
CHAPTER IV
RHEOLOGICAL, MORPHOLOGICAL, THERMAL, AND MECHANICAL 

PROPERTIES OF BLENDS OF VECTRA A950 AND POLY(TRIMETHYLENE 
TEREPHTHALATE): A STUDY ON A HIGH-VISCOSITY RATIO SYSTEM

4.1 Abstract

Poly(trimethylene terephthalate) (PTT) and a liquid crystalline polymer, Vectra 
A950 (VA), were melt-blended and subjected to capillary rheometry. Effects o f VA 
content, shear rate, and temperature on viscosity and flow activation energy (Ea) were 
investigated. Partial fibrillation was found even though the viscosity ratio was greater 
than one, leading to the formation of in-situ composites. Thermal and thermogravimetric 
analysis o f the blends suggested that they were immiscible and their thermal stabilities 
were enhanced. From tensile tests, the incorporation of VA improved tensile modulus, 
slightly decreased tensile strength, and drastically lowered elongation at break, compared 
to neat PTT. It was found that the blend with the best VA dispersion can be achieved at 
the minimum VA content (10 wt%) and lowest processing temperature (250°C). Not 
only did this blend exhibit improved mechanical properties comparable to those of 
blends processed at temperatures closer to the crystalline-to-nematic transition o f VA 
(~280°C), it also shows enhanced processibility through the reduction of both melt- 
viscosity and Ea.
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4.2 Introduction

Liquid crystalline polymers (LCPs) are remarkably high performance 
thermoplastics known to exhibit high modulus, high strength, high toughness, good 
creep resistance, and low coefficients of thermal expansion. The unique features of these 
polymers are their low shear viscosity in the nematic molten state and their high 
molecular alignment in the solid state after thermoplastic processing. These distinctive 
properties arise from their stiff linear molecular structure, which makes them readily 
align to the flow direction. The incorporation of an LCP as a minor phase into a typical 
thermoplastic may offer the potential o f improved melt processibility. In addition, due to 
the intrinsically high modulus o f an LCP phase, the mechanical properties o f the blends 
could be enhanced.

Although much effort has been put into blends o f an LCP with a terephthalate- 
based ester, like polyethylene terephthalate) (PET) or poly(butylene terephthalate) 
(PBT) [1-4], blends of an LCP with a recently-commercialized terephthalate-based 
polyester, namely poly(trimethyIene terephthalate) (PTT), to the best o f our knowledge, 
have not yet been investigated. Due to the similarity in their chemical structures, PTT 
has an unusual combination of the outstanding properties o f PET and the processing 
characteristics of PBT, giving rise to its potential as a thermoplastic for carpeting, 
textiles, film, packaging, and engineering thermoplastic applications. The introduction of 
LCP, which possesses high mechanical properties, might be able to improve the tensile 
properties of the PTT required for certain engineered thermoplastic applications.

According to statistical thermodynamic analysis, perfectly rigid rod LCPs are 
immiscible with flexible coil polymers, giving rise to a separated LCP phase [5]. As a 
matter o f fact, it has been reported that under certain flow conditions and with an 
appropriate range o f LCP concentration, the LCP domains can elongate into fine fibrils 
and reinforce the matrix. Thus, these blends are commonly referred to as in-situ 
composites [6 ], In-situ composites are considered to be competitive with glass fiber- 
reinforced composites where processibility and low density are dominant requirements.
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The final properties o f in-situ composites depend on their phase morphology, 
which is affected by several important factors. These are, for example, LCP content, 
processing conditions, viscosity ratio (disperse phase to matrix phase), and the interfacial 
adhesion. Processing conditions, including temperature, and shear and extensional 
forces, strongly affect the molecular orientation o f the LCP phase as well as the LCP 
fibril aspect ratio. Among these parameters, a viscosity ratio near or less than unity has 
been reported necessary for LCP fibrillation. However, some researchers claimed that for 
certain LCP/thermopiastic pairs, the fibrillation can occur at a viscosity ratio much 
higher or lower than unity [7,8]. Beery et al. [9] indicated that, as well as the viscosity 
ratio, interfacial forces between the thermoplastic matrix and LCP domains are major 
parameters that control the development o f fibrils. This leads to the contradictory results 
on the effect of viscosity ratio on the fibrillation for different blend systems. The 
combined effects o f viscosity, interfacial tension, and shear rate may be represented by 
the capillary number, Ca, expressed as:

C a =  ๆท, Y
<7 / R (4.1)

where ๆ m is the matrix viscosity, y  the shear rate, R the LCP droplet radius 
( 7? ะ= D  / 2 ), and a  the interfacial tension of polymer pairs. According to Taylor [ 10,11 ], 
the capillary number is the ratio of the two opposing forces, i.e. the viscous forces that 
tend to deform the droplet to the counteracting interfacial forces that tend to resist the 
deformation and keep the droplet shape spherical. To achieve a fibrillar morphology, a 
high degree o f deformation will be required. In other words, the higher the capillary 
number, the easier the droplet deformation. From the above equation, the shear stress
(r jmy )  should be larger than half o f the interfacial energy ( a /  D )  but lower than the
melt strength o f the LCP to achieve LCP fibrils. The simplest way to increase the shear 
stress could be by lowering the processing temperatures, which in turn enhances the 
matrix viscosity. This should be a suitable method for a system in which the viscosity o f 
the matrix is more sensitive to temperature than that o f the LCP. There are a number o f
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research works dealing with processing conditions— structure/mechanical property 
correlations. For blends of an LCP with a thermoplastic like PBT or Nylonô, Beery and 
co-workers [9] reported improvements in the tensile properties with decreasing extrusion 
temperature. Bastida e t  al. [12] observed the reverse manner in injection molded blends 
of poly(ether imide) and a thermotropic copolyester, Rodrun LC-5000. Mostly, the 
processing temperature could be manipulated to provide sufficient viscous force able to 
elongate the LCP domains for a specific polymer pair. Recently, Kalkar et  al. [13], as 
well as Tan et al. [14], carrried out systematic studies on the effect o f temperature on the 
viscosity ratio and the resulting tensile properties. However, their study was done on a 
system with a viscosity ratio close to unity; hence, further study under higher viscosity 
ratio conditions should be performed.

In the present contribution, the rheological, morphological, thermal, and 
mechanical properties o f blends o f Vectra A950 (VA)/PTT were investigated. It should 
be noted that this system was a high viscosity ratio system where the viscosity o f PTT is 
much lower than that of VA. The flow behavior o f the VA/PTT binary blends at 
different temperatures, shear rates, and LCP contents was studied using a capillary 
rheometer. The morphology of the rheometer extrudates, observed by scanning electron 
microscope (SEM), was related to the rheological results. Studies on the thermal 
characteristics o f the blends by means o f differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) were also conducted. Tensile testing was performed 
on the injection-molded specimens.

4.3 Experimental

4.3.1 Materials
Poly(trimethylene terephthalate) (PTT) was kindly supplied in pellet form 

by PTT PolyCanada LP (Corterra 9200). Its intrinsic viscosity (IV) is 0.92 dl/g. The LCP 
used was Vectra A950 (labeled VA hereafter), supplied by Hoechst-Celanese. VA is a 
copolyester o f 73 mol% p-hydroxybenzoic acid (HBA) and 27 mol% 2-hydroxy-6-
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naphthoic acid (HNA). All the materials were dried in a vacuum oven at 130°c for at 
least 1 2  h prior to use.

4.3.2 Preparation of Blends
PTT and VA resins were premixed in a dry mixer to prepare VA/PTT 

blends with VA contents of 10, 20, 30, 40, 50, and 70 wt%. The samples were 
designated as VA พt%; for example, a blend containing 10 wt% VA and 90 wt% PTT 
would be represented as VA 10. The dry-mixed blends were melt-mixed in a self-wiping, 
co-rotating twin-screw extruder (Collin, ZX-25). The temperature o f the barrel section 
from the feeding zone to the die was set at 80, 230, 250, 275, 285, and 265°c. The rotor 
was operated at a speed of 30 rpm. The extrudates were cooled by water and then 
pelletized.

The neat PTT and VA 10 pellets were dried and injected into dumbbell
shaped specimens 2.5 mm thick on an AP-90 (Asian Plastic) injection molding machine 
for the tensile tests. (The injection molding conditions are provided in Table 4.1.)

4.3.3 Rheological Measurement
A CEAST Rheologic 5000 twin-bore capillary rheometer was used to 

measure the shear viscosity of the blends. The inner diameter and the length o f the barrel 
used were 15 and 250 mm, respectively, while the inner diameter and the length o f the 
die were 1 and 20 mm (i.e. L/D ratio = 20), respectively. The temperature tolerance was 
set at ±0.5°c. An automatic data collection system was used to analyze the test results. 
The apparent shear viscosity of the blends in the temperature range o f 250-280°C and a 
shear rate range o f 60-2000 ร' 1 was recorded. The rheometer extrudates were quenched 
at room temperature and collected for further SEM analysis.

4.3.4 Morphological Observation
The morphology of the blends was observed using a JEOL JSM5200 

scanning electron microscope (SEM). The specimens were cryogenically fractured in
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liquid nitrogen in the transverse direction to provide a cross-sectional view. The 
rheometer extrudates were also immersed in 1 ,2 -dichlorophenol at 80°c for 2  h to 
dissolve the PTT matrix as the first step, followed by repeated washing o f the residue for 
a clear LCP phase. The fractured surfaces and the LCP residue were sputtered with a thin 
layer o f gold prior to observation

4.3.5 DSC Characterization
The differential scanning calorimeter measurements were carried out by 

using a Mettier-Toledo DSC822 differential scanning calorimeter (DSC). All 
measurements were performed under a dry nitrogen atmosphere. The instrument was 
calibrated in both the temperature and the melting enthalpy with a standard sample of 
indium to ensure the accuracy and reliability of the data. To avoid an uneven thermal 
conduction of the samples, each sample holder was loaded with samples o f comparable 
quantity (8±0.5 mg).

The experiments started with heating PTT, VA, and their blends obtained 
from the twin-screw extruder from 25°c to a fusion temperature o f 300°c at a heating 
rate of 200°c min' 1 for a melt-annealing period of 5 min in order to remove previous 
thermal histories, after which the samples were removed and immediately quenched in 
liquid nitrogen to achieve a completely amorphous state o f the samples. The quenched 
sample was immediately subjected to a heating scan at a rate o f 5°c/min from 25°c  to 
300°c. The sample was then cooled to 30°c at a cooling rate o f 10°c min'1. The second 
heating and cooling traces were recorded.

4.3.6 Thermogravimetric Analysis
The thermal stability o f PTT, VA, and their blends from the twin-screw 

extruder was evaluated by a Perkin Elmer TGA7 (TGA) operated under nitrogen 
atmosphere at a heating rate o f 10°c min-1 from 30 to 800°c. Decomposition 
temperature and the weight percent o f the residue were recorded.
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4.3.7 Static Mechanical properties
Tensile tests were conducted in an Instron 4206 tensile tester at room 

temperature. The mechanical properties (tensile modulus, tensile strength, and 
elongation at break) were determined from the stress-strain curves. At least seven 
specimens were tested for each reported value.

4.4 Results and Discussion

4.4.1 Rheological Behavior
The plots o f viscosity versus shear rate for the neat components and the 

blends at various compositions and temperatures are presented in Fig. 4.1. All specimens 
exhibit shear thinning behavior; i.e., the viscosity decreases with increasing shear rate 
due to the induced chain orientation, resulting in a lower entanglement density [15], 
Apparently, the neat VA displays greater shear-thinning over the whole shear rate range 
than the neat PTT. From Figs. 4.1(a) and 1(b), the neat PTT shows relatively low 
viscosity, less than 100 Pa.s and it seems to reach its Newtonian regime at temperatures 
higher than 270°c or shear rate greater than 100 ร'1. The Newtonian regime indicates 
that the PTT chains become nearly fully disentangled. Interestingly, introducing VA into 
the system could enhance its shear-thinning behavior. It can be seen that the viscosity 
curves of VA20 and VA30 (the blends with VA 20 wt% and 30 wt%, respectively) 
intersect. Intersecting viscosity curves have been found before in other systems of liquid 
crystalline polymer/thermoplastic blends [16,17]. It is important to note that only at 
250°c and 260°c [Figs. 4.1(c) and (d)], VA 10 exhibits the viscosity reduction 
phenomenon compared to the matrix viscosity. Generally, this viscosity reduction 
phenomenon has been ascribed to the deformation of the LCP phase into fibrils and the 
orientation o f these deformed fibrils in the direction o f flow. Another possible reason 
could be the interfacial slip between VA and the thermoplastic matrix due to the lack of 
adhesion [4,18], Both reasons originate from the incompatibility o f the LCP and the 
thermoplastic matrix. VA chains are usually rigid and stiff, while PTT chains are much
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more flexible. Mixing the LCP with the flexible-coil polymer mostly results in the 
positive free energy of mixing and, as a consequence, phase separation occurs. With the 
further SEM analysis o f extrudates o f various extrusion temperatures, shear rate, and VA 
contents, we could establish the relationship between the change in the blend viscosity 
and the final phase morphology (see the Morphology of the Rheometer Extrudate 
section).

. When the viscosity is plotted semi-logarithmically against the blend 
composition, it is observed that the viscosity increases with increasing VA content [Fig.
4.2], except for VA 10 at 250°c and 260°c where a reduction in blend viscosity occurs 
as stated earlier. Starting from the highest temperature (280°C), the viscosity o f VA 10 is 
obviously greater than that of the neat PTT; and at a temperature o f 270°c, its viscosity 
is just above that o f the neat PTT. At 260°c and 250°c, VA 10 exhibits viscosity 
reduction, compared to that of PTT. The extent o f reduction also varies depending on the 
temperature; i.e. at 250°c, the reduction in viscosity is more pronounced than at 260°c. 
The source o f these differences will be discussed later in the morphology section.

As mentioned earlier, it has been reported that fibrillation is mostly 
achieved when the viscosity of LCP is lower than that of the matrix. In other words, a 
viscosity ratio near or smaller than unity favors the fibrillation o f LCP [19]. The data 
shown in Fig. 4.3 indicate that the viscosity ratio decreases with increasing shear rate 
and decreasing temperature. Therefore, it could be expected that the fibrillation o f LCP 
would be enhanced at higher shear rate and lower temperature as well. However, all 
viscosity ratio values are still far higher than unity. Based on the viscosity ratio criterion 
alone, under these flowing conditions, it might be difficult to obtain any LCP fibrils. It 
will be shown in the morphology section that under proper flow conditions and VA 
content, fine fibrils, along with spherical domains, could be observed. Hence, LCP 
fibrillation does not entirely depend on the viscosity ratio. In this case, at high viscosity 
ratio and high temperature, LCP domains were deformed into fibrils, which were rarely 
broken into small droplets due to the low-viscosity, Newtonian-like matrix. By reducing 
the temperature, the PTT matrix becomes more viscous and thus can exert greater shear
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fo rc e  to  d e fo rm  th e  d is p e r s e d  V A  p h a se . F o r  o th e r  te m p e ra tu re s  o f  in v e s t ig a t io n  th a t  a re  
b e lo w  280°c (a  c r y s ta l l in e - to -n e m a tic  t r a n s i t io n  te m p e ra tu re  o f  V A ), V A  c a n  s till 
u n d e rg o  d e fo rm a tio n , a s  e v id e n c e d  in  th e  m o rp h o lo g y  s e c t io n . D u e  to  th e  h ig h e r  s h e a r  
s tre s s  a c t in g  u p o n  th e  V A  d o m a in s  a t lo w e r  te m p e ra tu re  o r  h ig h e r  s h e a r  ra te , th e  V A  
f ib r ils  c a n  b e  b ro k e n  d o w n  fu r th e r  in to  s m a ll s p h e r ic a l  d ro p le ts  a s  th e s e  f ib r ils  s u f fe r  
f ro m  c a p i l la ry  in s ta b ili ty . In o th e r  w o rd s , th e  c a p i l la ry  n u m b e r  is in c re a s e d  w ith  
lo w e r in g  te m p e ra tu re  o r  in c re a s in g  s h e a r  ra te . D u e  to  th e  im m is c ib i l i ty , b o th  f in e  f ib r ils  
a n d  s m a ll s o f t  d ro p le ts  w i th  a  p a r tly  n e m a tic  s tru c tu re  a c t a s  a  lu b r ic a n t  th a t  c a n  re d u c e  
th e  v is c o s i ty  o f  th e  m a tr ix  b y  g l id in g  th e  m a tr ix  p o ly m e r ic  c h a in s  to  th e  d ire c t io n  o f  
f lo w .

e n h a n c e  L C P  f ib r il la tio n  (a s  w e ll a s  im p ro v e  m ix in g ) ,  e s p e c ia l ly  fo r  a  sy s te m  in w h ic h  
th e  m a tr ix  is m o re  s e n s i t iv e  to  te m p e ra tu re  th a n  L C P . T h u s , it is  in te r e s t in g  to  
in v e s tig a te  th e  te m p e ra tu re  d e p e n d e n c e  o f  th e  s h e a r  v is c o s i ty  e m p lo y in g  th e  s o -c a l le d  
A r r h e n iu s - E y r in g  e q u a tio n  [2 0 ]:

w h e re  ฦแ is th e  m e lt  v is c o s i ty  a t  te m p e ra tu re  T, R th e  u n iv e rs a l g a s  c o n s ta n t , Ao a 
f re q u e n c y  te rm  d e p e n d in g  o n  th e  e n tro p y  o f  a c t iv a t io n  fo r  f lo w , a n d  Ea is  ta k e n  to  b e  th e  
a c t iv a t io n  e n e rg y  fo r  v is c o u s  f lo w . A  l in e a r  c o r r e la t io n  w a s  fo u n d  in  th e  p lo t  o f  1ทฦฉ v s . 
1 /T  o f  a ll th e  s a m p le s  [F ig . 4 .4 ] , w h ic h  h a s  p ro v e n  th a t  th e  A r r h e n iu s - E y r in g  e q u a tio n  
is  a p p l ic a b le  to  th e s e  b in a ry  V A /P T T  b le n d s . T h e  v a lu e  o f  Ea c a n  b e  o b ta in e d  f ro m  th e  
l in e a r  re g re s s io n  o f  Inr/a v s . 1 /T  a t  d i f f e r e n t  s h e a r  ra te s . A f te r  c a lc u la t io n , th e  Ea v a lu e s  
e x p re s s e d  in  k j /m o l  w e re  p lo t te d  a g a in s t  th e  V A  c o n te n t ,  a s  d is p la y e d  in F ig . 4 .5 .

p o ly m e r  to  te m p e ra tu re ;  th a t  is , th e  h ig h e r  th e  Ea, th e  h ig h e r  th e  s e n s i t iv i ty .  N o rm a l ly ,  
th e  v is c o s i ty  o f  a  p o ly m e r  is le s s  s e n s i t iv e  to  te m p e ra tu re  a t h ig h e r  s h e a r  ra te ;  i.e ., th e  Ea 
b e c o m e s  s m a lle r  a s  s h e a r  ra te  in c re a se s . T h is  is a t t r ib u te d  to  th e  g re a te r  d e s t ru c t io n  o f  
th e  c o u p l in g  p o in t  o f  th e  e n ta n g le m e n t n e tw o rk  u n d e r  h ig h  s h e a r , a n d  h e n c e  r e s u lts  in  a

A d ju s t in g  th e  f a b r ic a tio n  te m p e ra tu re  c o u ld  be  an  e f fe c t iv e  w a y  to

T h e  f lo w  a c t iv a t io n  e n e rg y  c a n  b e  u s e d  to  r e p re s e n t  th e  s e n s i t iv i ty  o f  a
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d e c re a s e  o f  in te r a c t io n  b e tw e e n  c h a in  s e g m e n ts . F ro m  F ig . 4 .5 , V A  a n d  P T T  s h o w  
s m a l le r  Ea v a lu e s  a t  h ig h e r  s h e a r  ra te , a s  e x p e c te d  fo r  ty p ic a l p o ly m e rs . P T T  b e h a v e s  
tw ic e  a s  te m p e ra tu re  s e n s i t iv e  a s  V A  an d  th u s  le a d s  to  th e  s m a l le r  v is c o s i ty  ra tio  a t lo w  
te m p e ra tu re .  T h e  lo w  te m p e ra tu re  s e n s i t iv i ty  o f  V A  in fe rs  its  s t i f f  m o le c u la r  s tru c tu re  
a n d  lo w  e n ta n g le m e n t d e n s ity  th a t  m a k e  its  f lo w  p ro p e r t ie s  le s s  a f fe c te d  b y  te m p e ra tu re  
c h a n g e . T h e  b le n d s  s h o w  Ea v a lu e s  b e tw e e n  th a t  o f  P T T  a n d  V A . T h e  a d d it io n  o f  V A  
le a d s  to  a  d ra s tic  d ro p  in  Ea a t f ir s t  (1 0  w t%  V A ), th e n  it in c re a s e s  to  th e  m a x im u m  a t 5 0  
w t%  V A , a n d  fa lls  a g a in  a t 7 0  w t%  V A . H e n c e , a  g re a te r  V A  c o n te n t  is le s s  e f fe c t iv e  in 
th e  d is ru p tio n  o f  th e  p o ly m e r ic  c h a in  e n ta n g le m e n t .  T h e  fa ll o f  Ea a t 7 0  พ t%  V A  c a n  b e  
e x p e c te d  s in c e  a t th is  c o m p o s it io n , th e  P T T  b e c o m e s  th e  m in o r  p h a se . W ith  in c re a s in g  
s h e a r  ra te , th e  m a x im u m  Ea te n d s  to  sh if t  to  b le n d s  w ith  lo w e r  V A  c o n te n t.

4 .4 .2  M o rp h o lo g y  o f  th e  R h e o m e te r  E x tru d a te s
T h e  S E M  m ic ro g ra p h s  o f  th e  la te ra l c ro s s  s e c t io n s  o f  th e  V A /P T T  b le n d s  

c o l le c te d  f ro m  th e  e x t ru d e r  a n d  f ro m  th e  rh e o m e te r  a re  s h o w n  in  F ig s . 4 .6 (a )  a n d  (b ) , 
r e s p e c tiv e ly . A ll o f  th e  s a m p le s  c le a r ly  re v e a l  a  b ip h a s ic  m o rp h o lo g y  ty p ic a l  o f  h ig h ly  
im m is c ib le  b le n d s . F o r  th e  s a m p le s  c o l le c te d  f ro m  th e  e x t ru d e r ,  th e  s h a p e  o f  th e  V A  
d o m a in s  is m a in ly  s p h e r ic a l [F ig . 4 .6 (a )] , H o w e v e r , a s  s h o w n  in F ig . 4 .6 (b ) , th e  
m o rp h o lo g y  o f  th e  rh e o m e te r  e x t ru d a te  s h o w s  b o th  s p h e r ic a l a n d  f ib r i l la r  d o m a in s ,  
in d ic a t in g  th e  in f lu e n c e  o f  p ro c e s s in g  c o n d i t io n s  o n  th e  f in a l m o rp h o lo g y  o f  th e  b le n d s .

It h a s  b e e n  d is c u s s e d  th a t  a  h ig h  c a p i l la ry  n u m b e r  p ro m o te s  d e fo rm a tio n . 
O n e  c o u ld  in c re a s e  th e  c a p illa ry  n u m b e r  b y  in c re a s in g  th e  s h e a r  s tre s s  e x e r te d  o n  th e  
L C P  d o m a in s .  T h is  c o u ld  b e  a c h ie v e d  b y  e i th e r  lo w e r in g  th e  te m p e ra tu re  o r  in c re a s in g  
th e  s h e a r  ra te . F ro m  th e  c ro s s -s e c t io n a l  v ie w  o f  th e  r h e o m e te r  e x t ru d a te  a t  th e  h ig h  
e x t ru s io n  te m p e ra tu re  o f  2 6 0 ° c  a n d  a  s h e a r  ra te  o f  2 0 0 0  ร '1 [F ig s .4 .7  (a )—Cf)]* th e  
d is p e r s e d  V A  p h a s e  f irs t  a p p e a rs  a t lo w  c o n te n t  a s  f ib r i l la r  a n d  sp h e r ic a l d o m a in s ,  a n d  
th e  d o m a in s  b e c o m e  b ig g e r  w ith  in c re a s in g  V A  c o n te n t  d u e  to  th e  p h a s e  c o a le s c e n c e  
[1 6 ,2 1 ] , It is  fo u n d  th a t  e v e n  w h e n  V A  is th e  m a jo r  p h a s e  (V A 7 0 ) , in s te a d  o f  th e  V A  
b e c o m in g  th e  m a tr ix ,  it fo rm s  th ic k , c o n tin u o u s  f ib r i ls  s u r ro u n d e d  b y  th e  P T T  p h a s e .
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T h is  is b e c a u s e  th e  P T T  p h a s e  is m u c h  le s s  v is c o u s  th a n  th e  V A  p h a se . In  g e n e ra l , th e  
c o m p o n e n t  w ith  lo w e r  v is c o s i ty  w ill te n d  to  e n c a p s u la te  th e  m o re  v is c o u s  c o m p o n e n t ,  
s in c e  th is  d e c re a s e s  th e  ra te  o f  e n e rg y  d is s ip a t io n  b y  m ix in g . T h e  la rg e r  s iz e  o f  th e  V A  
d o m a in s  o b ta in e d  a t h ig h e r  V A  c o n te n t  le a d s  to  lo w e re d  in te r fa c ia l  a re a  a n d  in te r fa c ia l  
s l ip p a g e . T h u s , a  r is e  in  b le n d  v is c o s i ty  is o b s e rv e d  w ith  in c re a s in g  V A  c o n te n t. T o  
c le a r ly  d e p ic t  th e  in f lu e n c e  o f  e x t ru s io n  te m p e ra tu re  o n  th e  b le n d  m o rp h o lo g y , th e  P T T  
p h a s e  w a s  e tc h e d  o u t  f ro m  V A  10 s a m p le s  o f  v a r io u s  e x tru s io n  te m p e ra tu re s  [F ig s . 
4 .8 ( a ) - ( d ) ] .  A ll th e  s a m p le s  re v e a l b o th  sp h e r ic a l an d  f ib r i l la r  V A  d o m a in s ,  b u t a t 
d i f f e re n t  s iz e s  a n d  p ro p o r t io n s . It is  w o r th  n o tin g  th a t  e v e n  th o u g h  th e  v is c o s i ty  ra tio  is 
h ig h e r  th a n  o n e  fo r  a ll c a s e s , p a r tia l  f ib r il la tio n  is s ti ll  o b s e rv e d . A t h ig h  te m p e ra tu re ,  
lo w  s h e a r  s tre s s  a p p lie d  b y  th e  n e a r ly -N e w to n ia n  P T T  m a tr ix  y ie ld s  la rg e r  f ib r ils  an d  
b e a d s . B y  lo w e r in g  th e  te m p e ra tu re ,  th e  im p o se d  s h e a r  s tre s s  b e c o m e s  s tro n g e r  an d  
e n o u g h  to  c a u s e  in te n se  f ib r i l la t io n  a n d  d ro p le t  b re a k -u p . T h e re fo re ,  a n u m b e r  o f  sm a ll 
s p h e r ic a l d o m a in s  a n d  f in e  f ib r ils  o f  a  fe w  m ic ro n s  th ic k  a re  fo u n d  a t 2 5 0  a n d  2 6 0 ° c .  
T h is  im p lie s  th a t a t  lo w  te m p e ra tu re ,  a  sm a ll v is c o s i ty  d i f fe re n c e  le a d s  to  im p ro v e d  
m ix in g , b u t  w e  m ig h t  lo se  th e  f ib r i l la te d  d o m a in s  to  b re a k -u p  a s  th e s e  d o m a in s  su f fe r  
c a p illa ry  in s ta b i l i ty  a t  s u c h  h ig h  s h e a r  s tre s s . D u e  to  th e  b ro a d  d is t r ib u t io n  in s iz e s  o f  
b o th  V A  f ib r i ls  a n d  b e a d s , it is m o re  in fo rm a tiv e  to  p ro v id e  m o rp h o lo g ic a l  d a ta  in  te rm s  
o f  V A  d ia m e te r  in s te a d  o f  V A  a s p e c t  ra tio . A c c o rd in g  to  F ig . 4 .9 , f in e ly -d is p e rs e d  V A  
d o m a in s  (m o s tly  o b ta in e d  a t lo w  te m p e ra tu re )  a re  s tro n g  e v id e n c e  fo r  e n h a n c e d  m ix in g . 
T h e  h ig h e r  th e  te m p e ra tu re  is , th e  m o re  th e  m a jo r  p o p u la t io n  s h if ts  to w a r d s  la rg e r  
d ia m e te r . S im ila r  to  th e  e f fe c t o f  c o m p o s it io n , lo w  in te r fa c ia l s l ip p a g e  o c c u rs  in  b le n d s  
w ith  la rg e  L C P  d o m a in s ,  le a d in g  to  le s s  e f fe c t iv e  v is c o s i ty  re d u c t io n . T h u s , a t  2 8 0  a n d  
2 7 0 ° c ,  w h e re  w e  o b ta in  la rg e r  V A  d o m a in s , V A  10 s a m p le s  d o  n o t  e x h ib i t  v is c o s i ty  
re d u c t io n , c o m p a re d  to  th e  n e a t  P T T . F u r th e rm o re , a t  su c h  h ig h  te m p e ra tu re ,  P T T  
d is p la y s  N e w to n ia n - l ik e  b e h a v io r  a n d  th u s  w o u ld  n o t b e  g re a tly  a f fe c te d  b y  th e  p re s e n c e  
o f  lu b r ic a t in g  V A  d o m a in s .  A s  a  c o n s e q u e n c e , th e  v is c o s i ty  re d u c t io n  p h e n o m e n o n  is 
o b s e rv e d  in V A  10 a t te m p e ra tu re s  o f  2 5 0  a n d  2 6 0 ° c  o n ly , a n d  is m o re  p ro n o u n c e d  a t 
2 5 0 ° c  d u e  to  th e  g re a te r  in te r fa c ia l  a re a .



4 6

4 .4 .3  T h e rm a l C h a ra c te r i s t ic s  f ro m  D S C  M e a s u re m e n t
T a b le  4 .2  s h o w s  th e  th e rm a l d a ta  o b ta in e d  fro m  D S C  sc a n s . B o th  th e  

h e a t in g  t ra c e s  a n d  c o o lin g  t ra c e s  a re  a ls o  p re s e n te d  in F ig s . 4 .11  a n d  4 .1 2 . T h e  g la s s -  
tr a n s i t io n  te m p e ra tu re  (Tg), th e  c o ld -c ry s ta l l iz a t io n  te m p e ra tu re  (T cc), th e  f irs t  m e lt in g  
te m p e ra tu re  ( T m]), an d  th e  m e lt- c ry s ta l l iz a t io n  te m p e ra tu re  (T c) a re  in  g o o d  a g re e m e n t 
w ith  th o s e  o f  P T T  fro m  th e  p re v io u s  w o rk  [2 3 ] , w h e re a s  th e  s e c o n d  e n d o th e r m ic  p e a k  
te m p e ra tu re  (T mii) c o r r e s p o n d s  to  th e  c r y s ta l l in e - to - n e m a tic  t r a n s i t io n  o f  th e  V A  p h a se . 
T h e  e n th a lp y  o f  fu s io n s  c o r r e s p o n d in g  to  th e  f i r s t  a n d  th e  s e c o n d  e n d o th e rm ic  p e a k s  a re  
d e n o te d  as AHm(i) a n d  A H m(ii), r e sp e c tiv e ly . T h e  tr a n s i t io n  p e a k  o f  V A  is v e ry  sm a ll 
c o m p a re d  to  th e  m e ltin g  p e a k  o f  P T T . E v e n  th o u g h  th e  p ro g ra m  is a b le  to  d e f in e  th e  
p e a k  an d  e v e n  c a lc u la te  th e  h e a t o f  fu s io n  fo r  b le n d s  o f  m o re  th a n  5 0  w t%  V A , th e  d a ta  
c a n n o t  b e  e x p o r te d  p ro p e r ly . T h e re fo re ,  w e  o b ta in e d  a n  u n d u la t in g  re g io n  a t a ro u n d  
2 8 0 ° c ,  a s  in F ig . 4 .1 1 . T h u s , th e  re p o r te d  A H m(ii), v a lu e s  w ill  n o t b e  ta k e n  se r io u s ly .

G e n e ra l ly , a  s in g le  Tg o r  its  s h if t  in b le n d s  r e p re s e n ts  m is c ib i l i ty  o r  p a r tia l 
m is c ib i l i ty  [2 4 ,2 5 ] . T h e  g la s s  t r a n s i t io n  te m p e ra tu re  o f  V A  w a s  r e p o r te d  to  b e  a ro u n d  
1 0 0 ° c  a n d  u s u a lly  n o t d e te c ta b le  by  D S C  b e c a u s e  o f  its  lo w  a m o r p h o u s  f ra c t io n  [2 6 ] . In  
o u r  e x p e r im e n ts ,  a ll o f  th e  b le n d s  w e re  im m is c ib le  a t  e v e ry  c o m p o s i t io n , in d ic a te d  b y  a  
s in g le  c o m p o s i t io n - in d e p e n d e n t  Tg o f  th e  P T T  p h a se . T h is  v a lu e  is c o m p a ra b le  to  th o s e  
re p o r te d  b y  o th e r s  [2 6 ,2 7 ] . T h e  n e g lig ib le  c h a n g e s  in T cc v a lu e s  th ro u g h o u t  th e  w h o le  
c o m p o s it io n  ra n g e  m ig h t  be  a t t r ib u te d  to  th e  u n c h a n g e d  Tg o f  th e  b le n d s , w h ic h  
in d ic a te s  th e  u n a f fe c te d  m o le c u la r  m o b il i ty  o f  P T T  u p o n  c r y s ta l l iz a t io n  f ro m  th e  s o l id , 
a m o rp h o u s  s ta te .

T h e  e n th a lp y  o f  fu s io n  c a n  b e  u s e d  to  d e te rm in e  th e  c ry s ta l l iz a t io n  e x te n t  
o f  a  s p e c if ic  p o ly m e r ; th a t  is , th e  la rg e r  th e  A H m is, th e  g re a te r  th e  c ry s ta l l in i ty  o f  th e  
p o ly m e r . F ro m  T a b le  4 .2 , A Flm, w ith o u t  an  a s te r is k  (* )  c o r r e s p o n d s  to  th e  e n th a lp y  o f  
fu s io n  n o t y e t n o rm a liz e d  b y  th e  w e ig h t  f ra c t io n  o f  a  p a r t i c u la r  c o m p o n e n t  in th e  b le n d s . 
T h e  s u b s c r ip ts  (I) a n d  (II)  d e n o te  th e  f irs t  a n d  s e c o n d  e n d o th e r m ic  p e a k s , r e sp e c tiv e ly . 
T o  o b ta in  th e  p e rc e n t  c ry s ta l l in i ty  o f  th e  P T T  p h a s e  (X ) , th e  e n th a lp y  o f  fu s io n
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n o rm a liz e d  a g a in s t  th e  c o n te n t o f  P T T  in th e  b le n d s , AH*m(i), m u s t b e  u se d . T h e  X  v a lu e s  
s l ig h t ly  in c re a s e  a t 10 w t%  V A  a n d  th e n  d e c re a s e  a t  h ig h e r  V A  c o n te n t. H o w e v e r ,  w h e n  
th e  V A  c o n te n t  d o e s  n o t e x c e e d  4 0  w t% , AH*m(i), r e m a in s  h ig h e r  th a n  th a t  o f  th e  n e a t 
P T T , s u g g e s t in g  th a t  th e  V A  c o u ld  e n h a n c e  P T T  c r y s ta l l iz a t io n  a b ili ty  in  V A  is  a  m in o r  
p h a s e , a n d  th e  e f fe c t  is  le ss  p ro n o u n c e d  a s  th e  V A  c o n te n t  in c re a s e s . O n  th e  c o n tra ry , i f  
th e  a m o u n t o f  V A  is n o t le ss  th a n  th a t  o f  P T T , V A  w ill h in d e r  th e  P T T  m o le c u le s  fro m  
c r y s ta l l iz a t io n , r e s u lt in g  in s m a lle r  s iz e  an d  le s s  p e r fe c t io n  o f  th e  P T T  c ry s ta l l i te s . T h e  
h ig h e r  T c o f  th e  b le n d s  c o m p a re d  to  th e  n e a t  P T T  in d ic a te s  th e  e f fe c t  o f  V A  a s  a  
n u c le a t in g  a g e n t fo r  P T T  c ry s ta l l iz a t io n . In th is  e x p e r im e n t ,  n o n e  o f  th e  m e lt  
c ry s ta l l iz a t io n  e x o th e rm s  o f  th e  V A  c o m p o n e n t  c o u ld  b e  o b s e rv e d  [F ig . 4 .1 2 ] ,

4 .4 .4  T h e rm o g ra v im e tr ic  A n a ly s is
T h e rm a l s ta b il i ty  o f  a  p o ly m e r ic  m a te r ia l  is  o n e  o f  th e  m o s t  im p o r ta n t 

p ro p e r t ie s  fo r  b o th  p ro c e s s in g  a n d  a p p lic a t io n . In  o rd e r  to  s e e  th e  e f fe c t  o f  L C P  o n  th e  
th e rm a l s ta b il i ty  o f  V A /P T T  b le n d s , th e rm o g ra v im e tr ic  a n a ly s is  w a s  c o n d u c te d . It w a s  
fo u n d  th a t  V A /P T T  s h o w s  a tw o - s te p  d e g ra d a tio n . T h e  f ir s t  s te p  c o r r e s p o n d s  to  th e  
d e c o m p o s i t io n  o f  th e  P T T  c o m p o n e n t ,  w h e re a s  th e  s e c o n d  to  th e  V A  c o m p o n e n t .  T w o  
in it ia l  d e c o m p o s i t io n  te m p e ra tu re s ,  T di a n d  T d2, o b ta in e d  b y  a n  e x t ra p o la t io n  o f  th e  
in it ia l  d e c o m p o s i t io n  in th e  T G A  c u rv e s , w e re  th e n  a s s ig n e d  to  th e  o n s e t  d e c o m p o s i t io n  
te m p e ra tu re s  o f  P T T  a n d  V A , r e sp e c tiv e ly , a s  re p o r te d  in T a b le  4 .3 . O b v io u s ly , V A  
e x h ib i ts  a b e t te r  th e rm a l s ta b il i ty  th a n  P T T  s in c e  it is a  liq u id  c ry s ta l l in e  p o ly m e r  a n d  
th e re f o r e  p o s s e s s e s  e x c e lle n t  th e rm a l s ta b i l i ty  d u e  to  its  s tro n g  in te r m o le c u la r  a n d  
in t r a m o le c u la r  fo rc e s . In c re a s in g  th e  a m o u n t o f  V A  re s u lt s  in s l ig h t ly  h ig h e r  T di, 
w h e re a s  T d2 r e m a in s  u n a f fe c te d . A c c o rd in g  to  W r ig h t ’s a p p ro a c h , th e  d e g ra d a tio n  
te m p e ra tu re  (T d w) h a s  b e e n  d e f in e d  a s  th e  te m p e ra tu re  a t w h ic h  th e  p o ly m e r  lo s t  1 w t%  
o f  its  w e ig h t  d u r in g  th e  n o n - is o th e rm a l h e a t in g  s c a n  [2 8 ] , B y  th is  a p p ro a c h , w e  c o u ld  
o b s e rv e  a  c le a re r  d is t in c t io n  b e tw e e n  th e  th e rm a l s ta b i l i ty  o f  th e  n e a t  p o ly m e rs  a n d  th e  
b le n d s . H e n c e , it c o u ld  b e  s ta te d  th a t  V A /P T T  b le n d s  s h o w  e n h a n c e d  th e rm a l s ta b il i ty .
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A c c o rd in g  to  T a b le  4 .3 , Td,พ an d  re s id u e  c o n te n t w e re  in c re a se d  w ith  in c re a s in g  a m o u n t 
o f  V A .

4 .4 .5  T e n s i le  P ro p e r t ie s
T a k in g  in to  a c c o u n t  th e  e c o n o m ic  b e n e f i ts , th e  p o s s ib i l i ty  o f  o b ta in in g  

e n h a n c e d  p ro c e s s ib i l i ty  (a s  re p o r te d  in th e  rh e o lo g ic a l  p a r t) , a n d  b e t te r  c o m p a tib i l i ty  (as 
se e n  f ro m  th e  s m a lle s t  d is p e r s e d  s iz e ) ,  th e  V A  10 s a m p le  w a s  th e n  s e le c te d  fo r  s tu d y in g  
th e  te m p e ra tu re  e f fe c t o n  m e c h a n ic a l p ro p e r t ie s . A s  w e  h a v e  fo u n d  th a t  th e  b le n d  
m o rp h o lo g y  is g re a tly  a f fe c te d  b y  th e  f a b r ic a tio n  te m p e ra tu re ,  it is e x p e c te d  th a t th e  f ina l 
p ro p e r t ie s  o f  th e s e  b le n d s  sh o u ld  b e  te m p e ra tu re - d e p e n d e n t  a s  w e ll. V A  10 p e l le ts  w e re  
in je c t io n -m o ld e d  a t  th re e  d if f e re n t  te m p e ra tu re  p ro f i le s  ( se e  T a b le  4 .1 )  a n d  th e  r e su lt in g  
d u m b b e l l- s h a p e d  s p e c im e n s  u n d e rw e n t th e  s a m e  te n s i le  te s ts . T h e  s a m e  te n s i le  te s t  w a s  
a ls o  p e r fo rm e d  o n  in je c t io n -m o ld e d  P T T  to  o b s e rv e  th e  e f fe c ts  o f  th e  in c o rp o ra t io n  o f  a 
sm a ll f ra c t io n  o f  V A  o n  th e  te n s i le  p ro p e r t ie s  o f  th e  b le n d s . A c c o rd in g  to  T a b le  4 .4 , th e  
e lo n g a tio n  a t b re a k  o f  a ll th e  b le n d s  e x h ib i ts  a  s h a rp  d e c re a s e  c o m p a re d  to  th e  n e a t P T T , 
a s  c o u ld  b e  e x p e c te d  fo r  im m is c ib le  re in fo rc e d  c o m p o s ite s .  A ll V A  10 s a m p le s  s h o w  
e n h a n c e d  te n s i le  m o d u lu s  b u t s l ig h t ly - lo w e re d  te n s i le  s tre n g th , c o m p a re d  to  th e  n e a t 
P T T . T h is  re d u c t io n  in te n s i le  s tre n g th , d e s p ite  th e  p re s e n c e  o f  L C P , in d ic a te s  p o o r  
in te ra c tio n  a t  th e  L C P - m a t r ix  in te r fa c e s , w h ic h  is g e n e ra l ly  fo u n d  in  im m is c ib le  b le n d s  
[1 3 ,2 9 ,3 0 ] , T h e  o p e n  c ra te r s  a n d  h o le s , a s  w e ll a s  th e  g a p s  b e tw e e n  th e  d is p e r s e d  V A  
p h a s e  a n d  th e  P T T  m a tr ix  o b s e rv e d  in th e  te n s i le  f ra c tu re d  s u r fa c e  [F ig s . 4 .1 3  (a )—(c )] , 
p ro v id e  c le a r  e v id e n c e  o f  th e  p o o r  in te r fa c ia l  a d h e s io n , w h ic h  le a d s  to  in e f f ic ie n t s tre s s  
tr a n s fe r . A n  in c re a s e  in  te n s i le  m o d u lu s  a r is e s  fro m  th e  m o le c u la r  o r ie n ta t io n  an d  
in tr in s ic a l ly  h ig h  m o d u lu s  o f  th e  V A  p h a s e .

C o n s id e r in g  th e  e f fe c t o f  te m p e ra tu re  o n  th e  m e c h a n ic a l  p ro p e r t ie s  o f  th e  
b le n d s , n o  o b v io u s  d if f e re n c e  in te n s i le  p ro p e r t ie s  a m o n g  th e  10 w t%  V A  b le n d s  w a s  
o b s e rv e d , e v e n  th o u g h  th e  m a x im u m  fa b r ic a t io n  te m p e ra tu re  d if fe rs  b y  3 0 ° c .  In  g e n e ra l , 
th e  m e c h a n ic a l  p ro p e r t ie s  o f  th e  in -s i tu  c o m p o s ite s  s tro n g ly  d e p e n d  o n  th e  n u m b e r  o f  
f ib r ils , f ib r il  a s p e c t  ra tio , a n d  f ib r il  o r ie n ta t io n , in c lu d in g  th e  lev e l o f  m o le c u la r
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o r ie n ta t io n . A  s m a lle r  v is c o s ity  ra tio  ( in  th is  c a s e  o b ta in e d  a t  lo w  te m p e ra tu re )  s h o u ld  b e  
id e a l fo r im p ro v e d  m e c h a n ic a l p e r fo rm a n c e  d u e  to  th e  b e t te r  L C P  d is p e r s io n , a n d  th u s  a 
m o re  c o m p a tib le  b le n d  is o b ta in e d . T h e  b e n e f i ts  o f  th e  c o m p a t ib le  b le n d  a re  th e  g re a te r  
c o n ta c t  s u r fa c e  a re a  b e tw e e n  th e  m a tr ix  a n d  th e  d is p e r s e d  s iz e , w h ic h  p ro m o te s  s tre s s  
t r a n s fe r , a n d  th e  fe w e r  te n d e n c ie s  fo r  th e  s m a lle r  d is p e r s e d  s iz e  to  in d u c e  f ra c tu re . 
H o w e v e r , a p a r t  f ro m  th e  g o o d  d is p e rs io n  o f  th e  L C P  p h a s e  in m a tr ix ,  th e  in tr in s ic  
s tre n g th  o f  th e  L C P  f ib r ils  is a lso  c r it ic a l  fo r  e f fe c t iv e  r e in fo rc e m e n t.  T h e  n e a t L C P  is 
u s u a lly  p ro c e s s e d  a b o v e  its rh e o lo g ic a l t r a n s i t io n  te m p e ra tu re  (2 9 0 ° C )  to  a c h ie v e  th e  
g o o d  m o le c u la r  o r ie n ta t io n  a n d  th u s  s tro n g e r  f ib r il la r  s tru c tu re  o f  L C P  [1 5 ] . T h e  b le n d s  
p ro c e s s e d  a t h ig h e r  te m p e ra tu re  ( lo w e r  s h e a r  s tre s s  p r o v id e d )  th e re f o r e  p o s s e s s  a  s m a lle r  
f ra c tio n  o f  s p h e r ic a l d o m a in s  a n d  th ic k e r  f ib r ils , w h ic h  in h e re n t ly  r e n d e r  m o re  s tre n g th  
to  th e  m a te r ia l. A s  a r e su lt  o f  th e  c o m b in e d  e f fe c t, it c a n  b e  c o n c lu d e d  th a t  b le n d s  w ith  
e n h a n c e d  V A  d is p e r s io n  o b ta in e d  b y  lo w e r in g  th e  f a b r ic a t io n  te m p e ra tu re  p ro v id e  
s u f f ic ie n t  m e c h a n ic a l im p ro v e m e n t s im ila r  to  th o s e  w ith  th ic k e r  f ib r ils . N o n e th e le s s ,  th e  
fo rm e r  h a s  th e  a d v a n ta g e  o f  e a s ie r  p r o c e s s ib i l i ty  s in c e  th e  f in e  f ib r i l la r  d o m a in s  le a d  to  
v is c o s i ty  re d u c tio n . F u r th e r  S E M  a n a ly s is  o f  th e  te n s i le  f ra c tu re d  s u r fa c e s  w a s  c o n s is te n t  
w ith  rh e o lo g ic a l r e s u lts  [F ig s . 4 .1 3 (a )—( c ) ] ; i.e . w ith  in c re a s in g  te m p e ra tu re ,  th e  b le n d  
d is p la y s  la rg e r  V A  f ib r ils  b u t in fe r io r  V A  d is p e rs io n .

T h e  te n s ile  p ro p e r t ie s  a s  a  fu n c tio n  o f  V A  c o n te n t ,  p ro c e s s e d  a t  2 5 0 ° c ,  
a re  sh o w n  in F ig s . 4 .1 4 —16. N o te  th a t  o n ly  b le n d s  w ith  a lo w  V A  c o n te n t  o f  10—4 0  w t%  
w e re  in v e s tig a te d  s in c e  th e y  w e re  f a b r ic a te d  a t a  te m p e ra tu re  m u c h  lo w e r  th a n  th e  
c ry s ta l l in e -n e m a tic  t r a n s i t io n  o f  V A  w h e re  th e  p ro c e s s ib l i ty  o f  b le n d s  w ith  m a jo r  V A  
c o n te n t  c o u ld  be  in tr ic a te . T h e  p e rc e n t e lo n g a tio n  a t b re a k  o b v io u s ly  d e c r e a s e s  b y  th e  
in c o rp o ra tio n  o f  V A , a s  e x p e c te d  fo r  ty p ic a l s h o r t - f ib e r  re in fo rc e d  c o m p o s i te s  ( s e e  F ig . 
4 .1 4 ) . T h e  e lo n g a tio n  a t b re a k  is d ra s t ic a l ly  d ro p p e d  b y  in tro d u c in g  10 w t%  V A  a n d  th e n  
is  s l ig h tly  a f fe c te d  b y  th e  fu r th e r  in c re a s in g  o f  V A  c o n te n t .  A s  d e p ic te d  in F ig . 4 .1 5 , th e  
te n s i le  s tre n g th  o f  th e  b le n d s  c o n tin u a l ly  d e c re a s e s  w ith  in c re a s in g  V A  c o n te n t. B le n d s  
w ith  h ig h e r  V A  c o n te n t c le a r ly  e x h ib i te d  in fe r io r  te n s i le  s tre n g th  a s  a re s u lt  o f  
in e f fe c tiv e  s tre s s  t r a n s fe r  f ro m  th e  P T T  m a tr ix  to  th e  la rg e  V A  d o m a in s .  H e n c e , th e
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e f fe c ts  o f  V A  d o m a in  s iz e  o n  th e  te n s i le  p ro p e r t ie s  a re  m o re  o b v io u s  w ith  re g a rd s  to  V A  
c o n te n t  th a n  to  te m p e ra tu re .  A s  s h o w n  in F ig . 4 .1 6 , th e  Y o u n g ’s m o d u lu s  m a rk e d ly  
im p ro v e s  w ith  in c re a s in g  V A  c o n te n t ,  a s  e x p e c te d . F o r  th e  b le n d  w ith  4 0  w t%  V A , th e  
in c re a s e  in th e  m o d u lu s  is a b o u t 1 .3 -fo ld  fro m  8 5 4  to  1117 M P a  c o m p a re d  to  th e  n e a t 
P T T .

4.5 Conclusions

In th is  w o rk , V e c tra  A 9 5 0  (V A ) , p o ly ( tr im e th y le n e  te r e p h th a la te )  (P T T ) , a n d  
th e ir  b le n d s  w e re  s u b je c te d  to  d if f e re n t  f lo w  c o n d i t io n s  in  a  c a p i l la ry  rh e o m e te r .  T h e  
r h e o lo g ic a l ,  m o rp h o lo g ic a l ,  th e rm a l,  a n d  m e c h a n ic a l  p ro p e r t ie s  o f  th e  b le n d s  w e re  
in v e s t ig a te d . S tu d y  o f  th e  h ig h -v is c o s i ty - ra t io  sy s te m  o f  th e  b in a ry  b le n d s  o f  P T T /V A  b y  
rh e o lo g ic a l  a p p ro a c h  r e v e a le d  th a t  V A  e x h ib i te d  s tro n g e r  s h e a r - th in n in g  b e h a v io r  b u t 
le s s  te m p e ra tu re  s e n s i t iv i ty ,  c o m p a re d  to  P T T . T h e  in c o rp o ra t io n  o f  V A  in to  P T T  led  to  
e n h a n c e d  s h e a r - th in n in g  a n d  g r e a te r  te m p e ra tu re  s e n s i t iv ity ;  th e  la t te r  w a s  re f le c te d  in 
th e  in c re a s e  in th e  f lo w  a c t iv a t io n  e n e rg ie s  o f  th e  b le n d s  w ith  in c re a s in g  V A . F ro m  S E M  
a n a ly s is ,  in c re a s in g  te m p e ra tu re  a n d  V A  c o n te n t te n d e d  to  e n la rg e  th e  V A  d o m a in  s iz e , 
th u s  d e c re a s in g  th e  in te r fa c ia l  a re a  b e tw e e n  P T T  a n d  V A . H ig h  s h e a r  s tre s s  (o b ta in e d  a t 
lo w  e x t ru s io n  te m p e ra tu re  o r  h ig h  s h e a r  ra te ) , a s  w e ll a s  lo w  V A  c o n te n t, w a s  re q u ire d  
to  o b ta in  v is c o s i ty  re d u c t io n  d u e  to  th e  in c re a s e d  in te r fa c ia l  a re a  b e tw e e n  e a c h  
c o m p o n e n t .  F ro m  th e  te n s i le  te s ts ,  it w a s  fo u n d  th a t  in tro d u c in g  10 w t%  V A  e n h a n c e d  
th e  te n s i le  m o d u lu s ,  s l ig h t ly  d e c re a s e d  th e  te n s i le  s tr e n g th , a n d  d r a s t ic a l ly  d ro p p e d  th e  
e lo n g a tio n  a t b re a k . M o re o v e r , it s h o w e d  s u f f ic ie n tly  im p ro v e d  te n s i le  p ro p e r t ie s , 
s im ila r  to  th o s e  f a b r ic a te d  a t h ig h e r  te m p e ra tu re s .  H o w e v e r ,  m o re  p r o n o u n c e d  e f fe c ts  o f  
th e  la rg e r  V A  d o m a in  s iz e  o n  th e  in fe r io r ity  o f  m e c h a n ic a l  p e r fo rm a n c e  w e r e  o b s e rv e d  
w ith  r e s p e c t  to  c h a n g e s  in V A  c o n te n t.

T h e rm a l p ro p e r ty  r e s u lts  in d ic a te d  th a t  th e  b le n d s  w e re  im m is c ib le  a s  th e  g la s s  
t r a n s i t io n  te m p e ra tu re  a n d  th e  m e lt in g  te m p e ra tu re  re m a in e d  u n c h a n g e d  th ro u g h o u t  th e  
e n t ir e  c o m p o s it io n . V A  in c re a s e d  th e  m e lt  c r y s ta l l iz a t io n  te m p e ra tu re  o f  th e  P T T  p h a s e
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a s  a  re su lt o f  th e  n u c lé a t io n  e f fe c t  b u t d id  n o t s ig n if ic a n tly  in f lu e n c e  th e  c o ld  
c r y s ta l l iz a t io n  p ro c e s s , r e g a rd le s s  o f  th e  V A  c o n te n t. T h e  in c o rp o ra t io n  o f  V A  a lso  
p ro v id e d  b le n d s  w ith  im p ro v e d  th e rm a l s ta b il i ty , a c c o rd in g  to  W r ig h t ’s a p p ro a c h .
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(a ) (b )

(c ) (d )

Figure 4.1 R h e o lo g ic a l  c u rv e s  o f  P T T , V A  a n d  th e ir  b le n d s  c o n ta in in g  v a r io u s  V A  
c o n te n ts  o f  (■ ) 0 , (□ ) 10, ( A )  2 0 , ( A )  3 0 , ( T )  4 0 , ( V )  5 0 , ( • )  7 0 , a n d  ( O )  100  w t%  
u s in g  a 1 -m m  d ia m e te r  c a p i l la ry  w ith  a n  L /D  o f  2 0  m e a s u re d  a t (a )  2 8 0 ° c ,  (b )  2 7 0 ° c ,  (c ) 
2 6 0 ° c ,  a n d  (d )  2 5 0 ° c .
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(a )  (b )

(c ) (d )

F ig u r e  4 .2  P lo ts  o f  c o m p o s it io n a l  d e p e n d e n c e  o f  s h e a r  v is c o s i ty  o f  P T T , V A , a n d  th e ir  
b le n d s  e x tru d e d  a t v a r io u s  te m p e ra tu re s  a n d  a  s h e a r  ra te  o f  (a )  4 0 0  ร '1, (b )  8 0 0  ร '1, (c )  
1 2 0 0  ร '1, a n d  (d )  2 0 0 0  ร '1.
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Figure 4 .3  V A /P T T  v is c o s i ty  ra tio s  a s  a  fu n c t io n  o f  s h e a r  ra te  fo r  v a r io u s  te m p e ra tu re s .
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F ig u r e  4 .4  P lo ts  o f  เทฦ3 v s . 1/T  fo r  P T T  a n d  V A  e x t ru d a te s  w ith  V A  c o n te n ts  o f  (■ ) 0 , 
(□ ) 10, ( • )  2 0 , ( ๐ )  3 0 , (▲ ) 4 0 , ( A )  50 , ( T )  7 0 , ( V )  100  w t%  a t a  s h e a r  r a te  o f  4 0 0 s '1.
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Figure 4 .5  P lo ts  o f  c o m p o s it io n a l  d e p e n d e n c e  o f  f lo w  a c tiv a t io n  e n e rg y  o f  P T T , V A , 
a n d  th e ir  b le n d s  e x tru d e d  a t v a r io u s  s h e a r  ra te s .
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Figure 4 .6  S c a n n in g  e le c tro n  m ic ro g ra p h s  o f  V A /P T T  b le n d s  s h o w in g  (a )  th e  f ra c tu re d  
s u r fa c e  o f  th e  tw in -s c r e w  e x tru d a te ,  a n d  (b )  th e  f ra c tu re d  s u r fa c e  o f  th e  2 0  w t%  V A  
rh e o m e te r  e x t ru d a te  a f te r  s h e a r in g  a t 2 0 0 0  ร"1, 2 6 0 ° c .



(d) (e ) ( 0

Figure 4.7 S c a n n in g  e le c tro n  m ic ro g ra p h s  o f  VA/PTT s tr a n d s  e x tru d e d  th ro u g h  a  
c a p i l la ry  w ith  a  c o n s ta n t  s tra in  ra te  o f  2 0 0 0  ร '1, te m p e ra tu re  2 6 0 ° c ,  a n d  VA c o n te n ts  o f  
(a )  10, (b )  2 0 , (c )  3 0 , (d )  4 0 , (e )  5 0 , a n d  ( 0  7 0  w t% .
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(c )  (d )

Figure 4.8 S c a n n in g  e le c tro n  m ic ro g ra p h s  o f  r e s id u e s  e x tra c te d  f ro m  th e  b le n d s  o f  
V A /P T T  w ith  a  V A  c o n te n t  o f  10 w t% , e x tru d e d  th ro u g h  a c a p i l la ry  a t  a  s h e a r  r a te  o f  
2 0 0 0  ร '1 a n d  te m p e ra tu re  o f  (a )  2 8 0 ° c ,  (b )  2 7 0 ° c ,  (c )  2 6 0 ° c ,  a n d  (d )  2 5 0 ° c .
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Figure 4 .9  D ia m e te r  d i s tr ib u tio n  o f  th e  V A  re s id u e  in  th e  rh e o m e te r  e x t ru d a te s  a t a 
s h e a r  ra te  o f  2 0 0 0  ร '1 a n d  v a r io u s  te m p e ra tu re s .
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(a )  (b )

F ig u r e  4 .1 0  S c a n n in g  e le c tro n  m ic ro g ra p h s  o f  r e s id u e s  e x tra c te d  f ro m  th e  b le n d s  o f  
V A /P T T  w ith  a V A  c o n te n t  o f  10 w t% , e x tru d e d  th ro u g h  a  c a p i l la ry  a t  te m p e ra tu re  
2 5 0 ° c ,  a n d  s h e a r  ra te  o f  (a )  4 0 0  ร"1, a n d  (b )  2 0 0 0  ร"1.
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Figure 4.11 D S C  s e c o n d  h e a t in g  tra c e s  o f  th e  n e à t  V A , P T T , an d  th e ir  b le n d s  a f te r  
m e lt- a n n e a lin g  a t  3 0 0 ° c  fo r  5 m in  a n d  q u e n c h in g  in  liq u id  N 2 fo r  10 m in . T h e  h e a t in g  
ra te  is  5 ° c /m in .
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Figure 4.12 D S C  c o o lin g  tr a c e s  o f  th e  n e a t V A , P T T , a n d  th e i r  b le n d s . T h e  c o o lin g  ra te  
is 1 0 ° c /m in .
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Figure 4.13 S c a n n in g  e le c tro n  m ic r o g r a p h s  o f  th e  te n s i le  f ra c tu re d  s u r fa c e s  o f  (a )  
V A  1 0 -2 5 0 , (b )  V A  1 0 -2 6 5 , a n d  (c )  V A  1 0 -2 8 0 .
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Figure 4.14 E lo n g a t io n  a t  b re a k  o f  in je c t io n -m o ld e d  P T T  a n d  P T T /V A  b le n d s  
p ro c e s s e d  a t  2 5 0 ° c .
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Figure 4.15 T e n s i le  s tre n g th  o f  in je c t io n -m o ld e d  P T T  a n d  P T T /V A  b le n d s  p ro c e s s e d  a t 
2 5 0 ° c .
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F ig u r e  4 .1 6  T e n s i le  m o d u lu s  o f  in je c t io n -m o ld e d  P T T  a n d  P T T /V A  b le n d s  p ro c e s s e d  a t
2 5 0 ° c .



T a b le  4.1 Injection m olding conditions for the neat PTT, V A , and their blends

S a m p le  T e m p e r a tu r e  ( ° C )  In je c t io n  C o o lin g
Z o n e  1 Z o n e  2 Z o n e  3 Z o n e  4 N o z z le M o ld tim e  (ร) t im e  (ร)

P T T 2 2 0 2 3 0 2 4 0 2 5 0 2 2 0 9 0 3 30
V A  1 0 -2 5 0 2 2 0 2 3 0 2 4 0 2 5 0 2 2 0 9 0 3 3 0
V A  1 0 -2 6 5 2 3 5 2 4 5 2 5 5 2 6 5 2 2 0 9 0 3 35
V A  1 0 -2 8 0 2 5 0 2 6 0 2 7 0 2 8 0 2 2 0 9 0 3 4 0
V A 2 0 2 2 0 2 3 0 2 4 0 2 5 0 2 2 0 9 0 3 30
V A 3 0 2 2 0 2 3 0 2 4 0 2 5 0 2 2 0 9 0 3 3 0
V A 4 0 2 2 0 2 3 0 2 4 0 2 5 0 2 2 0 9 0 3 3 0
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T a b le  4 .2  D S C  c h a r a c te r is t ic s  o f  V A , P T T , a n d  th e i r  b le n d s

V A
w t% T O T O

Tmi
( ๐C )

A H m(i)

(J /g )

A H  rn(I)

( J /g ) b

(X )
( % ) a

Tmll
(๐๑

A H m(]])

(J /g )
A H  m(Il) 
( J /g )c T O

100 - - - - - - 2 7 9 .1 5 0 .9 9 0 .9 9 -
7 0 - 6 6 .1 0 2 2 7 .1 3 18 .3 9 6 1 .3 0 4 2 .1 0 2 8 1 .6 1 0 .5 8 0 .8 3 182 .01
5 0 4 1 .2 2 6 5 .9 8 2 2 7 .9 0 3 3 .4 2 6 6 .8 4 4 5 .9 1 2 8 2 .0 9 0 .2 9 0 .5 8 1 8 7 .I f
4 0 4 2 .1 3 65 .91 2 2 7 .3 3 4 1 .3 8 6 8 .9 7 4 7 .3 7 - - - 184.2-ะ
3 0 4 2 .6 0 6 5 .7 6 2 2 7 .6 1 4 7 .8 6 6 8 .3 7 4 6 .9 6 - - - 182 .95
2 0 4 2 .0 2 6 5 .6 9 2 2 7 .5 0 5 6 .0 7 7 0 .0 9 4 8 .1 4 - - - 184.0C
10 4 2 .9 4 6 5 .7 0 2 2 7 .5 2 6 4 .2 4 7 1 .3 8 4 9 .0 2 - - - 183 .52
0 4 2 .6 0 6 5 .7 3 2 2 7 .5 5 6 8 .7 4 6 8 .7 4 4 7 .2 1 - _ _ 1 7 4 .1C

a T h e  p e rc e n t  c r y s ta l l in i ty  (x )  o f  th e  P T T  c o m p o n e n t  w a s  c a lc u la te d  a s s u m in g  a  h e a t o f  
fu s io n  o f  P T T  c ry s ta ls  o f  1 4 5 .6  J /g  [2 2 ] , 

b H e a t f lo w  w a s  n o rm a liz e d  a g a in s t  th e  w e ig h t  f ra c t io n  o f  th e  P T T  c o m p o n e n t .  
c H e a t f lo w  w a s  n o rm a liz e d  a g a in s t  th e  w e ig h t  f ra c t io n  o f  th e  V A  c o m p o n e n t .



Table 4.3 TG A  results o f  V A , PTT, and their blends

C o m p o s i t io n
(V A /P T T )

Tdi (°C ) Td2 ( ๐๑ Td,พ (°C )
R e s id u e  a t
7 0 0 ° c  (% )

10 0 /0 - 5 0 0 .0 4 4 6 .9 49 .1
7 0 /3 0 3 8 1 .0 5 0 0 .1 3 6 7 .5 3 6 .0
5 0 /5 0 37 5 .1 4 9 9 .9 3 5 9 .3 2 7 .7
4 0 /6 0 3 7 6 .6 5 0 0 .6 3 5 7 .8 2 4 .2
3 0 /7 0 3 7 5 .7 5 0 7 .2 3 5 6 .9 2 2 .0
2 0 /8 0 3 7 6 .3 5 0 0 .0 3 5 3 .9 19 .3
1 0 /9 0 3 7 6 .2 4 9 9 .8 3 4 7 .9 12.5
0 /1 0 0 3 7 5 .8 - 3 3 0 .6 4 .7
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Table 4 .4  M e c h a n ic a l  p ro p e r t ie s  o f  in je c t io n -m o ld e d  P T T  a n d  V A  10 p ro c e s s e d  a t 
d i f f e re n t  te m p e ra tu re  p ro f i le s

M e c h a n ic a l  p ro p e r ty
P T T

S a m p l
V A  1 0 -2 5 0

e
V A  1 0 -2 6 5 V A  1 0 -2 8 0

E lo n g a t io n  a t  b re a k  (% ) 1 5 9 .4 8 ± 8 .3 6 .4 9 ± 0 .4 6 .4 5 ± 0 .5 6 .8 5 ± 0 .7
T e n s i le  s tre n g th  (M P a ) 4 9 .2 4 ±  1.1 4 4 .3 8 Ü . 9 4 2 .9 5 ± 0 .6 4 5 .6 0 ± 2 .4
Y o u n g ’s  m o d u lu s  (M P a ) 7 2 7 .8 8 ± 2 2 .8 8 8 9 .5 7 ± 2 1 .6 8 5 3 .5 7 ± 3 1.2 8 7 6 .5 2 ± 2 1 .5
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