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The macroscopic and microscopic melt-crystallization
kinetics of poly(trimethylene terphthalate) (PTT)/poly-
carbonate (PC) blends have been measured by
differential scanning calorimetry (DSC), and optical
microscopy (OM). The results are analyzed in terms of
the Avrami equation and the Hoffman–Lauritzen crys-
tallization theory (HL model). Blending with PC did not
change the crystallization mechanism of PTT, but
reduced the crystallization rate compared with that of
neat PTT at the same crystallization temperature. The
crystallization rate decreased with increasing crystalli-
zation temperature. The spherulitic morphology of PTT
was influenced apparently by the crystallization tem-
perature and by the addition of PC. X-ray diffraction
shows no change in the unit cell dimension of PTT was
observed after blending. Through the HL theory, the
classical regime II?III transition was detected for the
neat PTT and the blends. The nucleation parameter
(Kg), the fold-surface free energy (re), and the work
of chain folding (q) were calculated. Blending with
PC decreased all the aforementioned parameters
compared with those of neat PTT. POLYM. ENG. SCI.,
50:1036–1046, 2010. ª 2010 Society of Plastics Engineers

INTRODUCTION

Polymer blends and composites is a rapidly growing

field in polymer science and have attracted a lot of atten-

tion in both the academic and industrial communities.

The fact that new materials can be developed with good

properties in relatively less time and with a minimum

investment has encouraged the blending of polymers.

Blending of aromatic engineering polymers have been

particularly interesting, because excellent properties

have been observed even when the blends are immiscible

[1, 2]. The good interfacial adhesion because of the inter-

action between the aromatic rings of these polymers may

be one of the reasons for the observed behavior.

Poly(trimethylene terephthalate) (PTT) is a recently

developed polyester that is thought to be increasingly

used because it combines the good chemical resistance

typical of polyesters with a resilience and elasticity

similar to that of nylon 6,6. Its structure and properties

are intermediate between those of poly(ethylene terphtha-

late) (PET) and poly(butylene terephthalate) (PBT) [3, 4].

However, the low heat distortion temperature, low melt

viscosity, poor optical properties, and pronounced brittle-

ness of unreinforced PTT at low temperature have

restricted its use as a desirable engineering plastic. Some

of these deficiencies could be improved by developing

PTT composites or blends with suitable polymers in

which it retains its excellent properties. PTT blends are

expected to possess a wide range of features that will

broaden the applications of the homo-polymer. Recently,

a considerable amount of research work pertinent to PTT

blends was reported [5–12].

Binary blends of PTT with polycarbonate (PC) are of

commercial interest because of their potential in combi-

nation. Both polymers are polyester and can undergo

chemical reactions at high temperatures in the solid state

and in the melt, like alcoholysis or direct ester inter-

change, which can largely affect miscibility of the

components and in some cases induce dramatic worsen-

ing of materials properties. Consequently, PTT/PC blends

have been the subject of attention in the last few years.

The phase structure [13–16]. ester-interchange reactions

[17–19], and crystalline behavior [14, 16, 20–22] of

PTT/PC blends have been studied. The blends were

shown to be partially miscible [13–16] with different

miscibility levels [13–19] probably because of the

different interchange reaction level attained [16–19]. The

progressive development of interchange reactions gives

rise [20–22] to the homogenization of the blends and

eventually leads to single phase materials. PC hinders

PTT crystallization in the blends [17] decreasing

drastically the level of crystallinity [20–22] by means of

interchange reactions, that decrease the crystallizable

segment length of PTT [21, 22].
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Chemical exchange reactions and physical blend misci-

bility in mixtures of polyesters above melt temperature

can be quite confusing and must be dealt with carefully,

especially in temperature ranges, where possible exchange

reactions may be involved. Guo and Brittain [23] have

argued and questioned on correctness of the statements

that trans-reaction is a pre-requisite for forming a single

phase system for polyester blends. Depending on the

chemical structures, some blends of polyesters can indeed

be miscible without any trans-reactions. For example, the

three aryl polyesters of PET, PTT, and PBT, form misci-

ble ternary blends without any trans-reactions [24], while

in other blends, trans-reactions may be necessary to bring

in a single-phase [25].

Blends of PTT with PC, obtained with no detectable

chemical reactions between the functional groups of the

components, have been recently investigated by differen-

tial scanning calorimetry (DSC) and dielectric relaxation

spectroscopy (DRS) [26]. The blend showed a single,

composition-dependent glass transition temperature (Tg),
suggesting that the melt-blended PTT/PC may be superfi-

cially or seemingly ‘‘miscible’’ according to the blend’s

Tg criterion. From the DSC measurement, the cold crys-

tallization peak temperature increased, while the melting

peak temperature decreased with increasing PC content.

To complete the study on the PTT/PC blends, the crys-

tallization kinetics of the blends was investigated as a

function of crystallization temperature and composition

since the bulk physical properties are determined not only

by miscibility (or compatibility) of the components, but

also depend to a large extent on their crystalline super-

structure and morphology. The addition of a second,

amorphous polymeric component affects the properties of

the crystalline phase of the crystallizable component,

including the overall crystallinity, the crystal morphology,

the dimensions of crystallites and their aggregates. Hence

A complete understanding of the crystallization kinetics

of semicrystalline polymer blend is essential for control-

ling the processing conditions and consequently the utility

of materials for a given application.

EXPERIMENTAL

Materials and Blend Preparation

PTT (CORTERRATM PTT 200) polymer in the form

of pellets was obtained from Shell Chemical Company.

The intrinsic viscosity of the PTT at 258C in a 60/40 mix-

ture of phenol and tetrachloroethane was 0.9 dlg21. PC

(Makrolon 1805), with MFI of 6.5 g/10 min21 (ASTM

D1238), was kindly supplied by Bayer. Both polymers

were dried overnight in a vacuum oven at 1208C, to

remove any volatiles which could cause air bubbles upon

heating. The neat polymers were first ground into fine

powders. This manipulation was made to ensure that thor-

ough melt mixing could be complete within the shortest

time possible. A laboratory mixing molder (ATLAS,

USA) with a small mixing chamber (ca. 2 g capacity)

was used to prepare the blends at 2608C and at 60 rpm

under the protection of nitrogen flow. The duration time

of the blending were kept as short as possible to avoid

the possibility of transesterification.

Calorimetric Measurements

The isothermal crystallization behavior of PPT was

investigated by using a Perkin–Elmer DSC7 calorimeter.

The thermal response of the instrument was calibrated

from the enthalpy of fusion of a known mass of indium

(99.999% pure). The temperature scale of the calorimeter

was calibrated using the melting points of indium, tin and

lead. Plots of actual against experimental melting points

were linear and used to calibrate the calorimeter tempera-

ture directly after correction for thermal lag by extrapola-

tion to zero heating rate.

Samples (ca. 4–6 mg) were sealed in aluminum pans,

and an empty pan was used as a reference. The samples

were held in the melt at 208C above the peak melting

point of the evaluated material for period of time 3 min

to erase all previous crystalline history, and then rapidly

cooled by liquid nitrogen to the predetermined crystalliza-

tion temperature Tc. The Tc range was chosen such that

the crystallization times were no longer than 60 min.

Experiments were performed to ensure that the samples

did not crystallize during cooling to Tc by immediately

heating the samples when the temperature reached the

desired Tc; if any melting occurred, then it was concluded

that the crystallization took place during cooling and the

isothermal experiment was not performed at that Tc. This
procedure was repeated until no crystallization during

cooling was evident. The heat flow evolving during the

isothermal crystallization was recorded as a function of

time and the completion of the crystallization process was

detected by the leveling of the DSC trace. For a better

definition of the starting time (to), for each isothermal

scan a blank runs were also performed with the same

sample, at a temperature above the melting point where

no phase change occurred [27]. The blank run was sub-

tracted from the isothermal crystallization scan and the

start of the process was taken as the intersection of the

extrapolated baseline and the resulting exothermal curve.

Optical Crystallization Measurements

The isothermal rate of crystallization was also meas-

ured through the observation of the spherulitic radial

growth, using an Olympus BH-2 optical microscope fitted

with an Olympus DP/2 digital camera and a Linkam hot

stage TP-93. Measurements were performed on a small

fragment of polymer, inserted between two microscope

cover glasses, and heated to 2508C for 3 min (where the

melt was squeezed into a film through a small pressure

applied to the upper glass), then quenched by means of
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N2 gas flow (cooling rate [2508C/min) to the selected

crystallization temperature Tc, where isothermal crystalli-

zation was carried out. The complete crystallization pro-

cess was recorded on a videotape and the diameter of the

spherulites measured as a function of time, until impinge-

ment. Linear growth rates (G) were obtained from the

average of the linear plots of the spherulite radius versus

time. At least three spherulites per view area were meas-

ured for each crystallization temperature. Following this

method G values were obtained with uncertainties of

60.01 3 1026 cm/s.

X-Ray Diffraction Measurements

The wide-angle x-ray diffraction measurements were

performed on powdered crystallized samples at room

temperature with a Rigaku Geiger Flex D-Max IIIa X-ray

diffractometer, using Ni filtered Cu Ka radiation. The

scanning rate was set at 58/min, with the x-ray generator

operated at 40 kV and 30 mA.

RESULTS AND DISCUSSIONS

Phase Behavior and Interchange Reactions

Before the discussion of crystallization kinetics, the

phase behavior of the PTT/PC blends is discussed briefly.

Figure 1 summarizes previous results on the thermal

behavior of blends over the whole composition range

[26]. The Tg’s, of blends were obtained by DSC measure-

ments at a heating of 208C/min and by DRS at a heating

rate of 18C/min on melt-quenched samples. The amor-

phous characteristic of these samples were examined by
wide-angle x-ray scattering measurements. The diffraction

patterns were essentially featureless, suggesting the amor-

phous state. The crystallization temperature (Tc) and the

melting temperature (Tm) correspond to the maximum of

the exothermic and endothermic peaks observed in the

DSC traces. As shown in Fig. 1, only one Tg is observed

for all compositions. The value of Tg (DRS at 1 kHz) are

slightly higher than the value of Tg (DSC), because of the

higher frequency of DRS. In both cases, the Tg of the

blends rises with increase of the PC content in the blend,

suggesting miscibility of these melt-quenched blends, at

least at the detection level of DSC (and DRS). The Tc
values increased while the observed Tm values decreased

with increasing PC composition. This behavior is usually

observed in the case of miscible blends [28]. When the

content of PC reach more than 40 wt % no cold crystalli-

zation peaks could be detected for the PTT component

during the heating scan, indicating the inhibition of PTT

crystallization in these high Tg’s blends.
It is well known that transesterification in polyester

blends can affect the crystallization behavior of PTT in

the blends [29, 30]. The trans-reaction between PTT and

PC in PTT/PC blend was analyzed by 1H NMR spectra.

Figure 2 shows the spectra of a representative PTT/PC

60/40 blend together with the neat polymers. The spectra
FIG. 1. Phase diagram of the PTT/PC blend samples after melt quench-

ing, using data from Ref. 23. Lines are guides for eye.

FIG. 2. 1H NMR spectra of pure homopolymers and the PTT/PC 60/40

blend.
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of the blend show all the characteristic peaks of PTT and

PC with no new peaks, indicating no detectable chemical

changes occurred in the blends.

To check that trans-reaction did not affect the crystalli-

zation data, DSC studies were carried on the 60/40 PTT/

PC blend. The sample was heated at a rate of 208C/min

from room temperature to 2608C, held at 2608C for

several minutes, and subsequently cooled to room temper-

ature at a rate of 108C/min. The samples were then heated

from 20 to 2408C at a rate 108C/min to observe its melt-

ing behavior. This cycle was applied to the same sample

for several times until transesterification was observed.

Figure 3 illustrates the results of this experiment. It was

found from the DSC heating curves that the melt anneal-

ing of the 60/40 PTT/PC blend at 2608C for 3, 6, and 9

min did not produce any significant changes in melting

endothermic peak of PTT. In contrast, sample melt

annealed at 2608C for 30 min shows a depression in the

melting point as well as a reduction in the melting

enthalpy of PTT. Eventually, at extended annealing times

(1 h) the melting endothermic peak of PTT disappeared.

This effect is better seen in Table 1, and is attributed to a

higher extent of transesterification reaction between PTT

and PC components during the extended annealing period.

This series of experiments confirms the assumption that

the crystallization data of a blend sample, held at 2608C
for a period of time shorter than 5 min, are not influenced

by transesterification.

Isothermal Crystallization Kinetics

The analysis of isothermal bulk crystallization kinetics

is often performed using the Avrami equation concerning

phase transformation [31], which is usually written in the

form:

Xt ¼ 1� exp½�knðt� toÞn� (1)

where Xt is the fraction of polymer crystallized at time t,
kn the overall kinetic constant, t is the time of the isother-

mal step measured from the achievement of the tempera-

ture control, to the initial time of the crystallization pro-

cess, as described in the Experimental part, and n the

Avrami exponent, which is correlated with the nucleation

mechanism and the morphology of the growing crystalli-

tes. Xt can be calculated as the ratio between the area of

the exothermic peak at time t and the total measured area

of crystallization, assuming that the evolution of crystal-

linity is linearly proportional to the evolution of heat

released during the course of crystallization. Figure 4a

and b depict, as examples, the crystallization exotherms

of neat PTT and PTT/PC blends at 190 and 2058C,
respectively. It is observed that the crystallization exother-

mic peak shifted to larger time, and the width of peak

increased with increasing PC composition. Figures 5a and

b show the corresponding temporal development of X(t)
for various compositions at the same crystallization tem-

peratures. As can be seen, all the curves have a sigmoidal

shape, typical of polymer crystallization behavior. Fur-

thermore, the initial slope of the isotherms decreased with

increasing PC content, indicating progressively slower

crystallization rate. This means that the presence of PC

would strongly retard the overall crystallization kinetics

of PTT.

It is likewise worth remembering that Eq. 1 is usually

applied to experimental data in the linearized form, by

plotting ln(2ln(1 2 Xt)) as a function of ln(t2to), permit-

ting the determination of n and kn from the slope and the

intercept, respectively. In Fig. 6a and b, the linearized

Avrami plots are shown for the selected set of crystalliza-

tion temperatures. Similar plots were obtained for PPT

and its blends at other Tc’s. To evaluate kn and n, only
the experimental data at low conversion are used (i.e.,

data at high conversions are omitted from Fig. 6). The

FIG. 3. DSC heating scan of the PTT/PC 60/40 blend samples melt

annealed at 2608C for various time and subsequently cooled to room

temperature.

TABLE 1. Melting temperature and enthalpy of fusion for the PTT/PC

60/40 blends after melt annealing at 2608C for various times, cooled to

room temperature and subsequently heated to 2408C.

Melt annealing

time (min) Tm (8C) DHm (J/g)

3 214 6 1 24

6 214 6 1 23

9 215 6 1 22

15 208 6 1 10

60 210 6 1 2
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values of kn and n determined by the intercepts and

slopes, respectively, of these straight lines are listed in

Table 2. To unify the units of the rate constant as min21,

the rate constant was modified as kn ¼ k1=n. Examining

the data relative to each thermal treatment applied to the

sample, one can observe that the overall kinetic constant

k regularly decreases with increasing Tc, as usually

happens at low undercooling, where crystal formation is

controlled by nucleation. On the other hand, the values of

k decrease with the addition of PC at the same crystalliza-

tion temperature. The reason why the addition of PC

reduces the crystallization rate may be related to the

following three factors: (i) the addition of high Tg compo-

nent (i.e. PC) increases the Tg of PTT/PC blends,

resulting in the decrease of the mobility of blended PTT

compared with that of neat PTT, (ii) the decrease of the

melting point temperature of PTT in the blend may

reduce the thermodynamic driving force required for the

crystallization of PTT, and (iii) the added PC may have a

diluent effect on the crystallization of PTT at the crystal

growth front

The Avrami exponent n is close to three for all the

crystallization temperatures and compositions investi-

gated. This indicates that the nucleation mechanism and

growth geometry of PTT crystals in blends were not

FIG. 4. DSC curves for the isothermal crystallization of the neat PTT

and the PTT/PC blends at: (a) 1908C and (b) 2058C.

FIG. 5. Temporal evolution of relative crystallinity as a function of

crystallization time for the neat PTT and the PTT/PC blends at:

(a) 1908C and (b) 2058C.
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affected by the presence of PC and the crystallization

process originates from predetermined nuclei and is char-

acterized by three-dimensional spherulitic growth.

The half-time of crystallization, t0.5, defined as the

time required to attain half of the final crystallinity is an

important parameter for the discussion of crystallization

kinetics. Its value can be obtained from the following

relationship:

t0:5 ¼ ln 2

kn

� �1=n

(2)

where kn and n are the same as in the Avrami equation.

Usually, the crystallization rate can also be described as

the reciprocal of t0.5, i.e., 1/t0.5. Figure 7 shows the

variation of 1/t0.5 as a function of crystallization tempera-

ture and blend composition. The value of 1/t0.5 decreases

with increasing crystallization temperature as well as the

addition of PC, indicative of the reduction of crystalliza-

tion rate. These results are consistent with the trend of the

rate constant k listed in Table 1. All the aforementioned

results can lead us to a conclusion that the addition of PC

does not change the overall crystallization mechanism of

PTT, but only reduces the crystallization rate in the PTT/

PC blends.

Morphology and X-Ray Differaction

The size and the average size distribution of PTT crys-

tals, as well as, their shape and orientation determine the

FIG. 6. Linearized Avrami plots for the neat PTT and the PTT/PC

blends at: (a) 1908C and (b) 2058C.

TABLE 2. Avrami kinetic parameters for the isothermal crystallization

of PTT/PC blends.

Blend composition Tc (8C) t0.5 (min) n 6 0.2

k (min21)

3 1024

PTT/PC (100/00) 190 1.0 2.8 6.8

195 1.3 3.0 5.3

200 2.0 3.1 3.4

205 2.7 2.9 2.6

PTT/PC (80/20) 190 2.5 2.9 2.7

195 3.2 2.9 2.1

200 4.9 2.9 1.4

205 6.7 2.6 1.0

PTT/PC (60/40) 190 4.2 2.5 1.7

195 5.9 2.8 1.2

200 9.1 2.8 0.76

205 12.3 2.4 0.57

FIG. 7. Half-times of crystallization for neat PTT and its blends with

PC at various crystallization temperatures.
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melt behavior of the material and depend exclusively on

the conditions of nucleation and growth of crystals. The

size of spherulites depends on the ratio between the

nucleation rate and the growth rate of crystals, thus the

kinetics of crystallization determines the morphology and

the degree of crystallinity of the polymer. Polarized opti-

cal micrographs (POM’s) showing the superstructure of

pure PTT and PTT/PC blends, submitted to isothermal

crystallization at 190 and 2008C, respectively, are shown

in Fig. 8. It can be seen that pure PTT displays a spheru-

litic form that exhibit concentric extinction bands. The

texture of PTT spherulites becomes more open with

increasing PC content in the blends (see Fig. 8). In addi-

tion, the band spacing becomes larger with increasing the

noncrystallizable component concentration. The number

of spherulites in the PTT crystallized at 1908C is higher

than that crystallized at 2008C (see Fig. 8). It means that

the nucleation rate is higher than growth rate at 1908C.
The micrographs show a volume completely filled with

the spherulites and no PC phase was observed among the

spherulites. These observations and the fact that the PC

influences the crystallization kinetics and morphology of

crystalline PTT suggest that the noncrystallized compo-

nent is segregated in the interlamellar regions. That is PC

molecules diffuse away from the front of PTT crystalliza-

tion at a rate not sufficient to let them move away from

the spherulites.

To check that PC did not co-crystallize with PTT by

being incorporated into the crystalline regions, wide angle

X-ray diffraction studies were carried out on the crystal-

line blends. The diffraction patterns of the blends were

similar to that obtained from PTT. Figure 9 shows the

WAXD patterns of neat PTT and the PTT/PC (80/20)

blend isothermally crystallized at 2058C. There were no

additional peaks present and the reflection positions are

not affected by the addition of PC, indicating that the

unit-cell parameters remain unchanged. However, the

intensity of these characteristic peaks slightly decreases

with the presence of PC, implying an overall reduction in

blend crystallinity and that the crystalline phase was PTT

only.

Spherulitic Growth Kinetics

For further investigation, the study of the transient

growth of polymer spherulites can also provides more

fundamental aspects of the crystallization process at the

microscopic level. The isothermal transient development

of the spherulites of the neat PTT and its blends with PC

were monitored microscopically at various Tc’s, in the

range of 185–2058C. For the neat PTT the radius of

spherulites (R) increased linearly with time up to the point

of impingement with adjacent spherulites. Similar results

are obtained for all the blends except that the spherulitic

texture, as can be seen in Fig. 8c, became coarser with

more open texture and less well-defined boundaries

between the spherulites and the melt with increasing PC

content. This is consistent with crystallization of the PTT

as spherulites and rejection of the PC into the interlamel-

lar region. The spherulitic growth rate (G) for a given

FIG. 8. POM micrographs (A \ B) of the spherulite morphology of (a)

neat PTT, (b) PTT/PC 80/20 blend, (c) PTT/PC 60/40 blend at Tc of

1908C and (d), (e), (f) at Tc of 2058C, respectively. Scale bar ¼ 40 mm.

FIG. 9. WAXD profiles of the neat PTT and the PTT/PC 80/20 blend

isothermally crystallized at 2058C for 1 h.
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sample type and Tc was calculated from the slope of a

least-squared line drawn through the obtained R(t) func-

tion. Figure 10 shows the measured growth rates for the

neat PTT and PTT/PC blends at different Tc’s. Within the

Tc range investigated, plots of G as a function of Tc, for a
given sample type, showed a monotonic decrease in the G
values with increasing Tc. The spherulite growth rate of

PTT decreases dramatically as the crystallization tempera-

ture is increased whereas for the blends the spherulite

growth rate becomes very slow over the whole range of

crystallization temperatures measured.

The spherulite growth rates can be treated according to

the secondary nucleation theory of Lauritzen and Hoffman

[32]. According to this theory the dependence of the

growth rate G on the crystallization temperature Tc and

on the undercooling DT ¼ Tom2 Tc, is described by the

following equation:

G ¼ Go exp½�U�=RðTc � T1Þ� exp½�Kg=TcDTf � (3)

where Go is a pre-exponential factor assumed to be inde-

pendent of temperature and U* is the activation energy

for the transport of polymer segments across the liquid/

crystal interface, T1 is the temperature at which the trans-

port of segments across the liquid-solid interface becomes

infinitely slow and is defined as T1 ¼ Tg – C, where C is

a constant; R is the gas constant; and f is a correction fac-

tor accounting for the change of melting enthalpy with

temperature and is given by 2Tc/(T
o
m2 Tc; where Tom is

the equilibrium melting temperature. Kg is the nucleation

constant, expressed as:

Kg ¼ nebosseTo
m=DH

o
mk (4)

where ne is a constant representing the regime of crystalli-

zation (ne ¼ 4 for regime I and III and ne ¼ 2 for regime

II), s and se are the surface free energies per unit area of

the crystalline lamellae that run parallel and perpendicular

to the chain direction, respectively, k is Boltzmann’s con-

stant, bo is the distance between two adjacent fold planes

which in the case of PTT is taken as d010 ¼ 5.71 � 1010

m [33]. This value corresponds to the perpendicular

separation of crystal growth planes, which is not equal to

the b parameter of the crystal unit cell; the latter being

triclinic for PPT [33]. DHo
m is the equilibrium melting

enthalpy and was estimated to be 2.073 � 109 J/m3 [34].

For a polymer-diluents system, Eq. 3 was modified by

Boon and Azcue [35]:

lnG� lnfþ U�

RðTc � T1Þ �
0:2To

mf2

DT
¼ FðGÞ

¼ lnGo � Kg

TcðDTÞf ð5Þ

In this equation, the pre-exponential factor is multi-

plied by the PTT volume fraction /2 because the rate of

nucleation is proportional to the concentration of crystal-

lizable units.

When isothermal crystallization is studied far above

the Tg, the exact values of U* and T1 hardly affect the

temperature dependence of the rate constant (nucleation

control vs. transport control), and standard values are usu-

ally employed. The most commonly used are the Wil-

liams-Landel-Ferry [36] values (U* ¼ 4120 cal/mol and

T1 ¼ Tg 2 51.6K) and those reported by Suzuki and

Kovacs [37] (U* ¼ 1500 cal/mol and T1 ¼ Tg 2 30K).
In fact this value greatly affects the application of the HF

theory in qualitative and quantitative estimations, because

a modification of this parameter would lead to a signifi-

cant change in the apparent temperature of regime transi-

tion [38]. In the calculation, we didn’t use for U* the

standard values, usually employed for most polymers: U*
¼ 2500 cal/mol was chosen, as suggested by Hong et al.

[33]. These authors obtained this value by means of a

common simulation method [38–40] applied to their crys-

tallization data. Their simulation results shows that at the

lower Tc, the data diverge upwards and downwards with

changing U* value. Meanwhile, the U* value of 2500 cal

mol21 could be determined to permit the best linear fit of

the data, indicating that this value is relatively suitable

for use in PTT.

The nucleation factor Kn, as defined in Eq. 4, repre-
sents the energy to form a nucleus of critical size. Its

value is determined by plotting the left-hand side of Eq. 5
versus 1/Tc(DT)f (thereafter the H-F plot). Figure 11 pres-

ent the H-F plots for PTT and PTT/PC blends; in these

calculations the value of Tom ¼ 525 K of neat PTT [34]

was used through all data, neglecting the depression in
FIG. 10. The spherulitic growth rates for the neat PTT and PTT/PC

blends at different crystallization temperatures.
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Tom of the blends. According to Eq. 5, regime I?II transi-

tion is evident when a downward change in slope is

observed, whereas, for regime II?III, an upward change

in slope is expected [32]. Figure 11 clearly indicates that

neat PTT and the blends exhibit the classical regime

II?III transition. The transition occurred at around 1988C
for the neat PTT, which is slightly higher than that

observed by Hong et al. [33], being 1958C.
Interestingly, the blends exhibited a lower regime

II?III transition temperature; it is 1948C for the 60/40

PTT/PC blend. A reduction of temperature of the regime

II-III transition with composition has been reported for

several polymer pairs, such as P(3-HB)/PVAc [41] and

PCL/PH [42]. Since the rate of secondary nucleation is

much higher in regime III than in regime II. The presence

of the diluent may causes a diminution in the rate of sec-

ondary nucleation. That is, at parity of temperature, in the

plain homopolymer solidification can occur according to

regime III, and the addition of the amorphous component

may favor regime II growth.

The Kn values determined from the slops of the H-F

lines are given in Table 3. The ratio of Kg(III) to Kg(II) for

neat PTT and the blends was close to 2.0, as expected

according to the secondary nucleation theory [32]. Figure

12 shows Temperature dependence of the crystal growth

rate for regime III (solid line) and regime II (dashed line).

These curves were calculated by Eq. 5, giving the

estimated U* and T1 parameters, and the deduced values

of ln Go and Kg for each regime. The calculated curves fit

well with the experimental spherulitic growth data.

The derived Kg’s can be used to calculate the product

of the surface free energies, rre and the fold-surface free

energy re. An estimation of r can be obtained by the fol-

lowing empirical equation [43]:

s ¼ aDHo
m

ffiffiffiffiffiffiffiffiffi
aobo

p
(6)

where aobo is the cross-sectional area of the polymer and

a is the Thomas-Stavely empirical parameter, with value

ranging between 0.1 and 0.3. The a value is not at all

universal and strongly depends on the chemical structure

of the polymer, and it is related to entropy differences

between the crystal and the melt interface. Generally, a is

usually assumed to be 0.1 for polyolefins and 0.25 for

polyesters [43]. From a characteristic ratio (C1) describ-

ing the unperturbed dimension of a polymer chain and the

mean-square end-to-end distance ,r2. of a long polymer

chain in the unperturbed state, Hong et al. [33] evaluate

the value of a as 0.18. In this work, a is chosen to be

0.18. The lateral surface free energy of PTT turned out to

be 19.2 erg/cm2. By combination of Eqs. 4 and 6 the

values of the fold-surface free energy se for neat PTT and

the blends were derived and are listed in Table 3. A

decrease of se with increase of the content of PC has

been found. A similar trend has been reported for a series

of polymer blends [44–47]. This decrease has been

explained supposing that the presence of the amorphous

component, influencing the crystallization process,

produces an increase of the folding entropy and relates to

the formation of crystals with more disordered folding

surfaces. It must be noted that, in all the literature exam-

ples, the melt viscosity increases with the increase of

amorphous material content; as in the PTT/PC system

under this investigation.

An additional quantity of interest, namely the work

of chain folding (q) [32] can be calculated from the

following:

q ¼ 2seaobo (7)

It has to be emphasized that q is a parameter closely

correlated with the molecular structure, i.e., the inherent

FIG. 11. Lauritzen-Hoffman kinetic plots for the isothermal crystalliza-

tion of the neat PTT and the PTT/PC blends. The line represent the fit to

Eq. 5 (see the text).

TABLE 3. Results of the secondary nucleation analysis for neat the PTT and the PTT/PC blends.

PTT/PC

ln

Go (III)

Kg (III) 3
105 (K2)

re (III)

(erg/cm2)

q (III)

(kcal/mol) r2 ln Go (II)

Kg (II) 3
105 (K2)

re (II)

(erg/cm2)

q (II)

(kcal/mol) r2
TII?III

(8C)

100/00 21.5 3.04 6 0.1 53.2 4.1 0.9986 15.88 1.68 6 0.1 58.8 4.5 0.9894 198

80/20 20.4 2.77 6 0.1 48.5 3.7 0.9916 14.33 1.27 6 0.1 44.5 3.4 0.9909 195

60/40 19.5 2.24 6 0.1 39.2 3.0 0.9967 14.77 1.06 6 0.1 37.1 2.8 0.9930 194
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stiffness of the chain itself. The values of q for various

samples are listed in Table 3. The q values for the neat

PTT and its blends with PC were found to be in the range

of 4.5 and 2.8 kcal mol21, with the values for the blends

smaller than that of the neat PTT.

CONCLUSION

The Avrami and L-H secondary nucleation theories

were applied to analyze the crystallization and the spheru-

litic growth kinetics of neat PTT and its blends with PC.

Blending with PC did not change the crystallization

mechanism of PTT, but reduced the crystallization rate

compared with that of neat PTT at the same crystalliza-

tion temperature. The spherulitic morphologies of the

PTT blends showed linear impingement between the

spherulites, indicating that PC was predominantly segre-

gated into PTT interlamellar and/or interfibrillar regions

after PTT crystallization. This observation was consistent

with the average value of 2.9 for the Avrami exponent,

which indicated three-dimensional growth of crystals fol-

lowing an athermal nucleation event. The spherulitic

growth rate of PTT decreased upon blending. Through the

L-H analysis a transition from regime II to regime III

around 1978C was observed for pure PTT. The tempera-

ture of the regime transition decreased in the blends. The

L-H parameters of neat and blended PTT were derived

and compared with each other including the nucleation

parameter (Kg), the fold-surface free energy (re), and the

work of chain folding (q). Blending with PC decreased all

the aforementioned parameters compared with those of

neat PTT.
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