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Abstract Differential scanning calorimetry (DSC) results under non-isothermal

cooling conditions of a blend consisting of polytrimethylene terephthalate (PTT)/

polybutylene terephthalate (PBT)/and polycarbonate (PC) in the ratio 25:25:50 wt%

are reported. Kissinger and Matusita models were used to evaluate the kinetic

parameters for the crystallization process for the neat polyesters and the blend.

Probable growth mechanisms which occur during the transformation from amor-

phous to crystalline state are discussed. The blend system comprising of semicry-

stallizable polyesters and an amorphous polycarbonate was characterized for

possible trans-reaction occurring in the system using differential scanning calo-

rimeter, proton nuclear magnetic resonance (1H NMR), and Fourier transform

infrared spectroscopy (FT-IR) analysis. DSC analysis of the blend indicated that it is

an immiscible system. 1H NMR and FT-IR analysis indicate that no chemical trans-

reaction is found to have occurred between these three polymers. Based on these

results it can be justified that transesterification was not a necessary condition for

miscibility in PTT/PBT/PC blend.

Keywords Ternary blend � Crystallization kinetics � Transesterification reaction

Introduction

Polymeric blends are a rapidly growing field in material science and engineering

and have attracted a lot of attention in the academic and industrial communities.

Blending of aromatic engineering polymers has excellent properties even when the

blends are immiscible [1, 2]. Good adhesion due to interaction among the aromatic

rings of these polymers may be one of the reasons for the observed behavior [2].
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A newly developed polyester, PTT has structure and properties intermediate

between those of PET and PBT [3, 4]. Some of the poor performance properties of

PTT like low heat distortion temperature, low melt viscosity, poor optical

properties, and pronounced brittleness at low temperature have restricted its use

as a desirable engineering plastic. Some of the former properties can be improved

by developing blends of PTT with PBT and PC [5–8].

The polyesters (PET/PTT/PBT) can possibly undergo trans-reactions with PC at

high temperatures in the solid state and in the melt, like alcoholysis or direct ester

interchange, which can affect its miscibility and in some cases induce worsening of

material properties. The phase structure [9–12], and crystalline behavior [10, 12–18]

of PTT/PC blends have been reported. The blends were shown to be partially

miscible [9–12] with different miscibility levels. Plausible exchange reactions could

give rise to the homogenization of the blends and eventually lead to single-phase

material. The presence of PC could hinder PTT and PBT crystallization in the blend

[13] decreasing the level of crystallinity [16–18] by means of interchange reactions.

Non-isothermal heating and cooling techniques using different thermal analysis

machines like DSC and TGA are being used in studying various reactions.

(Example: surface reactions, diffusion controlled reactions, and other physical-

decomposition reactions such as phase transformation and nucleation [19–24].)

Various solid-states kinetic mechanisms have been discussed in the literature,

most of which have been applied to relatively simple systems. These reaction

mechanisms could be useful in explaining the route of solid-state reactions. The

concentration term in solid-state reactions is less clearly defined; therefore the

extent of conversion, a, is predominantly used. The quantity a is sometimes called

the fractional conversion or fraction converted. Many different reaction mechanisms

have been proposed to describe solid-state reactions, some of which have been used

in this paper. These reaction mechanisms can be expressed in a differential form,

f(a) as well as an integral form, g(a).

In this study, the crystallization kinetics of the blend (PTT/PBT/PC) and neat

polyesters (PTT and PBT) were investigated as a function of crystallization

temperature. The addition of a third component (amorphous PC) could affect the

properties of the crystalline phase of the crystallizable component including the

overall crystallinity. Hence, an understanding of the crystallization kinetics of this

semi crystalline polymer blend is essential for controlling the processing conditions

and consequently the utility of the material for a given application.

Another objective of this study was also to check if an exchange reaction takes place

when a physical mixture is formed or if trans-reactions occur during melt blending

temperatures and time, and if trans-reactions are necessary to from a single phase.

Experimental

Materials

PTT and PBT with number average molecular weight (Mn = 28,000 and 26,000 (g/

mol)) used here was a product of Century Enka. Ltd. (India). PC obtained from
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Bisphenol A was also purchased from the same company and had a Mn of 30,000 (g/

mol).

Blend preparation

PTT/PBT/PC (25:25:50 wt%) pellets were dried for 6 h at 120 �C in an oven. These

were mixed by vigorous shaking and mechanically blended in single-screw extruder

at a screw speed of 50 rpm and extruder barrel temperature zones of 275, 280, and

268 �C. The strands from the extruder was cooled in a water bath and pelletized.

The pellets were later dried at 110 �C for 6 h. A second pass was carried out under

the same extrusion conditions using these pellets. These strands were cooled,

pelletized, and dried under identical conditions and stored in a desiccator.

1H NMR (nuclear magnetic resonance) analysis

The 1H NMR spectra of the neat polymers and the blend was obtained by dissolving

the polymers in deuterated chloroform/deuterated trifluroacetic acid (CDCl3/

CF3COOD) (85/15, wt/wt) using Bruker AMX 300 instrument. The co-polyester

content was determined from signal intensities of the terephthalate centered triads in

the 1H NMR spectrum.

FT-IR analysis

The samples were dried in vacuum at 110 �C for 12 h to remove any moisture

before analysis was carried out. The samples were analyzed by FT-IR spectroscopy

(Bruker KFS-66). The analysis was carried out on microtome cuts of thickness

2–3 lm. The lateral resolution was 20 and 200 lm, respectively.

The spectral resolution was 2 cm-1 and the scans were repeated till consistency

was obtained.

Non-isothermal differential scanning calorimetric (DSC) analysis

A Perkin-Elmer diamond DSC 7 apparatus was used for measuring the non-

isothermal crystallization kinetics in the cooling mode from the molten state (melt

crystallization). The thermal response of the instrument was calibrated from the

enthalpy of fusion of a known mass of indium (99.99 % pure). The temperature

scale of the calorimeter was calibrated using the melting points of indium and lead.

Plots of actual against experimental melting points were linear and used to calibrate

the calorimeter temperature directly after correction for thermal lag by extrapolation

to zero heating rate. All measurements were carried out in a nitrogen (N2)

atmosphere. To determine the glass transition temperature of PTT, PBT, PC and

their blend, each sample (4–5 mg) encapsulated in an aluminum pan, was first

heated in the DSC cell from 30 �C at a heating rate of 80 �C/min to 280 �C where it

was kept for 5 min in order to remove previous thermo-mechanical history. Then, it

was taken out from the DSC cell and immediately submerged in N2(l) to attain the
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completely amorphous state of the sample. After 10 min of submersion in N2(l), the

sample was transferred back to the DSC cell where it was reheated from 25 �C at a

heating rate of 10 �C/min to 280 �C. This treatment allows the determination of

glass transition temperature (Tg). For non-isothermal melt crystallization, all the

samples (4–5 mg) were heated to 280 �C and kept for 5 min in the DSC cell and

rapidly cooled to the crystallization temperature (Tc) to remove the thermal history.

Then the samples were cooled at constant rates of 5, 10, 15, and 20 �C min-1,

respectively. The exothermic curves of heat flow as a function of time were

recorded and investigated.

Results and discussions

Figure 1 shows the DSC melting thermograms for N2(l) quenched PTT, PBT, PC

and blend recorded during heating with a heating rate of 10 �C/min. The glass

transition temperature of PTT, PBT, and PC were found to be 45, 66, and 149 �C,

respectively. These values are found to be in agreement with the literature values

reported for these polymers.

DSC thermograms were recorded for the neat polymers (PTT and PBT) at

different cooling rates of 5, 10, 15, and 20 �C/min. The exothermic peaks at

different cooling rates (b) for different polyesters and the blend are shown in Fig. 2.

As evident from this figure, the peak temperature, Tp, decreases with increasing

cooling rates (b) for the blend. With increasing cooling rate, the exothermic trace

shifted toward lower temperatures (Fig. 2) [25, 26]. The observations are general for

both pure and blend samples. The single crystallization exotherm for the blend for

each cooling rate suggests that all the components crystallized at the same time. The

values obtained for the blend, at all the cooling rates were found to be lower than

that of neat PTT, while those obtained for higher cooling rates were found to be

higher than those of pure PTT (Table 1). These results possibly suggest that the

presence of less crystallizable (possibly PTT and PC) molecules in the blend

Fig. 1 DSC thermograms of PTT, PBT, PC, and blend at 10 �C/min
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reduced the crystallisability of the blend and the mechanism for non-isothermal melt

crystallization depended very much on the cooling rate used.

The crystallization process is usually considered to consist of two stages, a

primary and a secondary stage. The primary crystallization consists of a fast

outward growth of the lamellar stacks until impingement. The secondary

crystallization, which sometimes overlaps the primary crystallization, involves the

filling of the spherulites interstices and proceeds at a much slower rate than the

primary crystallization [8]. The relative degree of crystallinity, a(t), at time, t, can

be described as the area obtained from the DSC exothermic peak at time, t, divided

by the total final area under the exothermic peak as shown in the below equation.

aðtÞ ¼

RTC

Ti

dH
dT

� �
dT

RT1

Ti

dH
dT

� �
dT

ð1Þ

Tc is the arbitrary crystallization temperature at time, t, Ti is the arbitrary initial

crystallization temperature, and T? is the arbitrary temperature at which the crys-

tallization process is completed. Therefore, the relative crystallinities of PTT/PBT/

PC (25:25:50 wt%) blend at a crystallization time, t, or a crystallization tempera-

ture, T, can be obtained by dealing with the DSC curves using Eq. (1). Figures 3 and

4 illustrate the variations of relative crystallinities of the blend with the crystalli-

zation time and the crystallization temperature. The time to reach a given relative

crystallinity decreased as the heating rate increased. The temperature span for the

onset of crystallization (T0.01) at different heating rates for PTT varied from 155 to

180 �C and the end point of crystallization (T0.99) varied between 185 and 196 �C.

For PBT, T0.01, varied between 164 and 187 �C and, T0.99 varied between 201 and

208 �C. The blend showed, T0.01, between 161 and 184 �C and, T0.99, between 192

and 200 �C (Table 1). As seen in Table 1 the values for the onset and endset are

found to decrease with increasing cooling rates.

The peak crystallization temperatures obtained from the cooling scans as a

function of cooling rate are plotted in Fig. 5. Single-crystallization exotherm was

observed during cooling, and the position and magnitude of the exotherm are

dependent on the cooling rate. The peak cooling temperature for the blend is found

to lie intermediate between that of PTT and PBT. The values of Tp are found to

decrease with increasing cooling rates (Table 1).

Crystallization kinetics

Crystallization kinetic studies can help to determine the nucleation and crystal

growth mechanism of the phases formed. Different equations are used to evaluate

the activation energy for the crystallization of polymeric blends. One of the

important equation used in this paper to determine non-isothermal DSC data, is the

Kissinger equation [22], which is based on the analysis of the variation of the

maximum peak temperature with the heating rate.
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Fig. 2 The exothermic peak traces at different cooling rates
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The Kissinger equation is the only equation that refers to the crystallization

process by considering the surface/bulk nucleation mechanism and the dimension-

ality of crystal growth. The expression given by Matusita and co-workers [23, 24]

for the modified Kissinger equation for a non-isothermal measurement is

ln bn=T2
p

� �
¼ �mEc=RTp þ constant ð2Þ

where Ec is the activation energy for crystallization (J mol-1); R is the gas con-

stant (8.314 J mol-1 K-1), Tp is the maximum temperature of the exothermic

Table 1 Parameters of non-isothermal crystallization kinetics of neat polymers and blend

Cooling

rates

(oC/

min)

Hc

(J mol-1)

Kissinger equation Matusita equation T0.01

(oC)

T0.99

(oC)

Tp

(oC)

v

E (kJ mol-1) LnA E (kJ mol-1) LnA

PTT 5 -47.4 155 51 159 59 180 196 187 0.509

10 -41.7 172 195 179 0.513

15 -42.6 161 191 175 0.521

20 -51.6 155 185 171 0.515

PBT 5 -40.6 185 58 184 74 187 208 194 0.520

10 -43.5 181 205 188 0.518

15 -44.8 167 204 184 0.523

20 -56.2 164 201 180 0.515

Blend 5 -45 183 58 180 67 184 200 191 0.512

10 -42.6 177 198 184 0.523

15 -42.8 164 194 181 0.531

20 -52.3 161 192 177 0.508

Hc enthalpy of crystallization (J mol-1), v crystalline fraction

Fig. 3 Variations of relative crystallinities of PTT/PBT/PC blend with crystallization time
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crystallization peak (K), n is order of crystallization and a constant known as the

Avrami parameter, m represents the dimensionality of crystal growth, and b is the

heating rate (�C min-1). Dividing mEc by m, the activation energy for crystal

growth can be obtained. Only when the surface nucleation is dominant, in other

words, n = m = 1 for all the heating rates, Eq. (2) is identical with the so-called

Kissinger equation [23–26]:

ln b=T2
p

� �
¼ �E=RTp þ constant ð3Þ

where E is the Kissinger activation energy for crystallization.

Fig. 4 Variation of relative crystallinities of the blend with crystallization temperature

Fig. 5 Variation of peak temperature of crystallization as a function of cooling rate for the neat polymers
and blend
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According to Kissinger’s formula [27], the peak temperature for crystallization

(Tp) depends on the heating rate (b) as indicated in Eq. (3). The kinetic parameters

have been calculated for the modified Kissinger model using Eq. (3). Plotting ln (b/

Tp
2) versus 1/Tp should give straight lines. The straight lines shown in Fig. 6 give a

linear fit with the experimental results of the blend.

The slope of each line gives the activation energy (E) for crystallization. The

values of E for the neat polymers and the blend were calculated and listed in

Table 1. The results obtained indicate that the value of E for the blend is in between

that of PTT and PBT. This possibly suggests that PTT crystallizes faster than the

blend indicating that the effective energy barrier governing the non-isothermal

crystallization of the blend is higher than PTT.

Another approach tried for obtaining the crystallization parameter for the kinetics

of crystallization is by using the method specifically suggested for non-isothermal

conditions by Matusita et al. [28]. The crystallization mechanism of amorphous

materials is controlled by nucleation and growth process, which can be character-

ized by the activation energy and dimensionality of the growth process. According

to Matusita, for the fraction crystallized, v, the non-isothermal crystallization is

given by:

ln½�lnð1� vÞ� ¼ �n ln b� 1:052 mE=RT þ ln A; ð4Þ

where n, 1.052 and m are constants that depend on the nucleation and growth

mechanism, E is the activation energy of crystallization, and A (s-1) is the pre-

exponential factor. Crystallized volume fractions, v, are shown in Table 1 and are

determined from DSC curves. The values for the neat polymers and the blend are

indicated in Table 1. The volume fraction crystallized, v, at any temperature T, is

given byv = (ST/S) where ST is the area between any two temperature intervals. S is

the area of the exothermic peak between the temperature To, where the crystalli-

zation just begins and any temperature on the crystallization curve.

Fig. 6 ln(b/Tp
2) versus 1/Tp plot for blend with a linear fit (-)
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For a quenched polymer containing no nuclei n = m ? 1 and for a polymer

which have sufficiently large nuclei before carrying out DSC experiment, is n = m9.

Considering the fact that this analysis is based on polyesters having large number of

nuclei, the constant m is taken to be m = n. For obtaining the crystallization kinetic

parameters, n = 1 was considered for the modified Kissinger equation, and the same

value was considered for n in the Matusita equation.

The plot of ln[-ln(1 - v)] versus 1/T for PTT measured at different heating

rates, showed slight deviation from linearity for all the heating rates as seen in

Fig. 7. Similar deviations were reported for other crystallizable materials [29] and

were attributed to the saturation of nucleation sites in the final stages of

crystallization [30]. In this analysis, the activation energy is calculated from the

slopes of the linear fits (r [ 0.99) to the experimental data from a plot of ln-

ln(1 - v)] versus 1/T. The E values calculated from the slope for each of the

polymers are reported in Table 1. Even though the curves show some deviation

from the linear fit, employing one value for E was sufficient to fit the experimental

values. The E values seem to be independent of the heating rate, and therefore, an

average value was obtained for all the heating rates.

Determination of kinetic mechanism

For the determination of the most probable mechanism function the theoretical basis

of the non-isothermal kinetic theory of thermal decomposition of solid materials is

considered [19]. Gao et al. [31] have plotted lng(a) versus ln(b) using linear

regression least square method. In this study, it was stated that if the mechanism

under consideration confirms to a certain g(a), the slope k should be equal to -1.000

and correlation coefficient r should be equal to 1 [32].

In this study, an appropriate temperature was selected (190 �C) such that the

conversion value (a) at this temperature for different cooling rates could be

Fig. 7 Plot of ln(-ln(1-v)) versus 1/T for PTT at different heating rates
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obtained. The crystallization temperature ranges for different conversions for 5, 10,

15, and 20 �C/min at 190 �C is illustrated in Table 1. To determine the appropriate

equation governing the crystallization process, the conversion value at T = 190 �C

was put into different types of reaction mechanism functions for PTT, PBT, and

blend crystallization data. Table 2 summarizes the integral form, g(a) functions for

30 different types of kinetic mechanisms used for describing solid-state reactions.

The slope (k), correlation coefficient (r), and intercept B of the linear regression of

lng(a) versus ln(b) (b = cooling rate) were obtained. The parameters in Table 2

indicate that the slope of function number 28 are almost close to -1 and has a

correlation coefficient (r) greater than 0.98 compared to others. Figure 8 depicts a

plot of ln[(-ln(1-a)1/4] versus ln(b) for PTT, PBT, and blend at 190 �C. This plot

shows that the crystallization data obtained can be modeled using AE2 mechanism

(function number 28, Table 2). The kinetic analysis of the isothermal runs at 190 �C

revealed agreement with AE2 mechanism which involves random nucleation

followed by the growth of nuclei of a defined dimensionality. The Avrami–Erofeev

(AE2) equation is given as [33]:

�ln 1� að Þ½ �1=n¼ g að Þ ð5Þ

Here, n takes the value 4. Avrami–Erofeev models have been observed for typical

crystallization kinetics. Obedience to the AE2 equation is often considered suffi-

cient proof to identify the mechanism of a liquid to solid-state transformation [19]

as a nucleation and growth kind. This growth could occur in the presence or absence

of nuclei.

It is known that transesterification in polyester blends can affect the crystalli-

zation behavior of PTT and PBT in the blend [34, 35]. The trans-reaction between

PTT, PBT, and PC in the blend was analyzed by 1H NMR spectroscopy. Figure 9

shows the spectra of the blend and neat polymers. The spectra of the blend shows all

Fig. 8 Plot of ln[(-ln(1-a)1/4] versus ln(b) depicting the most probable mechanism for PTT, PBT, and
blend at 190 �C
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the characteristic peaks of neat PTT, PBT, and PC with no new peaks, indicating

that no detectable chemical changes occurred in the blend due to trans-reaction.

To check that trans-reaction did not affect the crystallization data, DSC studies

were carried on the blend. The sample was heated at a rate of 20 �C/min from room

temperature to 265 �C, held at 265 �C for 5 min to remove any thermal history, and

subsequently cooled to room temperature at a rate of 10 �C/min. The sample was

then reheated from 30 to 265 �C at a rate 10 �C/min to observe its melting behavior.

Fig. 9 1H NMR spectra for neat polymers and the blend
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This cycle was applied thrice to the same sample for different time periods (Fig. 10)

until transesterification was observed. It was found from the DSC heating curves

that melt annealing of the blend at 265 �C for 3, 6, and 9 min did not produce any

significant changes in the melting endothermic peak of the blend. In contrast,

sample melt annealed at 265 �C for 60 min shows a depression in the melting point

as well as a reduction in the melting enthalpy of the blend. Eventually, at extended

annealing times (80 min) the melting endothermic peak of the blend disappeared.

This effect can plausibly be attributed to some trans-exchange reaction between

PTT, PBT, and PC components during the extended annealing period. These

experiments confirm the assumption that the crystallization data of a blend sample,

held at 265 �C for a period of time shorter than 9 min is not influenced by

transesterification reaction.

Chemical reactions could occur between PTT, PBT, and PC chain segments of

the blend upon annealing at high temperatures. The blend was heated to 265 �C and

held constant for 9 and 80 min to induce trans-reaction of various extents. The

heated blends then possibly contained PTT, PBT, and PC and certain fractions of an

exchanged random copolymer of PTT–PBT–PC segments. The transesterified

product will readily dissolve in dichloromethane and should contain mostly the

amorphous random copolymer (product of the trans-reactions) and unreacted PC

homopolymer (which is soluble in dichloromethane), while the insoluble portion

will contain mainly the un-exchanged PTT, PBT homopolymer that is insoluble in

dichloromethane. For FT-IR analysis, the heated blends were extracted in

dichloromethane-solvent into soluble and insoluble portions. The extracted soluble

portion and insoluble portion were characterized with FT-IR analysis. Figure 11

shows the C=O stretching bands for the soluble portion and insoluble portion of the

blends heated at 265 �C for different times; (A) 9 min, and (B) 80 min. The C=O

Fig. 10 DSC heating scan of the blend sample melt annealed at 265 �C for various time and
subsequently cooled to room temperature
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stretching bands of the carbonyl group in neat PC, PTT, and PBT were observed at

1780, 1720, and 1710 cm-1, respectively. The absorption peaks at 1,720 and

1,710 cm-1 characteristic of the C=O stretching of PTT and PBT chain segment,

was found in the spectra of the soluble portion and its intensity increased with the

annealing time imposed on the samples. In addition, the absorption peak of the PC,

C=O stretching at 1,780 cm-1 was revealed with less intensity in the IR spectra of

the insoluble portion and the intensity also increased with annealing time. The 1,720

and 1710 cm-1 peak (in the soluble portion spectra obtained for long-reaction

period of 80 min) might be attributed to the C=O stretching of PTT and PBT chain

fragment linked on the reaction-occurred copolymer backbone in the soluble

portion, and the 1,780 cm-1 absorption peak (in the insoluble portion spectra) was

believed to be associated with the C=O stretching of the PC segments in the

Fig. 11 FT-IR spectra showing C=O stretching bands for the soluble portion versus insoluble portion of
the neat polymers and blend heated at (265 �C) for different times. a 9 min. b 80 min
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copolymer in the insoluble portion. In other words chemical reaction occurred upon

annealing at high temperature for long-time period ([9 min) and chain segments of

PTT, PBT, and PC exchanged with each other, especially between the ester

structures of two homopolymers.

From, observation and analysis of the FT-IR spectra, a possible mechanism about

transesterifications between PTT, PBT, and PC for long-time periods at 265 �C can

be proposed as shown in Scheme 1.

This mechanism shows that the carbonyl groups of PTT and PBT are exchanged

with the carbonate groups in PC upon annealing for long times at high temperatures,

and the exchange leads to formation of possibly a new product that is comprised of

the exchanged PTT/PBT/PC segments.

Conclusions

Analysis of the non-isothermal crystallization data indicated that both Kissinger and

Matusita models are reliable methods for the estimation of crystallization kinetic
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Scheme 1 Transesterification in PTT/PBT/PC blend
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parameters for neat PTT, PBT, and blend. The values of activation energies using

both these models are quite close. Based on the analysis of crystallization kinetic

data, using thirty different reaction mechanisms, function number 28 with g(a) =

-ln(1-a)1/4 was found to be the most appropriate mechanism which could describe

the crystallization kinetics of neat polyesters and the blend.

The crystallization kinetics of PTT, PBT, and the blend possibly follows the AE2

(Nucleation growth) mechanism. AE2 mechanism in this case is a complex one and

might be dominated by the properties and behavior of the growing crystal and the

surrounding matrix.

This study has also demonstrated that the blend was inherently immiscible in

the initially blended state and was confirmed by DSC studies. Annealing at high

temperature (265 �C) for long-period of time ([9 min), the possible trans-reactions

could occur between PTT, PBT, and PC.
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