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ABSTRACT
Shear-induced crystallization in poly(trimethylene terephthalate) PTT was 

investigated via different scanning calorimetry (DSC). The shear treated samples 
were prepared both low and high shear rates région by cone and plate and capillary 
rheometer, respectively. The induction time of shear treated samples was found to be 
lower than that of shear untreated one. The peak temperature of cold crystallization 
of shear treated samples was also shifted to the lower temperature. The kinetic 
model of shear-induced crystallization stated that the polymer melt which has the 
effect of orientation would have a reduced amount of entropy as modified from 
quiescent crystallization. A non-linear regression method was used for directly 
fitting non-isothermal experimental data using the differential type of Nakamura 
model to obtain crystallization rate equation parameters for both shear and non- 
sheared conditions. At condition with a fixed heating rate, the degree of orientation 
determined reached a maximum value and showed a less dependent on increasing 
shear rate. The degree of orientation as a function of heating rate was found to 
decrease with increasing shear rate. Analysis of the data was also carried out based 
on the Avrami, Tobin, and Urbanovici-Segal models. The activation energy of shear 
untreated and shear treated PTT samples based on the Kissinger, Takhor, and 
Friedman methods was also discussed.
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1. INTRODUCTION
In actual processings of a semicrystalline polymer, primary crystallization 

of a semicrystalline polymer, primary nucléation mechanism and rate are 
characterized and controlled not only by the presence of infusible heterogeneous 
nuclei (e.g. catalyst residues, nucleating agents, etc.), but the processing history (e.g. 
temperature, pressure, shear stress, etc.). So the resulting physical properties are 
strongly dependent on the morphology formed and the extent of crystallization 
during processing. The kinetics of crystallization of polymers in quiescent condition 
were extensively investigated by many observers but the effect of shear or stress is 
still incomplete because of difficulties in the experimental measurement and a 
crystallization kinetics model is not available.

Wolkowicz [1] studied the effect of shear on the melt crystallization 
behavior of poly (1-butene) at several shear rates and degree of under cooling. The 
shear stress in the system induced a certain amount of nucléation orientation which 
greatly accelerated the overall crystalline transformation process. Ness and Liang [2] 
investigated the influence of temperature and shear rate on flow behavior of HDPE 
melts during extrusion using capillary rheometer. They found that the phenomenon 
of shear-induced crystallization was easily produced when a die has a larger entry 
angle was used and the temperature was near the melting point of samples. Kim et 
al. [2] studied the memory effect of shear history of polyethylene terephthalate (PET) 
under shear conditions in a capillary rheometer. Double peaks of heating 
crystallization exotherms attributed to the existence of crystallization processes with 
different rates were observed. The effect of shear history was reduced because of the 
relaxation process during holding period in melt state before crystallization.

Eder e t a l .[4] proposed microscopic model for shear-induced crystallization 
under isothermal crystallization with a constant shear rate. They proposed that 
nucléation rate and growth rate were supposed to be functions of orientation function 
in the melt which was dependent on shear rate, shearing time and stress relaxation 
effect. Moitzi and Skalicki [5] developed Eder model to fits experimental results of 
isotactic polypropylene under isothermal crystallization with a constant shear rate. 
They suggested sheared polymer melts had a higher number of crystallization nuclei
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than quiescent melts at the same crystallization. Jerschow and Janeschitz-Kriegl [6] 
studied about effect of long molecules in shear-induced crystallization of isotactic 
polypropylene by using nucléation model based on thread-like precursors which 
were formed during shear flow. From this experiment they found that the long 
polymer molecules had large effect for the formation of highly oriented layers due to 
shear treatment, and polypropylene with narrow molecular mass distributions had a 
lower tendency to form this structure.

Recently, Ahn e t al. [7] studied shear-induced cold crystallization of 
poly(ethtylene terephthalate) PET under isothernal and non-isothermal conditions. 
The differential type of Nakamura model, which term nucléation constant Kg, 
modified with the degree of orientation, was used to fit the experimental results 
under non-isothermal condition. The kinetic model of shear-induced crystallization 
stated that the polymer melt which has the effect of orientation would have a 
reduced amount of entropy as modified from quiescent crystallization. Guo and 
Narh [8] proposed simplified model of stress-induced crystallization kinetics of PET 
under isothermal crystallization from the melt. The assumption of this model is that 
the effect of shear stress on crystallization can only increase the equilibrium melting 
temperature Tm°. The advantage of this model is that the parameters in quiescent 
state crystallization model do not change and can be determined easily. They found 
that shear stress applied not only increased the rate of crystallization, but also 
broadened the crystallization temperature range. The peak temperature at highest 
crystallization rate was also shifted to higher temperature with increasing shear 
stress.

Poly(trimethylene terephthalate) (PTT), a relatively new linear aromatic 
polyester, is a member of the polyester family with three methylene units in its 
chemical structure. The synthetic method of PTT was first reported by Whinfield 
and Dickson in 1941 [9], but it was not commercially available then due to the high 
production cost of one of the reactants, 1,3-propanediol. Since then, PTT is now 
commercially available and has been produced by Shell Chemicals under the 
tradename Corterra™.

There are many papers on crystallization of PTT, but a small number of 
paper reporting effect of stress or shear on crystallization behavior of PTT. The
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objective of this work is to study the effect of shear on crystallization and to compare 
with experimental results in the quiescent conditions, in order to understand better on 
shear-induced crystallization.

In this manuscript, we focus on the effect of shear rate, shearing time, 
shearing temperature, and effect of heating rate on sheared samples comparing to 
quiescent condition using differential scanning calorimetry (DSC) for both 
isothermal and non-isothermal cold crystallizations, shear treated samples were 
prepared using cone and plate rheometer and capillary rheometers.

2. THEORETICAL BACKGROUND
2.1. Quiescent Crystallization Kinetics

The most common approach used to describe the overall isothermal 
crystallization kinetics is the Avrami equation [10-12]:

where K a and ทa are the Avrami crystallization rate constant and the Avrami 
exponent, respectively. Usually, the Avrami rate constant K a is written in the form of 
the composite Avrami rate constant ka (i.e. ka = K a ). ka (the dimension of which is 
given in (time)'”) is not only a function of temperature, but also a function of the 
Avrami exponent ท11. As a result, use of K a should be more preferable than use of ka 
due partly to the facts that it is independent of the Avrami exponent ทa and its 
dimension is given in (time)'1. It should be noted that both K a and ทa are constants 
specific to a given crystalline morphology and type of nucléation for a particular 
crystallization condition [13] and that based on the original assumptions of the 
theory, the value of the Avrami exponent ทa should be an integer ranging from 1 to 4.

In the study of non-isothermal crystallization using DSC, the energy 
released during the crystallization process appears to be a function of temperature 
rather than time as in the case of isothermal crystallization. As a result, the relative 
crystallization function of temperature (KT) can be formulated as:

e{t) = l-expR-ZT.*)"'] e [0,1] (1)

A He (2)
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where To and T  represent the onset and an arbitrary temperature, respectively, dH c is 
the enthalpy of crystallization released during an infinitesimal temperature range d r ,  
and AH c is the overall enthalpy of crystallization for a specific cooling condition.

In an attempt to use Equation (1) to analyze the non-isothermal 
crystallization data in a DSC, we need to assume that the sample experiences the 
same thermal history as designated by the DSC furnace. This may be realized only 
when the thermal lag between the sample and the furnace is kept minimal. If this 
assumption is valid, the relation between the crystallization time t and the sample 
temperature T can be formulated as:

t  (3)
where <f> is the cooling rate. According to Equation (3), the horizontal temperature 
axis observed in a DSC thermogram for the non-isothermal crystallization data can 
readily be transformed into the time scale.

The important consideration for Avrami approach is that the model is only 
appropriate for the early stages of crystallization. The complications arise due to the 
effects of growth site impingement and secondary crystallization process, which 
were disregarded for the sake of simplicity in the original derivation of the model. A 
theory of phase transformation kinetics with growth site impingement was proposed 
by Tobin [14-16], According to this approach, the equation of phase transition reads

e{t) = 1 + ( K , t ) n' e [0,1] (4)
where Kx is the Tobin rate constant, and nx the Tobin exponent. Based on this 
proposition, the Tobin exponent needs not be integral [14-16], and it is mainly 
governed by different types of nucléation and growth mechanisms. It should be 
noted that, according to the original applications , the Tobin rate constant is written 
in the form of the composite Tobin rate constant kx (i.e. kx = Kxn), which is not only a 
function of time, but also a function of the Tobin exponent rix (similar to the case of 
K  mentioned previously). As a result, use of Kx should be more preferable than use 
of kx due partly to the facts that it is independent of the Tobin exponent «t and its 
dimension is given in (time)'1. Recently, Urbanovici and Segal [17] proposed a new 
macrokinetic equation, which is essentially a generalization of the Avrami model. In
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this proposition, the relation between the relative crystallinity as a function of time 
^t) and the crystallization time t is written as:

e {t)= i 4 + ( r - i R , f H / ( M  e [ 0 , i ]  (5 )
where K us and «US are the Urbanovici-Segal crystallization rate constant and the 
Urbanovici-Segal exponent, respectively, r  is the parameter satisfying the condition 
r  > 0. At the condition where r-> 1, the Urbanovici-Segal model becomes identical 
to the Avrami model [17], This simply means that parameter r  is merely the factor 
determining the degree of deviation of the Urbanovici-Segal model from the Avrami 
model. It is worth noting that both K us and «US have similar physical meanings to the 
Avrami kinetics parameters (i.e. K a and «a), and the dimension of ATus is also in 
(time)’1.

A number of mathematical methods [18-19] were proposed for analyzing 
the data obtained from non-isothermal thermoanalytical investigations of 
crystallization of glass-forming liquids. In case of non-isothermal crystallization 
experiment using DSC, the effective activation energy AE  can be evaluated from 
methods such as those proposed by Kissinger [18] or Takhor [19], The main 
objective of these methods is to find a finite relationship between the peak 
temperatures Tp obtained from non-isothermal crystallization exotherms and the 
heating rate ^used.

If variation of the peak temperature Tp with the heating rate (f> exists, the 
effective activation energy AE  can be evaluated based on plots of the following 
forms: (1) Kissinger method,

๙ [เท( ^ / 7-p2 )] A E  , , ,
W /7-) *  (6)

and (2) Takhor method,
d [เทพ] _ AE  (ๅ)๙(1/7-p) = R

It is important to note that different assumptions utilized by these 
investigators during mathematical derivations for the sake of simplicity resulted in 
different relationships between Tp and (เ), as evident in Equations (6) to (7).
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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 [20], The Friedman equation is obtained as follows:

เท"d a '
d t , a , i

= w n a ) ] - ^ f - (8)

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,

N akam ura e t  al. [21] proposed a new model by simplifying Avrami model 
on the basis of isokinetic conditions and the assumption that the number of activated 
nuclei is constant. Nakamura developed the following equation from the Avrami 
theory:

9 ( t )  = 1 - exp f\K ( T ) d t^ (9)
For process modeling, differential of Equation (9) and rearrange lead to the 

differential form of Nakamura equation which is frequently more useful than its 
integral form as following [22]:

where
^  = /7/r(rXi-e)[-in(i-0)](nl)/n
K { T ) = k { T f n = (เท2)1/n(f015)

' ■ บ- 'lô.5 = (fô.s)0exp expv y

(10)
(11)
(12)

- T« K  ,
where T  is the crystallization temperature; ท, the Avrami index; fo.5*1, reciprocal half
times of crystallization; (to.s'l)o, a pre-exponential factor that include all terms 
independent of temperature; R, the universal gas constant; A T  =  Tm°-T c, degree of 
undercooling; Tm°, the equilibrium melting temperature; /  = 2T/(7’+ Tm°), a 
correction factor accounting for the reduction in the latent heat of fusion as the 
temperature is decreased; Too = Tg -  30 K, the temperature below which transport 
ceases; Tg, the glass transition temperature; i f ,  the activation energy for segmental 
jump rate in polymer; and Kg, the nucléation exponent. Equation (12) have often 
taken to have a similar temperature dependence to that of the subsequent crystal
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growth rate G  (written in the context of the original Lauritzen-Hoffinann secondary 
nucléation theory (LH theory) [23],

2.2 Shear-induced Crystallization Crystallization Kinetics
Ahn e t a l. [7] introduced the kinetic model of shear-induced crystallization 

containing with non-isothermal crystallization rate constant K ( T ,t) as a function of 
temperature and shear stress.

Concept of the kinetic model of shear-induced crystallization started that 
polymer melt with orientation reduced a certain amount of entropy. So the 
orientation cause nuclei is easy to create thermodynamically. From original 
Hoffmann theory [23] the second exponential term can be written as another form by 
substituting K g with:

K  0 = t baaa; Tm-  (13)9 to//;
where £ equals 2 for regime II and 4 for regimes I and III (in this case use £ = 4), bo 
denotes the crystal layer thickness along the growth direction, cr and cre are the lateral 
and fold surface free energies, respectively, Tm° is the equilibrium melting 
temperature, k is the boltzmann’s constant, and AHf° is the equilibrium heat of 
fusion:

K(t ) = K  1ex p
V

■\ / exp
, V

4 b0a a e 
kT

ท (14)

where -^— = and A/ is the free energy of unoriented polymer. When theA f  AH }ATf
orientation of polymer chain occurs by flow, A/ was replaced with A/o as the free 
energy of oriented polymer [23]:

K{t ) = AT, exp - ๔
R ( T - T J

\  fexp - 4 Æ0CTCTe
V kT Afr๐ / (15)

In the thermodynamic concept, free energy change A/, can be expressed in 
two ways when polymer melt is changed to a crystalline.

1) the quiescent crystallization
A/= AHf -  T(Sm -  Sc)

2) the sheared-induced crystallization
(16)
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Af0=  A H f,o -T (S 0 - S c) (17)
where AH { is the heat of fusion of the unoriented polymer melt, AHf'0 is the heat of 
fusion of the oriented polymer melt, £๓ is the entropy of the unoriented polymer 
melt, So is the entropy of the oriented polymer melt, Sc is the entropy of the 
crystalline part.

Using assumption that AH f = A//r,0 , so the change of the free energy of the 
oriented can be described by Equation (18):

Af0 = A f + n s m - s 0) = A f 1 + T(Sm- S 0Y (18)
In Equation (18) , changes in free energy in the case of the oriented are 

assumed to be expressed the modification of entropy. To reduce Equation (18), 
another function of temperature and shear stress, h (T ,โ) was defined and shown in 
Equation (19)

h{T 1 r) = r ( 5 ™ ~ 5 -- ( 1 9 )

So Equation(18) is equal to
Af0 = A f[ l + h{T,x)] (20)

Substitution term in Equation (20) to (15). Finally, the kinetic model of 
shear-induced crystallization can be expressed as Equations (22) and (24) which are 
modified to crystallization rate constant K (T ,f )  as a function of temperature and shear 
stress from Equations (10) to (12):

^  = n K { T , 4 l - 4 - \ ท( l - 4 nl),n (21)

where K ( T , t)  = /r,exp \ / exp
) \

- K  1 N
T A T f'\  + h (T / r ) / (22)

For overall rate crystallization
K ( r i T )  =  k { r , r ) i ln  =  (เท2 ) U n ( t  0 15 )

บุ1 ( บ 1) 0 exp ฟ f c
\ fexp
J V

- K  1 N
TATf 1 + h (T  , โ )  /

( 2 3 )

(24)
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3. EXPERIMENTAL
3.1. Material

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 zero shear rate sample, 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 4.62xl02 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 low shear rate 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 following by shearing samples using an ARES rheometer 
(Rheometrics Scientific, Inc.). The disk shape samples were inserted between cone 
and plate geometry and heated up to a desired fusion temperature 7f at 250°c. When 
the sample was melted completely, the excess sample was squeezed out and held 
until the temperature was equilibrated. Before beginning the test, the gap was set at 
exactly distance of 0.051 mm. When the equilibrium temperature was reached, the 
experiment was started in the transient mode. The shear rate used were 5 and 10 ร'1 
with different shearing times of 1, 3, and 5 min for both shear rates. After the 
cessation of shear, the sample was quenched immediately in liquid nitrogen bath to 
freeze the molecular structure of polymer before studying crystallization behavior 
with DSC technique.
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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 with DSC technique. The diameter of die and 
L/D ratio are 1.25 mm and 40.15, respectively. Preheat time used was about 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 temperatures 
used in this work were 250 and 260°c at various shear rates.

3.3, Differential Calorimetry Measurements
In this experiment, 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 (Tm°=
156.6 °c and A//f° = 28.5 J-gA) 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 which weighed 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.

To prepare quenched sample at zero shear rate, PTT film was heated from 
40 to 280°c at a heating rate of 80°C-min1 to a fusion temperature 7f at 250 and 
260°c for a holding period of 5 min. Then DSC pan which contained sample inside 
was removed as quickly as possible from DSC sample holder and immersed 
immediately in liquid nitrogen bath for 10 min. The DSC pan was inserted again to 
DSC sample holder and heated up to 260°c with different heating rates.

For low shear rate and high shear rate samples, they just were heated from 
25°c to 260°c at different heating rates. Crystallization exotherms and subsequent 
melting endotherms were observed with the same method as PTT sample at shear 
rate 0 s'1. 4

4. RESULTS AND DISCUSSION
4.1. Kinetics of Quiescent Crystallization
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The crystallization exotherm of PTT at shear rate 0 ร'1 for non-isothermal 
cold crystallization and relative crystallinity at a heating rate of 20°C-min'1 are 
presented in Figure 1. The open symbol represents a relative crystallinity as a 
function of temperature calculated and the solid line represent the fitting result using 
differential Nakamura model, Equations (10) to (12).

The non-isothermal data can be fitted using ท, (/o.s’v  and Kg as parameters 
of model while keeping บ* = 1500cal-mor\ The non-linear regression analysis of 
the data gave values of ท, (to . 5 -1)o, and Kg to be 2.43, 1.26xl07 min'1, and 9.68xl04 
K2, respectively. The glass transition temperature Tg and equilibrium melting 
temperature rm°used are 44 and 243.6°c [24], respectively. It is shown that 
differential type of Nakamura model fit well with the experimental data as shown 
with correlation coefficient r 2 = 0.9992.

4.2. Effect of Shear on Crystallization Behavior on Shear Treated Samples
4.2.1. Low Shear Rate Region

Figure 2 illustrates a result of the cold crystallization behavior comparing 
between PTT shear untreated and shear treated samples at low shear rate region, 5 
and 10 ร'1 with varies shearing times of 1, 3, and 5 min, and at a heating rate of 
20°Cmin'1. The peak temperature of cold crystallization Tcc of shear untreated 
sample is higher than that of shear treated sample at 5 and 10 ร'1. For the effect of 
shearing time, Tcc of sheared sample at 5 ร'1 did not change when the shearing time 
increase from 1 to 5 min. The glass transition temperature Tg of shear untreated 
sample was found to be ca. 44°c which a little higher than that of the average value 
of the all low shear treated sample which was ca. 43.4 ± 1.24°c. Interestingly, the 
average value of onset of cold crystallization for all shear treated samples (i.e., 67.3 
± 1.41°C) started at lower temperature than that of shear untreated sample (i.e., 
71.5°C) and the characteristic of cold crystallization peak of shear treated sample at 5 
ร"1 is shown with a broader peak. For shear treated sample at 10 ร'1, Tcc was shifted 
slightly to a lower temperature when shearing time increased from 1 to 5 min. The 
enthalpy of cold crystallization AHe of shear treated sample at 5 and 10s'1 at different 
shearing time was lower than that of shear untreated sample (i.e. A7/c of shear
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untreated and the average value of the shear treated sample 5 and 10 ร'1 at all samples 
were 27.9 and 25.2 ± 0.65). For the peak of melting Tm and enthalpy of fusion A//f° 
observed were found to increase with increasing shear rate and shearing time.

To confirm that the shift of cold crystaliization peaks Tec come from the 
orientational effect from shearing step before quenching samples, all of PTT shear 
treated samples at 5 and 10 ร'1 were hold at fusion temperature 7f at 260°c for a fixed 
holding time th for 10 min after observing Tec from heating scan. Then DSC pan 
which contained sample inside was removed as quickly as possible from DSC 
sample holder and immersed immediately in liquid nitrogen bath for 10 min. The 
DSC pan was inserted again to DSC sample holder and heated up to 260°c with a 
heating rate of 20°Cmin'1. It was found that Tec of second heating scan was ca. 74.5 
± 0.36°c for the average value of both shear rate 5 and 10 ร'1, respectively, which is 
higher than that of first heating scan. Moreover, the values of Tec second heating 
scan of both shear rate 5 and 10 ร'1 samples almost were the same value as non- 
sheared sample. From this experiment, we can conclude that the effect of molecular 
orientation from shearing step of cold crystallization would be lost when the samples 
were remelted before second quenching in studying cold crystallization.

4.2.2. High Shear Rate Region
The glass transition temperature Tg of shear untreated sample was found to 

be ca. 44 and 45.6°c for PTT samples at fusion temperatures of 250 and 260°c 
which are lower than that of the average value of the all low shear treated samples 
which were ca. 46.2 ± 2.84 and 48.5 ± 2.80°c for PTT at Ts 250 and 260°c. 
Interestingly, the average value of onset of cold crystallization for all shear treated 
samples (i.e., 66.8 ± 1.05°c and 68.4 ± 1.43 at Ts 250 and 260°c, respectively) was 
at lower temperature than that of shear untreated sample. Figure 3 illustrates cold 
crystallization behavior by comparing heat flows between shear untreated and high 
shear treated samples at various high shear rates. This figure also included low 
sheared samples at 5 and 10 ร'1 at fixed shearing time for 1 min for comparison. The 
peak temperature of cold crystallization Tec at shearing temperature Ts at 250°c also 
occurs at lower temperature , similar to the case of low shear rate samples at 5 and 10
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ร'1. The change of Tcc of shear treated samples at various shear rates for different Ts 
is also summarized in Table 1. PTT high shear rate samples were also checked for 
the origin of shift of Tcc, similar to the case of low shear rate samples. The peak 
temperature of cold crystallization Tcc of second heating of high shear rate samples 
was found to be ca. 74.1 ± 0.57°c on the average of shear treated samples which 
occurs at nearly the same temperature of non-sheared sample. Figure 4 also 
illustrates plot of peak temperature of cold crystallization of PTT non-sheared and 
sheared samples at shearing temperatures Ts of 250 and 260°c measured at a heating 
rate of 20°Cmin'1. The shearing temperature was found to have an effect on the shift 
of Tcc which lower shearing temperature shows a greater shifting of Tcc. The effect 
of shear shows a greater difference after shear rate at ca. 150 ร'1. Ahn e t  al. [7] also 
found that the maximum crystallization temperature of PET was shifted to a lower 
temperature as shear rate increased. As shear rate increased from 0 to 57 ร'1, the 
peak temperature of cold crystallization Tcc of PET was shifted from ca. 149.5 to 
126.2°c, equivalent to temperature change of 23.3°c. Kim e t a l. [3] also found that 
the peak temperature of cold crystallization of PET was shifted from 154 to 133°c 
as shear rate increased from 0 to 1168 ร'1. At the same shear rate with different 
molecular weight, they suggested that the effect of molecular weight was not 
significant as shown the shift of Tcc only ca. 3°c. Comparing to PTT studied, as 
shear rate increased from 0 to 53.2 ร'1 , Tcc was shifted from 74.3 to 70.7°c only a 
shift of 3.6°c. The effect of shear rate caused a shift of Tcc of PET greater than that 
of PTT. It may be contributed from the favor conformation to crystallize of polymer 
(i.e., PET, all-trans [9] and PTT, -T 2 G 2 - [25]). When PET melt was extruded passing 
through the capillary die and immediately quenched with liquid nitrogen, the 
molecular chain was stretched and after quenching, most conformation of PET 
should be most all-trans as well as PTT. So the effect of shear should induce 
crystallization of PET more than of PTT leading to higher shifting of T cc.

4.3. Non-Isothermal Crystallization Kinetics
Figure 5 illustrated the relative crystallinity as a function of temperature of 

PTT for shear untreated and shear treated samples at various shear rates recorded at a
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heating rate 20°Cmin1. This shows that the shear treated samples can be 
crystallized at the lower temperature relative to that of with shear untreated sample. 
The Avrami, Tobin, and Urbanovici-Segal model were also used to determine 
crystallization kinetics parameters of PTT samples of non-isothermal crystallization 
data by converting temperature to time scale. The induction time ti, crystallization 
half-time /o.5, reciprocal crystallization half-time io.5"1, crystallization kinetics 
parameters (i.e. K à, «a, Kt, ทน K m, ทน1, r) of PTT samples at different Ts are 
summarized in Table 2. At the same shearing temperature Ts, the induction time to 
and bulk crystallization rate parameters (i.e. / 0 .5’ 1, K a, K u K UI) from non-isothermal 
crystallization of most shear treated samples were found to be lower than that of 
shear untreated sample. This may affect the assumption of the model proposed by 
Ahn e t al. [7] which only considered the effect of shear on nucléation. For the effect 
of shearing temperature Ts at the same holding time, we found that the sheared 
samples prepared at higher Ts showed higher induction time t[ than that at lower 
shearing temperature used while bulk crystallization rate parameters (i.e. fo.5 "1, K a, Kt, 
K m) did not show any the trend. Crystallization half-time fo.5 and exponent of each 
model (i.e. «a, ทน nUT) of non-sheared sample were found to be lower than those of 
most sheared samples for each shearing temperature. Ahn e t al. [7] studied shear- 
induced crystallization of PET and found that the reciprocal crystallization half-time 
fo.5 ' 1 of sheared sample was a little higher than that of non sheared sample. They also 
suggested that growth mechanism of PET of sheared and non-sheared samples 
showed a similar behavior, but a nucléation step was greatly different depending on 
shear rate applied. So the difference of shear treated and shear untreated samples 
should come from the difference in nucléation constant K g.

4.4. Isothermal Cold Crystallization
Figure 6 shows isothermal crystallization exotherms of PTT shear untreated 

and sheared treated sample at crystallization temperature Tç at 60°c. As shear rate 
increased, the peak temperature of cold crystallization was shifted to the lower 
crystallization time. Figure 7 illustrates the relative crystallinity as a function of 
crystallization time of PTT samples. The Avrami, Tobin, and Urbanovici-Segal 
model were used to determine crystallization kinetics parameters of sheared and non-
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sheared samples. The experimental data are shown as various symbols and the 
fitting results of Avrami, Tobin, and Urbanovici-Segal analysis are shown as the 
solid, dashed, and dotted lines, respectively. The induction time ti, crystallization 
half-time to.5 , reciprocal crystallization half-time to-5 1, Crystallization kinetics 
parameters (i.e. ATa, «a, Ku ทน K ur, ทนr, r) are summarized in Table 3. The induction 
time ti, crystallization half-time to.5 , and exponent of each model (i.e. « a , ทน ทนr) from 
isothermal crystallization of all shear treated samples are lower than that of shear 
untreated sample while bulk crystallization rate parameters (i.e. /o-s"1, K &, K ,  K m) are 
higher. It should be noted here that the result of isothermal crystallization of shear 
treated samples, in which bulk crystallization rates are greater than that of non 
sheared sample, does not agree with non-isothermal crystallization analysis as 
mentioned previously.

4,5. Numerical Simulation for Kinetic Model for Shear-induced Crystallization
Ahn e t al. [7] suggested that the nucléation step show different 

characteristic depending on applied shear rate. In quiescent crystallization, Kg 
denotes the nucléation constant while K ë,0 refers to the nucléation constant of shear- 
induced crystallization

Kq'° = l  + h{T,r)
Rearranged Equation (24), Equation (25) was obtained

h{T,r) = - ^ - - !

(25)

(26)
To determine the degree of orientation h (T ,โ) , (/o.s’̂ o and บ * were fixed 

and used the same value as quiescent crystallization. So only two parameters, ท and 
K &0 were used to obtain the best fit using the Marquait ฟgorithm [26], Figure 8 
show the value of h (T ,โ) as a function of shear stress of sheared samples at different 
shearing temperature Ts at 250 and 260°c. As shear rate increases, the value of 
h(T, โ) increases sharply at low shear stress region and gradually increases further 
(almost constant) at high shear stress region. The shearing temperature 7’s used also 
affected to the value of degree of orientation; a lower shearing temperature yields a 
higher the degree of orientation. Ahn e t al. [7] found the value of h (T ,โ) was quite
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constant at rather high shear stress when shear stress increased meaning the degree of 
shear-induced molecular orientation reach a limited value. It was ascribed that the 
nucléation became easier and faster because of entropy reduction. The fitting results 
from differential type of Nakamura model were also plotted as various lines in Figure
5. From this figure, the fitting line of sheared samples was fitted quite well with the 
experimental data as correlation coefficient shown. The values of Kg'0 , ท, h (T ,r), and 
r2 are also summarized in Table 4. The nucléation constant of shear condition Kg'0 of 
all shear treated samples studied is lower than that of shear untreated sample. The 
lower values Kg.0 of sheared sample should be explained with shear condition using 
lower energy (i.e., Fold and lateral surface free energy for nucléation step (See 
Equation (13)). Ahn e t al. [8] and Patel and spruiell [27] used the value of Avrami 
index ท = 2 for fitting experimental data using differential Nakamura model. In this 
manuscript, ท and Kg , 0  were used to be parameters in the model to determine h{T ,r). 
It should be noted here that the Avrami index ท of fitting of sheared sample is lower 
than that of non sheared sample. For analysis of PTT shear treated sample at 92.1 ร'1, 
the value of Avrami index ท = 2.43 (same value in quiescent condition) and ท is a 
parameter gave a value of ATg1oto be ca. 7.87xl04 with r 2 =  0.9986 and 7.84xl04 with 
r 2 =  0.9989, respectively. It should be noted here that using ท is a parameter in 
model giving the same results as fixing ท equal to value from quiescent state.

4,6. Effect of Heating Rate on Shear-induced Crystallization
Figure 9 illustrates crystallization exotherms of shear untreated and shear 

treated samples 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 cold crystallization Tcc was shifted to 
the higher temperature as heating rate increased both shear untreated and shear 
treated samples. The enthalpy of cold crystallization AHe of shear untreated and 
shear treated samples (not shown) were found to increase with increasing heating 
rate. At the same heating rate, the position of Tcc of shear treated sample was located 
at lower temperature than that of shear untreated sample and shifted to the lower 
temperature as shear rate increased. Figure 10 illustrates relative crystallinity as 
function of temperature of shear untreated non-isothermally crystallized at various
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heating rate. The fitting results using differential type of Nakamura model which 3 
parameters ท, (/o.5’')o, and Kg were fitted well to all experimental data which are 
shown as various lines. Relative crystallinity as a function of temperature of shear 
untreated and shear treated samples at a constant heating rate at 20°C-miri1 are 
shown in Figure 11.

Table 5 summarizes the effect of heating rate on the crystallization kinetics 
parameters ท, (fo.s’̂ o and Kg obtained from fitting the experimental data of shear 
untreated sample and ท, K&0 of sheared sample using differential type of Nakamura 
model. For shear untreated samples, as heating rate increased, the value of (fo.ŝ o 
changed while the value of Kg tend to be increased. The value of r2 was used to 
show the fitting efficient of the model.

Figure 12 illustrates the value of h(T, r) as function of shear stress of shear 
untreated and shear treated samples at 92.1, 245.6 ร'1 with various heating rates. As 
heating rate increases, the value of degree of orientation h (T ,r) decreases both 
sheared sample at 92.1 and 245.6 ร'1 (also see in Table 5). It can be explained that 
when heating rate increases, the polymer chains have less time to crystallize leading 
to the lower value of the degree of orientation.

4.7. Effective Activation Energy Describing the Overall Crystallization Process
Figures 13a to 13b illustrate plots based on the Kissinger [18], and the 

Takhor [19] methods, respectively. The slopes of the least-square lines drawn 
through these data are equal to -AE/R; thus, the effective activation energy AE  can be 
calculated accordingly. The values of the effective activation energy AE for these 
samples are summarized in Table 6. On the other hand, values as estimated by the 
Kissinger method are lower than those as Takhor (i.e., ca. 151.0 and 156.8 kj-mol'1 
for shear untreated sample).

From our previous work, Supaphol e t al. [29] reported the effective 
activation energy AE  value for PTT from non-isothermal melt crystallization as 
estimated by use of the Ozawa kinetic results to be ca.-118.0 kj-mol"1 for PTT. 
Comparing to our previous work, the activation energy of PTT shear untreated 
sample from glassy state using Kissinger and Takhor analysis is lower than that of
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neat PTT sample from melt state using Ozawa analysis. Interestingly, from this work 
the effective activation energy A E  was found to decrease with increasing shear rate 
for both Kissinger and Takhor analysis (i.e., from 151.0 to 141.6 as shear rate 
increased from 0 to 245.6 ร'1 for Kissinger analysis). 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 [20] are also shown in Figure 14. At the 
melt conversion a  lower than 0.5, the value of A E  of shear treated sample at 245.6 ร'1 
show the lowest value while the value of A E  of shear treated at 0 and 92.1 ร'1 are 
comparable. Surprisingly, A E  of shear treated samples are higher than that of shear 
untreated sample after melt conversion ca. a  -  0.5. Comparing the result from 
Friedman method (using A E  at a  =0.5) with Kissinger and Takhor method, we 
found that the values of A E  obtained from Friedman method gives much lower 
values than those from Kissinger and Takhor method (i.e., 97.1, 151.1, and 156.8 
kJ mol'1 from Friedman, Kissinger, and Takhor method, respectively, for shear 
untreated PTT sample).

5. CONCLUSIONS
The non-isothermal crystallization exotherms of sheared samples showed 

that the peak temperature of cold crystallization was shifted towards lower 
temperatures with increasing shear rate. The effect of shearing time was found to 
have less effect on the crystallization behavior. The shearing temperature was found 
to have a effect on the shift of Tcc which lower shearing temperature shown greater 
shifting of Tec. The effect of molecular orientation from shearing step of cold 
crystallization would be lost when the samples were remelted before second 
quenching both low and high shear rate region. In non-isothermal cold 
crystallization, the induction time ti and bulk crystallization rate parameters (i.e., t o i  
\  K ■น, K u Kur) from non-isothermal crystallization of shear treated samples are lower 
than that of shear untreated sample. In isothermal mode, induction time h, 
crystallization half-time to.5 and exponent of each model (i.e. ทa, ท ท น r) of shear 
treated samples were found to be lower than that of shear untreated sample while 
bulk crystallization rate parameters (i.e., t o i 1, K A, Kt, K ur) shown higher values. As
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shear rate increased, the value of degree of orientation h (T ,r) tended to increase 
sharply at low shear stress region and gradually increased further as shown less 
dependent of shear at high shear stress region. The shear treated sample prepared at 
lower shearing temperature showed the trend of higher h(T, t ) .  The peak temperature 
of cold crystallization 7cc was shifted to the higher temperature as heating rate 
increased for both sheared and non-sheared samples. The value of h (T ,r ) was found 
to decrease as shear rate increased. The effective activation energy A E  was found to 
decrease with increasing shear rate in both Kissinger and Takhor analysis. The 
values of A E  obtained from Friedman method (at melt conversion = 0.5) gave much 
lower values than those from Kissinger and Takhor method. The values of A E  based 
on Friedman method of shear treated samples showed higher value than that of shear 
untreated sample after melt conversion = 0.5.
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Table 1 The peak tempearature of cold crystalliztion rcc and subsequent melting 
endotherms of PTT samples at a heating rate of 20°Cmin"1

S h e a r R a te  
ร '1

S h e a r  S tress 
P a

T a
° c

A tfc(-) Tm
° c

A H K +)
J g ‘

T, 2 5 0 C
0 0 7 4 .3 2 7 .9 2 2 7 .3 5 9 .9
5 tl 6. lO x 102 7 3 .0 26.1 2 2 7 .7 6 1 .4
5t3 6 .3 7 x l 0 2 7 3 .0 2 4 .9 ท า . า 6 3 .3
5t5 6 .9 7 x l 0 2 7 3 .3 2 5 .8 2 2 9 .0 5 9 .9

l o t i 1 .5 7 x l0 3 7 2 .0 2 4 .8 2 2 8 .3 6 2 .7
10t3 1 .3 4 x lO J 7 0 .7 2 4 .4 2 2 9 .0 63 .1
10t5 1 .2 8 x l0 3 7 0 .0 2 4 .9 2 2 8 .0 6 3 .8
5 3 .2 2 .2 4 x 1 0 " 7 0 .7 2 7 .8 2 2 8 .0 6 0 .8
6 2 .7 2 .4 9 x 1 0 " 7 0 .7 2 8 .5 2 2 7 .3 6 2 .6
6 6 .5 2 .5 9 x 1 0 " 7 1 .0 2 8 .0 2 2 8 .3 5 8 .5
8 4 .9 2 .6 8 x 1 0 " 7 1 .3 2 8 .2 2 2 7 .4 6 0 .2
9 2 .1 2 .9 9 x 1 0 " 6 8 .7 28 .1 2 2 8 .0 6 0 .7
9 4 .0 2 .9 3 x 1 0 " 7 0 .3 2 8 .3 2 2 6 .7 62 .1
9 9 .8 3 .3 9 x 1 0 " 7 0 .7 2 8 .3 2 2 8 .0 5 9 .9

133 .0 4 .1 1 x 1 0 " 6 9 .3 2 8 .5 2 2 8 .0 6 0 .7
2 4 5 .6 6 .6 2 x 1 0 " 6 8 .3 2 8 .9 ท า . า 6 4 .0
2 5 0 .6 6 .8 5 x 1 0 " 6 9 .3 2 8 .3 ท า . 'h 6 2 .7
4 2 9 .9 1.1 l x l  o 5 6 9 .0 2 8 .6 ท า .0 6 4 .0
4 3 8 .6 1 .1 5 x l 0 5 6 9 .0 2 9 .0 ท า . า 6 2 .7

T , 2 6 0 ° c
0 0 7 4 .3 29 .1 2 2 6 .7 6 2 .5

7 0 .6 1 .2 3 x 1 0 " 7 0 .0 2 9 .2 2 2 8 .3 6 2 .7
105 .9 1 .5 5 x 1 0 4 6 9 .7 2 9 .8 2 2 8 .3 6 3 .0
141 .2 1 .8 2 x 1 0 4 7 1 .3 2 8 .6 2 2 7 .7 6 2 .7
2 1 1 .9 2 .2 9 x 1 0 4 7 1 .3 2 8 .6 2 2 8 .0 6 4 .3
2 6 8 .0 3 .9 3 x 1 0 4 7 0 .7 2 8 .9 2 2 7 .0 6 3 .2
4 6 9 .0 5 .6 6 x 1 0 4 7 1 .7 2 9 .2 2 2 7 .3 6 4 .9
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Table 2 Non-isothermal crystallization kinetics of PTT non-sheared and sheared 
samples based on Avrami, Tobin, Urbanovici-Segal analysis at a heating rate of 
20°C-mmI

sh e a r  ra te  
ร-1

t\
m in

to.s
m in

fo.j'1
m in '1

K ,
m in '1

ท! r~ K t
m in '1

ทt
m in '1

r 2 K m
m in '1

ทนร
m in '1

r r 2

r , 2 5 0 ° c
0 2 .1 0 0 .2 9 2 3 .4 2 3 .1 4 4 .3 0 0 .9 9 9 7 3 .4 8 6 .7 5 0 .9 9 8 7 3 .1 5 4 .2 8 1.05 0 .9 9 9 6

5 t l 1.73 0 .6 3 0 1.59 1 .48 4 .71 0 .9 9 9 4 1.63 7 .9 9 0 .9 9 7 0 1.48 4.71 1.00 0 .9 9 9 4
5 0 1.60 0 .7 8 9 1.27 1 .19 5.91 0 .9 9 9 0 1.28 9 .2 4 0 .9 9 8 6 1 .24 7 .0 9 1.48 0 .9 9 9 0
5t5 1.63 0 .7 6 1 1.31 1.24 6 .3 4 0 .9 9 8 7 1.33 10.3 0 .9 9 8 1 1.28 7 .4 0 1.36 0 .9 9 8 8
lO tl 1 .72 0 .5 5 0 1.82 1.68 4 .5 2 0 .9 9 9 3 1.84 7 .3 9 0 .9 9 7 7 1.71 4 .7 9 1.14 0 .9 9 9 2
1 0 0 1.73 0 .5 1 6 1.94 1.79 4 .5 7 0 .9 9 9 5 1.96 7 .3 8 0 .9 9 7 8 1 .88 5 .4 7 1.46 0 .9 9 9 6
10t5 1.81 0 .5 2 7 1.90 1.55 4 .9 5 0 .9 9 9 1 1.69 8 .3 2 0 .9 9 8 8 1.58 5.21 1.17 0 .9 9 9 5
5 3 .2 1.72 0 .5 7 3 1.75 1.63 6 .3 9 0 .9 9 8 6 1.75 8 .8 6 0 .9 9 9 7 1.66 6 .2 7 1.27 0 .9 9 8 8
6 2 .7 1 .84 0 .4 4 5 2 .2 5 2 .0 8 5 .4 6 0 .9 9 9 0 2 .2 6 8 .0 6 0 .9 9 9 8 2 .1 0 5 .3 9 1 .14 0 .9 9 9 2
6 6 .5 1 .87 0 .4 3 4 2 .3 0 2 .1 3 5 .4 0 0 .9 9 8 9 2 .3 2 7 .8 2 0 .9 9 9 8 2 .1 8 5 .36 1.27 0 .9 9 9 0
8 4 .9 1 .77 0 .5 7 7 1.73 1.63 6 .5 6 0 .9 9 9 3 1.75 9 .8 3 0 .9 9 9 3 1.65 6 .5 2 1.13 0 .9 9 9 3
9 2 .1 1.60 0 .5 8 2 1.72 1 .57 5 .8 5 0 .9 9 6 0 1.72 10.1 0 .9 9 7 4 1.79 10 .6 2 .9 7 0 .9 9 9 7
9 4 .0 1.84 0 .4 2 8 2 .3 4 2 .1 6 5 .5 8 0 .9 9 9 0 2 .3 3 5 .1 0 0 .9 9 0 8 2 .1 9 5 .50 1.15 0 .9 9 9 1
9 9 .8 1.82 0 .4 6 5 2 .1 5 1.99 5 .8 0 0 .9 9 8 6 2 .1 3 5 .45 0 .9 9 2 1 2 .0 3 5 .85 1.22 0 .9 9 9 0
13 3 .0 1.82 0 .4 6 5 2 .1 5 1.96 5 .9 6 0 .9 9 8 0 2 .1 0 7 .6 8 0 .9 9 9 8 2 .0 4 6 .35 1.67 0 .9 9 9 1
2 4 5 .6 1.80 0 .3 6 3 2 .7 5 2 .4 9 4 .21 0 .9 9 8 0 2 .7 7 5 .9 8 0 .9 9 9 7 2 .5 6 4 .1 0 1.26 0 .9 9 7 9
2 5 0 .6 1.80 0 .4 1 5 2.41 2 .21 5.11 0 .9 9 8 4 2 .4 2 7.11 0 .9 9 9 7 2 .2 8 5 .0 6 1.30 0 .9 9 8 9
4 2 9 .9 1.73 0 .4 4 6 2 .2 4 2 .0 5 4 .5 7 0 .9 9 9 2 2 .2 5 7 .3 9 0 .9 9 9 2 2 .0 8 4 .5 0 1.11 0 .9 9 9 1
4 3 8 .6 1.68 0 .5 2 1 1.92 1 .78 6 .1 8 0 .9 9 8 5 1.92 8 .65 0 .9 9 9 8 1.81 6 .0 5 1.24 0 .9 9 8 6

T ,  2 6 0 ° c
0 2 .0 7 0 .3 8 6 2 .5 9 2 .4 0 5 .25 0 .9 9 8 6 2 .61 7 .2 4 0 .9 9 9 6 2 .4 3 5 .0 7 1.21 0 .9 9 9 0

7 0 .6 1.75 0 .5 1 1 1.96 1.82 6 .1 7 0 .9 9 8 1 1.96 8 .4 2 0 .9 9 9 6 1 .85 5 .9 9 1.26 0 .9 9 8 2
10 5 .9 1 .84 0 .4 0 3 2 .4 8 2 .2 8 5 .0 8 0 .9 9 7 7 2 .4 4 4 .6 8 0 .9 9 1 4 2 .3 5 4 .8 6 1 .39 0 .9 9 7 7
14 1 .2 1 .87 0 .4 4 6 2 .2 4 2 .0 8 5 .83 0 .9 9 8 6 2 .2 5 8 .2 9 0 .9 9 9 7 2 .1 2 5 .8 9 1 .29 0 .9 9 8 7
2 1 1 .9 1 .84 0 .4 7 9 2 .0 9 1.95 6 .1 0 0 .9 8 6 0 2 .1 0 8 .4 2 0 .9 9 9 6 2 .0 0 5 .9 8 1 .30 0 .9 9 8 7
2 6 8 .0 1.90 0 .3 8 2 2 .6 2 2 .41 4 .9 7 0 .9 9 6 0 2 .6 4 6 .1 4 0 .9 9 8 5 2 .4 5 4 .8 9 1.16 0 .9 9 9 1
4 6 9 .0 1 .77 0 .5 7 0 1.75 1.65 6.71 0 .9 9 8 1 1.76 8 .8 6 0 .9 9 9 3 1 .68 7 .1 6 1 .46 0 .9 9 8 1



Table 3 Isothermal crystallization kinetics of PTT non-sheared and sheared samples based on Avrami, Tobin, Urbanovici-Segal analysis at a 
crystallization temperature 60°c

s h e a r  ra te  
ร -1

to
m in

to.5 
m in

l o i '
m in"'

K .
m in"'

ท a r 2 K ,
m in '1

ท1 r 2 K»s
m in "1

ทนร r r 2

0 0 .5 9 5 2 .3 7 0 .4 2 2 0 .3 6 3 2 .7 5 0 .9 9 8 7 0 .4 2 6 4 .2 4 0 .9 9 8 9 0 .3 9 4 3 .2 6 1.41 0 .9 9 9 7
6 6 .5 0 .3 4 0 0 .9 9 6 1 .00 0 .8 5 8 2 .5 0 0 .9 9 8 9 1.01 4 .0 7 0 .9 9 9 1 0 .9 5 9 3 .1 6 1 .56 0 .9 9 9 8

13 3 .0 0 .2 7 2 0 .9 6 6 1.04 0 .8 9 6 2 .7 3 0 .9 9 9 3 1.05 4 .4 0 0 .9 9 8 9 0 .9 6 7 3 .2 3 1 .39 0 .9 9 9 9
2 5 0 .6 0 .1 5 3 0 .5 2 2 1.92 1.57 2 .0 6 0 .9 9 7 9 1.92 3 .3 4 0 .9 9 9 7 1 .82 2.81 1 .64 0 .9 9 9 9

K)น)
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Table 4 Crystallization rate parameters in Nakamura model ท, Kg and degree of 
orientation /*(T,'โ) of shear untreated and shear treated PTT samples

sh e a r  ra te

ร'1

S h e a r S tress 

P a

ท

K 2( x 10"*)

h r 2

โ .  2 5 0 ° c
0 0 2 .4 3 9 .6 8 0 0 .9 9 9 2
5 t l 6 .1 0 x l 0 2 1.50 8 .1 7 0 .1 8 5 0 .9 9 9 5
5t3 6 .4 0 x l 0 2 1.54 9 .01 0 .0 7 4 0 .9 9 8 9
5t5 7 .0 0 x l 0 2 1.72 8 .9 0 0 .0 8 8 0 .9 9 8 8

l o t i 1 .5 7 x l0 3 1.57 7 .5 5 0 .2 8 2 0 .9 9 9 2
10t3 1 .3 4 x l0 3 1.51 6 .0 4 0 .6 0 3 0 .9 9 9 3
10t5 1 .2 8 x l 0 3 1.58 5 .5 7 0 .7 4 0 0 .9 9 8 4
5 3 .2 2 .2 4 x 1 ๙ 2 .0 0 6 .6 2 0 .461 0 .9 9 8 0
6 2 .7 2 .4 9 x l 0 4 2 .2 5 8 .6 7 0 .1 1 6 0 .9 9 8 2
6 6 .5 2 .5 9 x 1 0 “ 2 .1 4 6 .7 6 0 .4 3 2 0 .9 9 8 0
8 4 .9 2 .6 8 x 1 0 “ 2 .1 5 7 .8 4 0 .2 3 4 0 .9 9 6 7
92 .1 2 .9 9 x 1 0 “ 1.60 4 .1 6 1.33 0 .9 9 4 8
9 4 .0 2 .9 3 x 1 0 “ 2 .2 2 5.71 0 .6 9 5 0 .9 9 8 3
9 9 .8 3 .3 9 x 1 0 “ 2 .1 4 6 .2 7 0 .5 4 4 0 .9 9 8 0

13 3 .0 4 .1 1 x 1 0 “ 1.96 4 .9 6 0 .9 5 0 0 .9 9 7 1
2 4 5 .6 6 .6 2 x 1 0 “ 1.44 3 .2 4 1.99 0 .9 9 9 0
2 5 0 .6 6 .8 4 x 1 0 “ 1.98 4 .5 3 1.14 0 .9 9 7 3
4 2 9 .9 1 .1 1 x 1 0 s 1.72 3 .7 9 1.56 0 .9 9 8 4
4 3 8 .6 1 .1 5 x 1 0 s 1.99 4 .3 6 1.22 0 .9 9 7 7

โ .  2 6 0 ° c
0 0 2 .4 0 12.2 0 0 .9 9 7 8

7 0 .6 1 .2 3 x 1 0 “ 2 .0 9 8 .6 4 0 .4 9 4 0 .9 9 7 4
10 5 .9 1 .5 5 x 1 0 “ 2 .0 0 7 .7 2 0 .6 7 2 0 .9 9 6 5
14 1 .2 1 .8 2 x 1 0 “ 2.31 9 .7 0 0 .3 3 0 0 .9 9 7 9
2 1 1 .9 2 .2 9 x 1 0 “ 2 .2 6 9 .8 3 0 .3 1 0 0 .9 9 7 9
2 6 8 .0 3 .9 3 x 1 0 “ 2 .1 6 8 .7 9 0 .4 6 8 0 .9 9 8 1
4 6 9 .0 5 .6 6 x 1 0 “ 2 .1 3 10.5 0 .2 3 0 0 .9 9 7 3



Table 5 Crystallization rate parameters in Nakamura model ท, (?o.5 ~')o, Kg and degree of orientation h{T ,z) of shear untreated and shear treated
PTT samples at four different heating rate

S h e a r  R a te  (ร '1) 0 92.1 2 4 5 .6
h e a tin g  ra te ท (*0.5 *)o K* r 2 ท h r 2 ท K* h r 2

° C m in ' ' m in '1 K : K : K :
10 2 .4 0 1 . 4 3 x l 0 7 6 .9 0 x 1 0 " 0 .9 9 8 6 1 .68 6 .2 4 x 1 0 ’ 3 .8 9 0 .9 9 6 8 1 .59 8 .9 8 x 1 0 ’ 2 .21 0 .9 9 5 0
20 2 .4 3 1 .2 6 x l 0 7 9 .6 8 x 1 0 " 0 .9 9 9 2 1.78 3 .4 4 x 1 0 " 1.33 0 .9 9 4 8 1 .85 3 .0 8 x 1 0 " 1 .99 0 .9 9 9 0
30 2 .2 8 2 .3 8 x l 0 7 1 .2 7 x l0 5 0 .9 9 8 4 1 .79 6 .8 1 x l 0 5 0 .8 6 5 0 .9 9 7 3 1 .22 4 .7 1 x 1 0 " 1 .69 0 .9 9 7 5
40 2 .2 9 1 .5 6 x l 0 7 1 .0 8 x l0 5 0 .9 9 8 7 1 .80 7 .0 6 x 1 0 " 0 .5 3 0 0 .9 9 6 9 1 .90 7 .9 8 x 1 0 " 0 .3 5 3 0 .9 9 7 0
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Table 6 Effective activation energy AE  describing the overall crystallization process 
of shear untreated and shear treated PTT samples

S h e a r  ra te  (ร"1)

A c tiv a tio n  E n e rg y  A £ (k J  m o l" ')

K iss in g e r T a k h o r

0 .0 15 1 .0 156 .8
92.1 148 .6 154.3

2 4 5 .6 14 1 .6 147.2
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Table 7 Effective activation energy AE  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  AE  (k J  m o l-1 )

a  =  0.1 ©IIช a  = 0 .5 p II © a  = 0 .9

0 148 .9 116 .4 97 .1 8 9 .8 1 1 3 .6

92.1 148 .9 117 .0 10 4 .8 11 3 .0 1 3 8 .9

2 4 5 .6 13 4 .0 105 .6 10 5 .6 146 .5 2 3 5 .9
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Figure 1

Relative Crystallinity
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T em p era tu re  (°C )

Figure 2
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Figure 4
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Figure 6
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Figure 10
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Figure 12
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M e lt  C o n v e r s io n  ( a )

Figure 14
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