ea r ra te . W ith in  th e  sh ea r ra te  
ran g e  s tu d ied  (i.e ., 0 .25  to  25 ร '1), it w as fo u n d  th a t th e  sh ea r v isc o s itie s  fo r th e se  
sam p le s  d e c re a sed  v e ry  s lig h tly  w ith  in c reas in g  sh ea r ra te , su g g e s tin g  a  s lig h t sh ea r­
th in n in g  b eh av io r. C h u ah  [19] fo u n d  th a t m o lten  P T T  b eh a v e d  lik e  a  N ew to n ian  
flu id  a t lo w  sh ea r ra te s  an d  like  a  sh ea r th in n in g  flu id  a t sh ea r ra te s  g re a te r  th an  1000 
ร '1. T h e  sh ea r v isc o s itie s  fo r b len d s  sam p le s  w ere  fo u n d  to  lo ca te  b e tw e e n  th o se  o f  
th e  tw o  p u re  co m p o n en ts .

T h e  d y n am ic  co m p lex  v isco s itie s  ๆ* m e asu red  at 2 6 0 ° c  fo r P T T , P B T , an d  
P T T /P B T  b le n d  sam p le s  as a  fu n c tio n  o f  freq u en cy  a re  re p re se n te d  in  F ig u re  9. A ll 
o f  th e  o b se rv e d  ๆ* v a lu e s  fo r th e se  sam p les  w ere  fo u n d  to  be  in d e p e n d e n t o f  ch an g es  
in  th e  freq u en cy . F o r a  g iven  freq u en cy , th e  ๆ* v a lu e  fo r P B T  w as  fo u n d  to  be 
h ig h e r th an  th a t fo r P T T . T he ๆ* v a lu es  for 2 5 P T T /7 5 P B T  an d  5 0 P T T /5 0 P B T  b len d  
sam p le s  w ere  fo u n d  to  be  h ig h er, o n ly  th e  v a lu e  fo r  7 5 P T T /2 5 P B T  b le n d  sam p le  w as
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lo w er, th an  th o se  fo r b o th  o f  th e  p u re  co m p o n en ts  ( fo r  a  g iv en  freq u en cy ). T h e  
u n u su a lly  h ig h  v a lu e s  o f  ๆ* o b se rv ed  in  2 5 P T T /7 5 P B T  b len d  sam p le  m ay  be  a  re su lt 
o f  th e  h ig h  e n ta n g le m e n t d en sity  o f  th is  p a rticu la r  b len d  [22].

4. CONCLUSIONS
B len d s o f  p o ly (tr im e th y len e  te rep h th a la te )  (P T T ) an d  p o ly (b u th y len e  

te re p h th a la te )  (P B T ) sh o w ed  a  s in g le  and  c o m p o s itio n -d e p e n d e n t g la ss  tran s itio n  
tem p e ra tu re  in  all o f  th e  b lend  c o m p o sitio n s  s tud ied , in d ica tin g  th a t b o th  co m p o n en ts  
w ere  m isc ib le  in  th e  am o rp h o u s  sta te . T he  o b se rv ed  g lass  tra n s itio n  tem p e ra tu re  w as 
fo u n d  to  in c rease  w ith  in c reas in g  P T T  co n ten t an d  w as fitted  w e ll to  th e  G o rd o n - 
T a y lo r eq u a tio n , w ith  th e  fittin g  p a ra m e te r k b e in g  ca. 6 .9 . T h e  c o ld  c ry s ta lliz a tio n  
(p eak ) te m p e ra tu re  w as fo u n d  to  in c rease , w h ile  th e  m e lt c ry s ta lliz a tio n  (peak) 
te m p e ra tu re  w as fo u n d  to  d ecrease , w ith  in c reas in g  P T T  co n ten t. T h e  su b seq u en t 
m e ltin g  b e h a v io r  fo r th ese  b len d s  (a fte r  co ld  c ry s ta lliz a tio n ) sh o w ed  th e  m e ltin g  
p o in t d e p re ss io n  b eh av io r, in  th a t th e  m e ltin g  (p eak ) te m p e ra tu re  fo r e a c h  c o m p o n en t 
w as  lo w ered  w ith  in c rea s in g  c o n te n t o f  the  o th e r co m p o n en t. W id e -an g le  X -ray  
d iffra c tio n  re su lts  sh o w ed  th a t th e  p u re  c o m p o n e n ts  in  th e  b le n d s  c ry s ta lliz ed  
sep a ra te ly , ev en  th o u g h  th e  c ry s ta lliz a tio n  re su lts  su g g es ted  s im u ltan eo u s  
c ry s ta lliz a tio n  o f  th e  tw o  c o m p o n en ts  d u rin g  co o lin g . T h e  m in im u m  v a lu e  o f  th e  
to ta l a p p a re n t d e g re e  o f  c ry s ta llin ity  w ere  o b se rv ed  in  th e  b le n d  h a v in g  60  w t%  o f  
P T T . T h e  a p p a re n t d eg ree  o f  c ry s ta llin ity  fo r each  c o m p o n e n t w as  fo u n d  to  d ec rease  
w ith  in c rea s in g  co n te n t o f  the  o th e r co m p o n en t. T h e  s tead y  sh e a r  v isco s itie s  fo r th e  
p u re  co m p o n e n ts  an d  th e  b len d s  sh o w ed  s ligh t d e c rea se  (w ith in  th e  sh ea r ra te  ran g e  
o f  0 .25  to  25 ร '1) w ith  in c reas in g  sh ea r ra te , w ith  th o se  o f  th e  b le n d s  ly in g  in  b e tw een  
th o se  o f  th e  p u re  co m p o n en ts .
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P B T , an d  P T T /P B T  b le n d  sam p les reco rd ed  d u rin g  h e a tin g  a t 1 0 °c  m in '1, 
an d  (b) D S C  m elt c ry s ta lliz a tio n  ex o th e rm s fo r P T T , P B T , an d  P T T /P B T  
b le n d  sam p le s  reco rd ed  d u rin g  su b seq u en t co o lin g  a t 1 0 °c  m in '1.

F ig u re  2 O b se rv ed  g lass  tra n s itio n  tem p e ra tu re  Tg fo r q u e n c h e d  P T T , P B T , and  
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F ig u re  3 C o ld  c ry s ta lliz a tio n  (p eak ) tem p e ra tu re  Tcc fo r q u e n c h e d  P T T , P B T , and  
P T T /P B T  b len d  sam p les as a  fu n c tio n  o f  b len d  co m p o sitio n .

F ig u re  4 M e lt c ry s ta lliz a tio n  (p eak ) tem p e ra tu re  Tc fo r q u en ch ed  P T T , P B T , and  
P T T /P B T  b len d  sam p les as a  fu n c tio n  o f  b len d  co m p o sitio n .

F ig u re  5 M e ltin g  (p eak ) tem p e ra tu re  Tm ch a ra c te riz in g  th e  m e ltin g  o f  P T T  a n d /o r 
P B T  c ry s ta llite s  (a fte r co ld  c ry s ta lliz a tio n  p ro cess)  fo r q u en ch ed  P T T , 
P B T , an d  P T T /P B T  b len d  sam p les as a  fu n c tio n  o f  b le n d  co m p o sitio n .

F ig u re  6 W id e -an g le  X -ray  d iffrac to g ram s fo r P T T , P B T , an d  P T T /P B T  b lend  
sam p le s  a fte r  n o n -iso th e rm a lly  c ry s ta lliz ed  fro m  th e  m o lte n  s ta te  in  D S C  
ce ll a t a  c o o lin g  ra te  o f  K T C -m in '1.

F ig u re  7 A p p a re n t d eg ree  o f  c ry s ta llin ity  for P T T  an d  P B T  c o m p o n e n ts  fo r b o th  
p u re  an d  b le n d  sam p les as  a  fu n c tio n  o f  b len d  co m p o sitio n .

F ig u re  8 T h e  s tead y  sh ea r v isc o s ity  ๆ m easu red  a t 260°C  fo r P T T , P B T , an d  
P T T /P B T  b len d  sam p les as a  fu n c tio n  o f  sh ea r ra te .

F ig u re  9 T h e  d y n am ic  co m p lex  v isc o s ity  ๆ* m easu red  at 260°C  fo r P T T , P B T , and  
P T T /P B T  b len d  sam p les  as a  fu n c tio n  o f  freq u en cy .
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Table 1 Characteristic X-ray peaks and the total degree of crystallinity of PTT, 
PBT, and blends

Blend Total Degree ofComposition Characteristic X-ray Peaks (20) Crystallinity
PBT - 1 5 .8 - 1 7 .0 - 2 0 .5 - 2 3 .2 - - 2 5 .0 - 2 9 .3 3 1 .2 29 .1

10P T T /9 0P B T - 1 5 .8 - 17.1 - 2 0 .5 - 2 3 .2 - - 2 5 .0 - 2 9 .3 3 1 .2 3 1 .0
25 P T T /7 5 P B T - 1 6 .0 - 1 7 .2 1 9 .5 2 0 .7 2 1 .6 2 3 .4 - - 2 5 .3 2 7 .8 2 9 .3 3 1 .4 2 7 .0
4 0 P T T /6 0 P B T 1 5 .3 1 5 .9 - 17.1 1 9 .4 2 0 .6 2 1 .2 2 3 .2 - - 25 .1 2 7 .4 29 .1 3 1 .4 2 8 .2
50 P T T /5 0 P B T 1 5 .2 1 5 .8 - 1 7 .0 19.1 2 0 .4 2 1 .2 2 3 .1 - - 2 5 .0 2 7 .6 29 .1 3 1 .1 2 5 .4
6 0 P T T /4 0 P B T 1 5 .4 - 1 6 .8 - 1 9 .4 2 0 .6 2 1 .7  - 2 3 .5 2 4 .7 - 2 7 .4 2 9 .5 3 1 .2 2 1 .6
75 P T T /2 5 P B T 1 5 .5 - 17.1 - 1 9 .5 - 2 1 .8  - 2 3 .6 2 4 .9 - 2 7 .3 2 9 .3 3 1 .1 2 2 .8
9 0 P T T /1 0 P B T 1 5 .3 - 1 6 .7 - 1 9 .3 - 2 1 .8  - 2 3 .4 2 4 .7 - 2 7 .5 - 3 1 .3 2 4 .5

PTT 1 5 .3 - 1 6 .8 - 1 9 .4 - 2 1 .7  - 2 3 .6 2 4 .6 - 2 7 .3 - - 2 4 .8
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Figure 2
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Figure 3



134

Figure 4
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Figure 5
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Figure 7
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