
CHAPTER v m
QUIESCENT AND SHEAR-INDUCED MELT CRYSTALLIZATION IN 

POLY(TRIMETHYLENE TEREPHTHALATE)

P h orn p h o n  S rim o aon , P itt S u p a p h o f , and A n u v a t S ir ivat

The P e tro leu m  a n d  P e tro ch em ica l co llege, C h u la lon gkorn  U niversity , S o i C hula  12, 
P h ya th a i R oad, Pathum w an, B an gkok 10330, TH AILAN D

ABSTRACT
Q u ie sc e n t and sh ear-in d u ced  m elt cry sta lliza tio n  o f  p o ly (tr im eth y le n e  

terep h th a la te ) P T T  w a s  in v estig a ted  u s in g  d ifferen tia l scan n in g  ca lo r im eter  and c o n e  
and p la te  rh eom eter . T h e sim p le  sh ear-in d u ced  iso th erm al cry sta lliza tio n  m od el 
b ased  o n  a ssu m p tio n  that shear s tre ss  on ly  sh ift th e  eq u ilibr iu m  m eltin g  w a s  applied . 
T h e p aram eters fro m  q u iescen t crysta lliza tion  m o d e l can  b e d irec tly  u se d  in shear- 
in d u ced  cry sta lliza tio n  on e . S h ear stre ss  ap p lied  du rin g iso th erm al crysta lliza tion  
can  a lso  in crea se  bu lk  crysta lliza tion  rate and sh ift p eak  tem p era tu re  to  h igher  
tem p era tu re. A vram i an a lysis w a s  a lso  an a lyzed  iso th erm al cry sta lliza tio n  data  o f  
sh ear u n trea ted  and treated  sa m p les  at d ifferen t sh earin g  tem p era tu re . F or  n on -  
iso th erm al cry sta lliza tio n , n on -sh ea red  and sh eared  sa m p les  from  cap illary  rh eom eter  
a lso  u se d  to  s tu d y  u s in g  d ifferen tia l N ak am u ra  m o d e l and m o d ifie d  d ifferen tia l 
N a k am u ra  m o d e l to  fit th e  ex p erim en ta l data. F ittin g s resu lts  u s in g  d ifferentia l 
N a k am u ra  m o d e l s h o w  b etter  f ittin g  than u s in g  m o d ified  d ifferen tia l N a k am u ra  o n e  
fo r  P T T  stu d ied . T h e  e ffe c t iv e  a c tiv a tio n  en erg y  b a sed  o n  F ried m an  m e th o d  o f  shear  
treated  sa m p le  w a s  fou n d  to  b e  lo w e r  than that o f  sh ear u n trea ted  sa m p le  at all m elt 
c o n v e r s io n  ca lcu la ted .
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cry sta lliza tio n  k in e tic s)
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1. INTRODUCTION
In p r o c e s s in g  co n d it io n s  h o w e v e r , p o ly m er  m e lts  are g e n e r a lly  sh eared  ( i.e ., 

u n d er  sh ear f lo w )  and stre tch ed  ( i .e ., u n der e lo n g a tio n a l f lo w ). C rysta lliza tion  
th ere fo re  ta k e s  p la c e  in a m o lecu la ry  or ien ted  s ta te  w ith  in  i t s e l f  m ay  en h an ce  
n u c lé a tio n  and cry sta lliza tio n  rate. T h e  k in etics  o f  cry sta lliza tio n  o f  p o ly m ers in 
q u ie sc e n t c o n d it io n  w e r e  e x te n s iv e ly  in v estig a ted  b y  m an y o b se r v e r s  b u t th e  e ffec t  
o f  sh ear or  s tre ss  is still n o t w e ll u n derstan d  b e c a u se  o f  d ifficu ltie s  in  th e  
exp er im en ta l m ea su rem en t and a p rop er cry sta lliza tio n  k in e tic s  m o d e l is n o t  
availab le.

W o lk o w ic z  [1 ] stu d ied  th e  e ffe c t  o f  sh ear o n  th e  m e lt  crysta lliza tion  
b eh a v io r  o f  p o ly  ( 1 -b u ten e ) at sev era l shear rates and d e g r e e  o f  u n d er  c o o lin g . T h e  
sh ear s tress  in th e  sy s te m  in d u ced  a certain  am o u n t o f  n u c léa tio n  o r ien ta tio n  w h ich  
g rea tly  a c ce lera ted  th e  o v era ll crysta llin e  tran sfo rm ation  p r o c e ss . P a te l and Spruiell 
[2 ] p r o p o se d  e x te n d e d  h a lf-tim e m o d e l in c lu d in g  or ien ta tio n a l e f fe c t  to  d escr ib e  o n -  
sp in lin e  cry sta lliza tio n  o f  n y lo n -6  and fou n d  that their  m o d e l can  o n ly  ap p ly  in a 
sem iq u a n tita tiv e  an a lysis. E d er  et al. [3 ] p r o p o se d  m ic r o sc o p ic  m o d e l fo r  shear- 
in d u ced  cry sta lliza tio n  u n d er iso th erm al cry sta lliza tio n  w ith  a c o n sta n t shear rate. 
T h e y  p r o p o se d  that n u c léa tio n  rate and g r o w th  rate w e r e  su p p o se d  to  b e  fu n c tio n s  o f  
or ien ta tio n  in  th e  m elt d ep en d in g  o n  shear rate, sh earin g  tim e  and s tr e ss  re laxa tion  
e ffe c t . J e r sc h o w  and Ja n esch itz -K rieg l [4] s tu d ied  a b o u t e ffe c t  o f  lo n g  m o le c u le s  in 
sh ea r-in d u ced  cry sta lliza tio n  o f  iso ta c tic  p o ly p r o p y le n e  by u s in g  n u c lé a tio n  m o d el  
b a sed  o n  th rea d -lik e  p recu rsors w h ic h  w e r e  fo rm ed  durin g sh ear f lo w . F rom  th is  
ex p er im en t, th e y  fo u n d  that th e  lo n g  p o ly m er  m o le c u le s  had s ig n ifica n t e ffe c t  for  th e  
form a tio n  o f  h ig h ly  or ien ted  layers d u e  to  shear treatm en t and p o ly p r o p y le n e  w ith  
n arro w  m o le c u la r  m a ss  d istr ib u tion s had a lo w e r  te n d e n c y  to  fo rm  th is  structure.

R e c e n tly , A h n  et al. [5 ]  stu d ied  sh ea r-in d u ced  c o ld  cry sta lliza tio n  o f  
p o ly (e th ty le n e  terep h th a la te ) u n d er  iso th ern a l and n o n -iso th erm a l co n d it io n s. T h e  
d ifferen tia l ty p e  o f  N a k am u ra  m o d e l, w ith  th e  n u c lé a tio n  co n sta n t Kg m o d ified  w ith  
th e  d e g r e e  o f  o r ien ta tio n , w a s  u se d  to  fit th e  exp er im en ta l re su lts  u n d er  a n on -  
iso th erm a l c o n d itio n . T h e c o n c e p t  o f  sh ear-in d u ced  cry sta lliza tio n  m o d e l started  
w ith  th e  e ffe c t  o f  o r ien ta tio n  can  red u ce  en tro p y  or  in crea se  th e  n u m b er o f  nuclei.
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G u o  and N arh  [6 ] p ro p o se d  sim p lified  m o d e l o f  s tr e ss - in d u c e d  crysta lliza tion  
k in e tic s  o f  P E T  u n d er iso th erm al crysta lliza tion  fro m  th e  m elt. T h e  a ssu m p tio n  o f  
th is  m o d e l is  that th e  e ffe c t  o f  sh ear stress  o n  cry sta lliza tio n  is  to  in crea se  th e  
eq u ilibr iu m  m eltin g  tem p era tu re  Tm°. T h e  a d v a n ta g e  o f  th is  m o d e l is  that th e  
p aram eters in q u ie sc e n t sta te  cry sta lliza tio n  m o d e l d o  n o t  ch a n g e  and can  b e  
d eterm in ed  easily . T h ey  fou n d  that shear stress  ap p lied  n o t o n ly  in crea sed  th e rate  
o f  crysta lliza tion , but a lso  b roa d en ed  th e  cry sta lliza tio n  tem p era tu re  range. T h e  
p ea k  tem p era tu re  at h ig h est crysta lliza tion  rate w a s  a lso  sh ifted  to  h igher  
tem p era tu re  w ith  in crea sin g  shear stress.

P T T  is n o w  com m erc ia lly  availab le and h as b e e n  p r o d u c e d  by Sh ell 
C h em ica ls  u n d er  th e  trad en am e C orterra™  [7 ], T h ere  are m an y  p ap ers on  
cry sta lliza tio n  o f  P T T , but hardly any rep orts o n  th e  e ffe c t  o f  s tr e ss  or shear on  
cry sta lliza tio n  b eh a v io r  o f  P T T . T h e  o b jec tiv e  o f  th is  w o r k  is  to  stu d y  th e e ffe c t  o f  
s tre ss  o n  cry sta lliza tio n  in th e  q u ie scen t co n d it io n s  and to  b etter  u n d erstan d  th e  
stre ss - in d u c e d  crysta lliza tion .

In th is  m an u scrip t, w e  fo c u s  on  th e e ffe c t  o f  sh ear o n  th e  crysta lliza tion  
k in e tic s , and th e  e ffe c t  o f  c o o lin g  rate o n  sh eared  sa m p les  u s in g  c o n e  and p la te  
rh eo m eter  and d ifferen tia l scan n in g  ca lor im etry  (D S C )  in b o th  iso th erm a l and n on -  
iso th erm al crysta lliza tion .

2. THEORETICAL BACKGROUND
2.1. Quiescent Crystallization

T h e m o st  c o m m o n  ap p ro ach  u sed  to  d escr ib e  th e  o v era ll iso th erm al 
cry sta lliza tio n  k in e tic s  is  th e  A vram i e q u a tio n  [8 -1 0 ]:

e ( t )  =  \ - e x p [ ( K 3t ) n>] e [0,1] (1)
w h e r e  Ka and «a are th e  A vram i crysta lliza tion  rate co n sta n t and th e  A vram i 
ex p o n e n t, r e sp e c tiv e ly . E q u a tio n  (1 )  d o e s  n o t  c o n s id e r  th e  in d u c tio n  tim e  ti for th e  
cry sta lliza tio n  p r o c e s s  in p o lym ers. A n  em p irica l re la tion sh ip  b e tw e e n  in d u ction  
tim e  and cry sta lliza tio n  tem p era tu re  is gen era lly  u se d  in th e  fo rm  [1 1 ]:

t . = t  ( T °  -  T  )  aL\ t m ( ' ทา ' e y (2)
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w h e r e  tm and a are m ateria l c o n sta n ts , 7 m° is  th e  eq u ilibriu m  m elt in g  tem p era tu re , Tc 
is  th e  cry sta lliza tio n  tem p era tu re, and t\ is  th e  in d u c tio n  t im e  at tem p era tu re  Tc.

N a k am u ra  et al. [1 2 ]  p r o p o se d  a m o d e l b y  s im p lify in g  A v ra m i m o d e l o n  th e  
b a sis  o f  iso k in e tic  c o n d it io n s  and th e  a ssu m p tio n  that th e  n u m b er o f  a c tiv a ted  n u cle i 
is  co n sta n t. N a k a m u ra  d e v e lo p e d  th e  fo llo w in g  e q u a tio n  from  th e  A v ra m i theory:

ft \n~

0 ( t )  =  1 -  e x p \K ( T ) d t ( 3 )VO y
F o r  p r o c e s s  m o d e lin g , d ifferen tin g  E q u a tio n  (3 )  and rearran g in g  lead  to  th e  

d ifferen tia l fo rm  o f  N a k am u ra  e q u a tio n  w h ic h  is  freq u en tly  m o r e  u se fu l than its  
in tegra l form  as fo llo w s:

d0_
d t

1)/ ท

w h e r e K {T )= k {T )'n =(๒ 2 f n( l / t 0.5)

(fy.5 )= (# 5)0 exp exp -K*
T A T f

( 4 )

( 5 )

(6)
. พ ' 7- ) ,  . .

w h e r e  T  is  th e  cry sta lliza tio n  tem peratu re; *0 .5  th e  t im e  ta k en  fo r  h a lf  o f  th e  
cry sta lliza tio n  d ev e lo p ; (to.5 _1)o, a p re -ex p o n en tia l fa c to r  that in c lu d e  all term s  
in d ep en d en t o f  tem peratu re; R, th e  u n iversa l g a s  con stan t; A T  =  Tm°-Tc, d e g r e e  o f  
u n d er co o lin g ;  Tm°, th e  eq u ilibriu m  m eltin g  tem peratu re; /  =  2 T /(T +  Tm°), a 
c o r r e c tio n  fa c to r  a cco u n tin g  for  th e  red u ctio n  in  th e  la ten t h ea t o f  fu s io n  as th e  
tem p era tu re  is d ecrea sed ; Tec = 7g -  3 0  K, th e  tem p era tu re  b e lo w  w h ic h  tran sp ort  
c e a se s ;  Tg, th e  g la ss  tran sition  tem peratu re; i f ,  th e  a c tiv a tio n  e n e r g y  fo r  seg m en ta l  
ju m p  rate in  p o lym er; and Kg, th e  n u c léa tio n  ex p o n en t. E q u a tio n  ( 1 2 )  h av e  o fte n  
ta k en  to  h a v e  a sim ilar tem p era tu re  d e p e n d e n c e  to  that o f  th e  su b se q u e n t crystal 
g r o w th  rate G  (w r itten  in th e  c o n te x t  o f  th e  or ig in a l L auritzen-H ofifrnann  seco n d a ry  
n u c lé a tio n  th eo ry  (L H  th eo ry ) [1 3 ] , P a te l and S p ru iell [2 ] p r o p o se d  m o d ified  
d ifferen tia l N a k am u ra  m o d el. B y  le ttin g  Y  -  I n ( l /(1 - |9 ) ) , th e  n o n -iso th erm a l  
cry sta lliza tio n  rate e q u a tio n  can  b e  w r itten  as fo llo w s:

( 7 )^  = nK{T\Y){nl),n

K (r )= k {T )Un = c  1ex p m exp - C l '
TATf (8)
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where Cl is equal to (ln2)1/n(/o.5’1)o-
For processes that occur on cooling, reliable values of the effective 

activation energy can be obtained, for instance, by the differential isoconversional 
method of Friedman [14], The Friedman equation is obtained as follows:

เท(d a >
\ d t  J = \n [A f (a ) ]~ Ea

RT~, (9)
where the subscript a  denotes the values related to a given extent of conversion and / 
is the ordinal number of the run carried out at the heating rate, p .  The rate can be 
conveniently determined from DSC data.

2.2. Shear-induced Crystallization
At the melting temperature, the free energy of the crystals equals the free 

energy of the melt so that the melting temperature may be written as [15]:
AHfr :  = AS, (10)

where AH f is the heat of fusion, A*Sf is the entropy of fusion, H m and He are the 
enthalpies of the melt and crystalline phases, respectively, and Sm and Sc are the 
entropies of the melt and crystalline phases, respectively.

By assuming that the free energy of the crystalline phase is independent of 
the applied strained, and that the deformation energy follows Hooke's law, Haas and 
Maxwell [15] arrived at the following expression for the increased melting point for 
a stressed polymer melt:

72 =■ AHf é
+ T1 (11)

where Tm is the melting temperature under shear stress, G  is the elastic shear 
modulus of the polymer, and โ  is the elastic shear stress.

The first term on the right side of Equation (11) can be though of as the 
increase in melting temperature that is,

7"shift A Hf (12)
It should be noted here that Equation (12) is based on the assumption that 

shear modulus is independent of the applied shear stress. However, the relationship
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between the shear modulus and shear stress is very complicated. Therefore, the 
melting temperature shift may not necessarily follow Equation (12). Guo and Narh
[6] suggested that simple relation between shear stress and equilibrium melting 
temperature shift in high stress should be constant in high shear rate region (for 
polymer which have favor conformational as fully extended chain) because 
orientation of polymer reach a maximum value.

7'shift = ^  (13)
where C l  and C 2 are material constants that can be determined directly form the 
experimental data.

If it is assumed that the effect of stress on the kinetics of crystallization is 
only by increasing the melting temperature, i.e. by increasing the degree of 
undercooling, then by replacing Tm° in Eq. (6) with Tm

rm = T'm + T'shift O4)
and therefore

f  = (15)c + rm
So, the induction time in shear condition can also be obtained by replacing the 
equilibrium melting temperature in Equation (2) with Tm:

t,(T  ,T) = t J T m - r y  (16)
Rearranging Equation (16)

Tr +
-ii/a

t ,  ( T , x )
(17)

So the final result, the equilibrium melting temperature shift Tshift can be readily 
expressed as

Tshift — 1~m — T m — T c +
-|i/a -72 (18)

Recently, Ahn e t al. [5] proposed the kinetic model of shear-induced 
crystallization can be expressed as Equations (19) and (20) which are modified to 
crystallization rate constant K (T ,r).

f=^r,rX i- 4 '" M r v' (19)



148

where K ( T , t)  = K[&(.ç'ฟ ? b ' exp - K g 1 
TATf 1 + h ( T  , r )

For overall rate crystallization
K { r , r ) = k ( T , r f n =(๒2)l/n(f 0-15)

c i  = (Ci)oexP
/* ~\exp -*'9 1 

TATf' \  + h ( T  , x )

(20)

(21)
(22)

3. EXPERIMENTAL
3.1. Materials

Poly(trimethylene terephthalate) (PTT) were supplied in pellet form by 
Shell Chemical Company (USA) Ltd. (Corterra CP509201). The weight- and 
number-average molecular weight of this resin were determined to be ca. 78,100 and 
34,700 Daltons, respectively. It should be noted that molecular weight 
characterization of these resins was carried out by Dr. Hoe Chuah and his co-workers 
of Shell Chemicals (USA) based on size-exclusion chromatography (SEC) technique.

3.2. Sample Preparation
For shear untreated samples, PTT pellets clear grade were dried in a vacuum 

oven at 140°c for 5 hours prior to further use. A film of approximately 200 pm in 
thickness for each resin was melted-pressed at 260°c for PTT in Wabash V50H 
compression molding machine under an applied pressure of 4.62x1 o2 MN-m'2. After 
5 min holding time, the film was taken out and allowed to cool at the ambient 
condition down to room temperature between the two metal platens. This treatment 
assumes that previous thermo-mechanical history was essentially erased, and 
provided a standard crystalline memory condition for the as-prepared film.

For disk shape samples, PTT pellets were dried in the oven at 140°c for 5 
hours. Then the pellets were put into the mold which circle geometry to compress 
into the disk shape samples which thickness ca. 1 mm. For high shear rate samples, 
PTT pellets were dried in the oven at 140°c for 5 hours before filling in the barrel of 
capillary rheometer. A capillary rheometer (Instron model 4303) was used to applied 
shear stress to polymer samples before studying shear-induced crystallization. The
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diameter of die and L/D ratio are 1.25 mm and 40.15, respectively. Preheat time 
used was ca. 10 min. When the shear treated sample were extruded pass through 
capillary die, they were cut and quenched immediately in liquid nitrogen bath. The 
shearing temperature Ts used were 250 and 260°c.

3.3. Methods
For Rheological measurements were carried out using a cone and plate 

rheometer (Rheometrics Scientific, model ARES). The disk shape samples were 
inserted between cone and plate geometry and heated up to a desired fusion 
temperature at 260°c. When the sample was melted completely, it was cooled to a 
desired crystallization temperature. Then shear rate was applied to observe the 
variation of stress as function of crystallization time.

A DSC (DSC-7, Perkin-Elmer) was used to follow isothermal crystallization 
and subsequent melting behavior of these polyester resins. Calibration for 
temperature scale was carried out using a indium standard (7m°= 156.6 °c and A H °  
=  28.5 J g A) on every other run to ensure accuracy and reliability of the data obtained. 
To minimize thermal lag between polymer sample and DSC furnace, each sample 
holder was loaded weighing around 8.0 ± 0.3 mg. 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.

Isothermal crystallization from melt of shear untreated and treated samples 
from capillary rheometer started with heating each sample from 40°c at a heating 
rate of 80°c-min1 to a desired fusion temperature 7f at 260°c. To ensure complete 
melting, the sample was kept at the respective 7} for a holding period of 5 min. After 
this period, each sample was rapidly cooled (i.e., ca. 200°c-min1) from 7f to a 
desired crystallization temperature, where it was held until crystallization process 
was considered complete (when no significant change in the heat flow as a function 
of time was further observed).

Non-isothermal crystallization from melt of non-sheared and sheared 
sample from capillary rheometer started with heating each sample from 40°c at a 
heating rate of 80oC-min'’ to a desired fusion temperature 7f at 260°c for 5 min.
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Then the samples was cooled at different cooling rate to observe melt crystallization 
exotherms.

4. RESULTS AND DISCUSSION
4.1. Quiescent Isothermal Crystallization from the Melt

Figure 1 illustrates the induction time ti of PTT after isothermal 
crystallization at different crystallization temperature ranging from Tc 184 to 213°c. 
It shown that ti increased as increased crystallization temperature and shown sharply 
increased after Tc ca. 200°c. From the relationship between ti and Tc in Equation (2), 
it was taken logarithm and rearranged

log ti = log tm -a (log(7x> 1ท -  Tc)) (23)
where a is -slope and log tm is intercept y-axis. Figure 2 shows the plot of log ti 
versus log(7°m -  Tc). It should be noted here that the value of ti used was in range of 
Tc 198 to 213°c because plot of log to versus Tm° -  Tc shown the change of slope ca. 
at 198°c. The value of Tm° used is 243.6°c [16], The material constants are tm =  
5.62x1012 K80min and a  = 8.0. An important bulk or overall crystallization kinetic 
parameter which can be determined directly from the 6(t) data is the reciprocal half
times of crystallization /0.5’1, which is defined as the elapsed time measured from the 
onset of crystallization until the crystallization is half-completed. According to 
Figure 3, it is apparent that the reciprocal half-times of crystallization /0.5’ 1 decreased 
assumingly exponentially with increasing crystallization temperature Tc, at least 
within the temperature range studied. From Hoffmann model [13] in Equation (6), 
the test of regime can be performed through the plot of log(/o.5 '*) + ๙ /2 3 0 3 R (T c - To0) 
versus 1 /2.303 T c(A T )f. This type of plot factors out the contribution of the transport 
term from the bulk crystallization rate, and the slope is equal to the negative value of 
the nucléation exponent (i.e., slope = -Kg) and log(/o.5 !)o is equal to intercept y-axis. 
From this plot as shown in Figure 4, the temperature at point changing from regime 
III to II was found to be ca. 200°c. Huang and Chang (2000) also reported 
temperature change from observation of linear growth rate from microscopic level 
being ca. 196°c which is closed to value from bulk crystallization rate to-s'1 in this 
experiment. For regime III, (/,o.5 1)o,m and ATgjn calculated were found to be 1.15x 1 o5
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min'1, and 1.73xl05 K2, respectively. For regime II, (/o.5’')o,ii and Kg'II cฟculated 
were found to be 1.03xl05 min'1 and 1.26xl05K2, respectively. The Kg'in/ Kg'W value 
in PTT was ca. 1.37.

4.2. Shear-induced Isothermal Crystallization from the Melt
For experiment in cone and plate rheometer, the increase of shear stress 

should be referred to start of crystallization process due to stiffness increased of 
material. The induction time ti in shear condition was decreased when comparing 
with quiescent condition. The value of tm = 5.62xl012 K80min and a  = 8.0 from 
quiescent isothermal melt crystallization were substituted in Equation (18) to 
determine equilibrium melting temperature shift Tshift. The values of h and calculated 
Tsh1ft with different Tc and shear rate are shown in Table 1. At the same 
crystallization temperature , the value of ti was found to decrease with increasing 
shear rate. At the same shear rate, ti was increased with increasing Tc. The shear 
stress versus crystallization time of PTT isothermally crystallized at 210°c using 
cone and plate rheometer are shown in Figure 5. The curves of stress versus time 
were found to be influenced by shear rate. Figure 6 also shows the values of Tshift as 
a function of shear stress. Equation (13) was used to fit the calculated values of Tshift 
and the best fit obtained with constant Cl = 7.1°c and C2 = 247.9 Pa. The effect of 
shear stress on bulk crystallization rate of PTT are shown in Figure 7. It was found 
that shear stress applied during crystallization shifted peak temperature to higher 
temperature and broadened peak of bulk crystallization rate. It should be noted here 
that the values of (/0.5 ')o and Kg used were 1.15xl05 min'1, and 1.73xl05 K2 (regime 
III), respectively, were used to plot the curve of bulk crystallization rate of zero shear 
stress. Guo and Narh [6] also showed the effect of shear stress on crystallization 
constant of PET and used the values of (fo.5’l)o and Kg from literature but they did not 
mention that which regime these values fall. They also suggested that the change in 
crystallization rate peak from quiescent crystallization to stress-induced 
crystallization is much faster in a slow crystallizing polymer (i.e., PET) than in a fast 
crystallizing polymer (i.e., i-PP). For shear-induced crystallization using cone and 
plate rheometer in this work, the crystallization temperature used was in the range of
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regime II as mentioned previously (ca. Tc >  200°C) to obtain full curve of bulk 
crystallization rate. Using the value of (Vo/ ô and Kg from regime II should also 
show the same trend. It was found that shear stress applied during crystallization can 
increase bulk crystallization rate. The shape of curve was found to be broader and 
the peak temperature was shifted to higher temperature.

4.3. Isothermal Crystallization from the Melt of Shear Treated Samples
The sheared samples which prepared using capillary rheometer with shear 

rate 245.6 ร'1 and 268.0 ร'1 at shearing temperature Ts 250 and 260°c for 5 min were 
also used to study isothermal melt crystallization. It should be note here that the 
difference of shear rate is neglegible so we assumed that it is at the same shear rate. 
The comparison of the values of reciprocal half-times of crystallization /0.5’ 1 is shown 
in Figure 3. It is well known that /0.5’ 1 can be referred to bulk crystallization rate of 
polymer. It was found that PTT shear treated sample at Ts 250°c showed a higher 
rate of crystallization than that at Ts 260°c and neat PTT samples. It can be 
explained that lower shearing temperature should have higher molecular orientation 
which still remain after melting at fusion temperature before isothermal melt 
crystallization. It should be noted here that the effect of residual crystallites may 
contribute at lower shearing temperature. Avrami model as shown in Equation (1) 
was also used to analyzed isothermal data of shear untreated and shear treated PTT 
samples within crystallization temperature ranging from ca. 190 to 200°c and 
summarized in Table 3. Avrami exponent «a of neat PTT was less higher than that of 
both shear treated samples at different Ts. The Avrami exponent «a was found 
ranging from 1.96 to 2.29 for neat PTT, 1.44 to 1.69 for shear treated PTT at Ts 
250°c, and 1.61 to 1.83 for shear treated PTT at Ts 260°c, respectively. The Avrami 
crystallization rate K a of sheared sample at Ts 250°c was highest following by shear 
treated sample at Ts 260°c and neat PTT, respectively, at the same Tc. Figure 4 also 
illustrates plot of loĝ o.s"1) + f//2.303/?(7'c-7’co) versus 1 /2.3037'c(A7y of shear 
treated samples at different shearing temperature. It was found that the results of 
sheared sample should fall in regime III because the change of slope cannot be 
observed in temperature range studied. The values of (/o.5 l)o found to be ca.
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1.03X1 o5 and 4.86xl04 min'1 for sheared sample at Ts 250 and 260°c, respectively. 
The values of Kg found to be ca. 1.42xl05 and 1.47xl05 K2 for sheared sample at Ts 
250 and 260°c, respectively. The vdues of (/o/^o and Kg of both sheared PTT 
samples at different shearing temperature were lower than that of neat PTT sample. 
Based on modified differential Nakamura model proposed by Ahn et ฝ. [5], non
linear regression method was used to fit the value of recipro^ crystallization half
time /0.5"1 of shear treated samples at different Ts at 250 and 260°c by using the vdue 
of (/o.5'')o from isothermal crystallization in quiescent condition. The value of 
nucléation exponent Kg calculated of shear treated samples was also cdled nucléation 
exponent due to orientational effect Kg , 0  and was also used to determine the value of 
degree of orientation that was equal to (Kg/Kg,o)-\. The value of Kg10 were 1.44xl05 
and 1.66xl05 K2 for PTT shear treated sample at Ts 250 and 260°c, respectively 
(kept the difference of shear rate used to minimum). The value of h (T ,r ) at Ts 250°c 
shown the higher value than that at Ts 260°c (i.e., h(T,T) = 0.201 and 0.042 for Ts 
250 and 260°c, respectively).

4.4. Non Isothermal Crystallization from the Melt of Shear Untreated and 
Shear Treated Sample

The non-isothermal crystallization process can be considered as a 
combination of finite steps of isothermal crystallization process. Thus, the non- 
isothermal crystallization process can be predicted by using parameters from the 
isothermal crystdlization kinetics. Figure 8 illustrates the comparison between the 
predicted results of non-isothermal crystallization data of PTT various cooling rate 
by using differential Nakamura model (Equation (4)) by using isothermal parameters 
and directly fitting. Marquardt’s non-linear regression analysis [17] was used to fit 
the non-isothermal experimental data. It was found that using directly fitting method 
gave better results than using parameters from isothermal crystallization (using (/o s' 
')o and Kg from regime III because all of melt crystallization peak occurred when 
temperature lower ca. 200°C). For PTT samples studied, using isothermal 
parameters fitted well only at lowest cooling rate (i.e. 5°C min'1). In this work, the 
non-isothermal data can be fitted using ท, (?o.5"’)o, and Kg as parameters of model
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while keeping บ * = 1500cal mor’. The values of parameters ท, (to . 5 ’’)o, and Kg of 
neat PTT are listed in Table 2. The model of Patel and Spruiell [2] was also used to 
fit experimental data comparing with original differential Nakamura model.

4.5. Non-Isothermal Crystallization from the Melt of Sheared samples
The sheared samples were prepared using capillary rheometer with shear 

rate 92.1 ร'1 and 245.6 ร"1. we assume that sheared samples should still retained some 
orientation although melting at fusion temperature. The experiment was similar to 
the case of quiescent non-isothermal melt crystallization. Figure 9 illustrates 
crystallization exotherms of shear untreated and shear treated sample at 92.1 and
245.6 ร'1, respectively, with various heating rates 10, 20, 30, and 40°C-min"1. The 
peak temperature of melt crystallization Tcm was shifted to the lower temperature as 
cooling rate increased for both shear untreated and shear treated samples. At the 
same cooling rate, the position of r cm of sheared sample was located at higher 
temperature than that of non-sheared sample and shifted little to the lower 
temperature as shear rate increased. The shift of position of Tcm of sheared sample 
should be attributed to the molecular orientation which still remain in melt state. 
Table 2 also summarizes the effect of cooling rate on the crystallization kinetics 
parameters ท, (to.5"')o and Kg obtained from fitting the experimental data. Figure 10 
also illustrates the effect of cooling rate on the degree of orientation calculated in 
which shear stress were 2.99x1 o4 and 6.62x1 o4 Pa for shear treated samples at 92.1 
and 245.6 ร'1, respectively. Based on modified Nakamura model which accounts the 
effect of shear [2] by keeping the value of (/o.5_1)o from quiescent condition as 
constant in the model of shear-induced crystallization kinetics. The value of degree 
of orientation h {T ,โ) were not strongly dependent on cooling rate increased and 
h {T ,โ) at higher shear rate shown the higher value at almost heating rate.

4.6. Effective Activation Energy Describing the Overall Crystallization Process
The plots of effective activation energy AE of PTT non-sheared and sheared 

sample as a function of melt conversion based on the Friedman method [14] are 
presented in Figure 10. Table 4 also summarizes the values of the effective
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activation energy AE  for these PTT samples. It is apparent that the effective 
activation energy of neat PTT, PTT sheared sample at 92.1 and 245.6 ร'1 increases 
with increasing melt conversion a . Both sheared samples show lower value of 
activation energy at all melt conversions which means that requiring the lower 
activation energy for transportation of molecular segment from the molten state to 
the crystal growth surface as a function of melt conversion increases.

5. CONCLUSIONS
In-situ shear-induced isothermal melt crystallization was investigated using 

cone and plate rheometer. At the same crystallization temperature , the induction 
time was found to decrease with increasing shear rate. As shear stress increased, the 
temperature shift was increased exponentially. Shear stress applied during 
crystallization can also increase bulk crystallization rate and shift peak temperature 
to higher temperature. For shear treated sample from capillary rheometer, PTT 
sheared sample prepared at lower shearing temperature gave a higher rate of 
crystallization than that at higher shearing temperature and neat PTT samples. For 
non-isothermal crystallization from melt of neat PTT, fitting the experimental data 
using directly fitting give a better result than using parameter from quiescent 
crystallization. The position of melt crystallization peak was found to be located at 
higher temperature as shear rate increased at a fixed cooling rate. The activation 
energy required for transportation of molecular segment from the molten state to the 
crystal growth surface of shear treated samples was found to be lower than that of 
shear untreated sample at all melt conversion calculated.
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CAPTIONS OF FIGURES
Figure 1 Induction time /1 as a function of crystallization temperature Tc of PTT 

samples.
Figure 2 Plot of log น against log(7’m°-7’c) for various choice of crystallization 

temperature Tc ranging from 198 to 213°c.
Figure 3 Reciprocal half-time as a function of crystallization temperature of PTT 

samples
Figure 4 Analysis of the half-times of crystallization based on the modified 

growth rate theory for the PTT samples.
Figure 5 Shear stress as a function of shearing time at crystallization temperature 

Tc 210°c with different shear rate land 3 ร'1.
Figure 6 Equilibrium melting temperature shift as a function of shear stress, solid 

line shown the result of fitting data.
Figure 7 Bulk crystallization rate as a function of temperature with various shear 

stress applied during crystallization of PTT samples.
Figure 8 Relative crystallinity as a function of neat PTT with different cooling 

rates. The fitting results using differential Nakamura model and 
isothermal parameters is shown as dash and solid line, respectively.

Figure 9 Non-isothermal melt crystallization exotherms of PTT samples at shear 
rate 0, 92.1 and 245.6 ร'1 at different four cooling rates.

Figure 10 Degree of orientation h (T ,r) as a function of shear stress for PTT shear 
treated sample at 92.1 and 245.6 ร'1 at different four cooling rate.

Figure 11 Determination of the effective activation energy AE  as a function of melt 
conversion a  describing the overall crystallization process for PTT 
samples at shear rate 0, 92.1, and 245.6 ร'1 based on Friedman method.
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Table 1 Induction time and equilibrium melting temperature of PTT samples with 
different crystallization temperature and shear rate

Tc Shear Rate Shear Stress fi Tshift°c ร’1 Pa ร °c
210 0 - 213 -

1 210 130 2.18
3 940 60 5.82
5 1440 40 7.87

211 0 - 253 -

1 150 200 1.31
3 475 140 2.85
5 880 75 5.73

212 0 - 341 -

1 169 230 1.72
3 642 115 4.74
5 790 120 4.54



Table 2 Crystallization kinetic parameters for PTT samples based on Differential Nakamura and Modified Differential Nakamura model

Fitting with differential Nakamura model
Shear Rate (ร-1 )__________________ 0__________________  _________________ 92.1_________________  __________________ 245.6

ท (l/fo.5)o r2 ท (l/fo.5)o K* r2 ท (l/fo.5)o r2
'Crain'1 min1 K 1 min'1 K 1 min1 K 1

10 2.22 1.82x10s 1.87x10s 0.9999 1.45 2.98x 10s 1.79xl05 0.9983 1.78 1.13xl05 1.60xl03 0.9954
20 2.29 9.64xl04 1.73xl05 0.9999 1.74 1.06xl05 1.63x10s 0.9988 2.07 1.04x10s 1.50xl05 0.9984
30 2.74 5.41xl04 1.63x10s 0.9998 1.77 8.40 xio4 1.58xl05 0.9983 1.80 1.23xl05 1.58x10s 0.9980
40 2.99 8.02xl04 1.69x10s 1.000 2.19 9.98xl04 1.59x10s 0.9993 1.96 9.73xl04 1.53x10s 0.9979

Fitting with modified differential Nakamura model
Shear Rate (ร-1) 0 92.1 245.6

โ ท (l/fo.5)o K* r2 ท (l/fo.5)o r2 ท (l/fo.5)o K* r2
0C-mm‘ min’1 K 2 min'1 K 2 min'1 K-1

10 3.00 9.07xl04 6.68xl04 0.9972 1.30 1.50xl07 1.65x10s 0.9962 1.07 2.71xlOs 1.76x10S 0.9856
20 2.05 6.07xl04 1.60xl05 0.9975 1.42 7.94x10s 2.13x10s 0.9908 1.47 1.30x10s 1.53x10s 0.9926
30 2.55 3.99x10s 2.20x10s 0.9977 1.30 7.29xl05 2.03x10s 0.9844 1.31 5.65x10s 1.95x10s 0.9918
40 2.65 1.03x10s 1.73x10s 0.9986 1.78 2.00x10s 1.76x10s 0.9982 1.31 1.23x106 2.17xl05 0.9921

ONo
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Table 3 Overall crystallization kinetic data for PTT samples based on Avrami model

Tc°c to s '1
m in '1

K ,
m i n 1

Hi r 2

N e a t  P T T
190 1.11 0 .9 4 0 2 .1 2 0 .9 9 9 9
192 0 .9 5 3 0 .7 9 2 1.96 0 .9 9 9 9
194 0 .7 4 3 0 .6 2 6 2 .0 3 0 .9 9 9 8
196 0 .6 3 9 0 .5 4 9 2 .2 9 0 .9 9 9 8
198 0 .4 6 4 0 .3 8 7 2 .0 0 0 .9 9 9 9
2 0 0 0 .3 3 7 0 .2 9 4 2 .4 0 0 .9 9 9 2

P T T  S h e a r R a te  2 4 5 .6 s 1 T ,2 5 0 ° c
192 2 .9 2 2.31 1 .69 0 .9 9 8 6
194 2 .4 5 1.96 1 .69 0 .9 9 9 5
196 1 .98 1.52 1 .44 0 .9 9 6 8
198 1.71 1.34 1.61 0 .9 9 8 4
2 0 0 1.33 1.04 1.60 0 .9 9 6 6

P T T  S h e a r R a te  2 6 8 .0  ร '1 T ,2 6 0 ° c
190 1.35 1.11 1.83 0 .9 9 9 8
192 1 .053 0 .7 2 8 1 .82 0 .9 9 9 3
195 0 .7 4 1 0 .6 0 0 1.73 0 .9 9 9 9
198 0 .6 3 7 0 .5 1 6 1.73 0 .9 9 9 9
2 0 0 0 .4 9 0 .3 8 9 1.61 0 .9 9 9 7
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Table 4 Effective activation energy A E  describing the overall crystallization process 
of shear untreated and shear treated PTT samples based on Friedman method

S h e a r  R a te  ____________________ A c tiv a tio n  E n e rg y  A E  ( k J  m o l '1)

ร-, a =  0.1 a  =  0 .3 a  =  0 .5 a  =  0 .7 a  =  0 .9

0 -104 .1 -9 4 .3 -8 7 .2 -8 5 .9 -8 3 .8

92 .1 -1 3 1 .0 -1 2 5 .4 -1 1 9 .3 -1 1 4 .2 -8 8 .8

2 4 5 .6 -1 3 6 .0 -1 2 5 .2 -1 1 8 .4 -1 1 3 .9 -1 0 0 .5
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Figure 1
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Figure 2
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