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SYNOPSIS 

The crystallization kinetics of poly (ethylene terephthalate) was measured under isothermal 
conditions by DSC in the presence of various fillers and with varying filler concentrations. 
The fillers used were carbon, titanium dioxide, glass fiber, and calcium carbonate. The 
kinetics was calculated using the slope of the crystallization vs. time plot, the times for 
10% and 50% reduced crystallization, and the Avrami equation. Activation energies were 
determined from measurements under different isothermal temperatures. The fillers caused 
athermal nucleation to be inhibited as shown by the increased values of the Avrami exponent, 
n. Interactions between the polyester and filler were interpreted to reduce the mobility of 
the polymer in the melt. This decreased the rate of crystallization and increased its activation 
energy. The order of the filler effect in reducing crystallization was the following: no filler 
< carbon < titanium dioxide < glass fiber < calcium carbonate. The concentrations of 
fillers were above those typically used for nucleation and more in the range expected for 
reinforcement or dilution of the polymer. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

The effect of filler on the crystallization kinetics of 
poly (ethylene terephthalate ) (PET) was expected 
to be influenced by the reduction in mobility re- 
sulting from adsorption of the polymer onto the sur- 
face of the filler, though nucleation may have been 
important. The effect of filler can be related to both 
the potential for formation of a nucleus of critical 
size (nucleation) and to the activation energy for 
transfer of polymer across the melt-crystal interface 
(growth). Increase in the filler content can cause a 
larger number of macromolecules to become ad- 
sorbed by the filler and, hence, decrease their mo- 
bility. Athermal nucleation may be observed when 
heterogeneous particles initiate crystal growth. 
Thermal nucleation is homogeneous nucleation, 
where the nucleation rate is often assumed to be 
constant. In practice, nucleation is often interme- 
diate between these two limits. 

Fillers of different natures may differ in the 
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strength of their adsorption of polymer molecules. 
Small particle-size fillers may be the center of a 
spherulite. Fillers whose particle size is large in 
comparison with the core of the spherulite cannot 
form the center of spherulites. In this latter case, it 
is the actual surface of the particles that may influ- 
ence nucleation. The filler may also influence the 
size distribution of the spherulites. 

It is known that crystallization kinetic parameters 
depend on the temperature of crystallization. When 
crystallization from the melt occurs, the temperature 
for the maximum rate of crystallization decreases 
when smaller nuclei are formed or when the con- 
centration of chain units for nucleation is lower. The 
purpose of the work described in this paper was to 
study the effect of filler on crystallization of PET. 
Of the techniques available for study of crystalli- 
zation, DSC was chosen because a relatively small 
sample size can be used, thereby enabling more rapid 
thermal equilibration.' The DSC technique can be 
used in two ways to study crystallization-isother- 
ma1 and temperature scanning (nonisothermal or 
dynamic mode). The isothermal mode was used in 
this study as it is more suitable for evaluating the 
kinetic parameters of crystallization.2 

2149 
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EXPERIMENTAL 

1. Materials 

1.1. Poly (ethylene terephthalate) 

Samples of PET were obtained in thin sheet form 
from Cadillac Plastics (Australia). The limiting 
viscosity number was measured in phenol-o-di- 
chlorobenzene solution (60:40 by mass) at  25°C as 
63 mL/g. 

1.2. Fillers 

The following fillers were used in all the studies car- 
ried out in this project. They were characterized by 
measuring their mean particle diameters using 
scanning electron microscopy: 

Carbon black ( ACARB SCF) 60 pm 

Titanium dioxide (rutile, Tioxide Aust) 70 pm 

Glass fibre (of mean length 1.0 mm) 90 pm 

Calcium carbonate (whiting) 110 pm 

Kaolin 50 pm 

1.3. Preparation of Filled Polyesters 

PET was fused at  280°C and then the filler was 
added and intimately mixed. The samples were then 
pressed into uniform sheets approximately 1 mm 
thick using a hydraulic press at 280°C under a pres- 
sure of 3 kg/cm2 for 5 min. The samples were then 
slowly cooled to room temperature. 

2. Procedures 

2.1. Calibration of the DSC Instrument 

The DSC was calibrated using high-purity indium. 
Indium has a melting temperature of 156.4"C and 
an enthalpy of fusion of 28.40 J / g  (6.79 cal/g). A 
mass of 5-10 mg was used for each indium sample. 
The DSC was run at  either 10 or 20"C/min. The 
temperature scale was calibrated by measuring the 
peak temperature of the indium melting endotherm 
and found to be correct to within the readability of 
the temperature thermocouple trace (fO.5"C). 

2.2. Isothermal Crystallization 

The kinetics of isothermal crystallization were 
measured by heating each sample to 280°C for 8 
min to ensure complete melting. The DSC was then 
cooled as fast as possible (about 100"C/min) to the 
desired isothermal crystallization temperature. The 

crystallization exotherm was recorded as a function 
of time. The DSC conditions used were the follow- 
ing: sensitivity = f 2  mcal/s and sample mass of 
about 10 mg precisely weighed. 

Integrations across each exotherm were used to 
construct plots of reduced fraction of crystallinity 
vs. time. The linear section of this plot was used to 
calculate a rate of crystallization. Arrhenius equa- 
tion correlation of such rates, determined from iso- 
thermal crystallizations measured at  different tem- 
peratures, were used to calculate thermodynamic 
parameters. The times to reach 0.1 (to.l) and 0.5 
( to.s) of the limiting crystallization were also mea- 
sured. Analysis of the data was also performed by 
fitting the data to the Avrami equation. The Avrami 
rate coefficient and exponent were obtained from 
this analysis. The data deviated from the Avrami 
equation at  high values of reduced crystallinity. 
These data were not included in the final computer 
analysis. The area under the whole melting endo- 
therm was used to calculate the crystallinity of the 
samples. 

2.3. Experimental Uncertainty 

The deviations in the rate of crystallization and the 
crystallization kinetic parameters over the temper- 
ature range 216-224°C were, on average, lo%, e.g., 
0.010 f 0.001 s-l. The deviation in the correspond- 
ing crystallinity averaged 5% or, e.g., 28.1 * 1.5%. 

RESULTS AND DISCUSSION 

1. Isothermal Crystallization of Filled PET 

Typical isothermal DSC curves for the crystalliza- 
tion of filled PET are shown in Figure 1. The po- 
sition of the maxima and the breadth of the curves 
varies considerably with crystallization temperature. 
Under constant crystallization temperature, the 
crystal growth rate was proportional to time. 

The area under the crystallization exotherm can 
be used to calculate the reduced crystallinity at  a 
particular time. The mass fraction of crystalline 
material, x(,), at time, t,  can be calculated from 

where a is the area under the DSC curve from t = 0 
to t = t, and A ,  the total area under the crystalli- 
zation curve. Since no polymer ever becomes 100% 
crystalline, this is referred to as the reduced crys- 
tallinity. The reduced crystallinity was a function 
of time as is shown by the plots in Figures 2 and 3. 
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Figure 1 Isothermal DSC for crystallization of PET-Ti02-1-1. 
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Figure 2 Reduced crystallinity as a function of time plot for PET-Ti02-1-1. 



2152 

1 .o 

0.9 

0.8 

0.7 

2 0.6 

0.5 

0.4 

a 0.3 

- CI 

Y 

E - - - 
Q) 

2 
F 

a 0.2 

0 

'0 
Q) 

0.1 

CHENG AND SHANKS 

Time ( /seconds) 

Figure 3 Reduced crystallinity as a function of time plot for PET-ACARB-1-1. 

Initially, the crystallization was controlled by nu- 
cleation and there was a delay after which the rate 
increased. The crystallization rate became constant 
and the plot became linear for the midperiod of the 
crystallization. As the radii of the spherulites im- 
pinged on each other and the material still available 
for crystallization diminished, the rate decreased and 
the equilibrium crystallinity was approached more 
slowly. The slope of the linear region of a plot of 
qt) vs. t is a measure of the rate of cry~tallization.~ 
In addition, the times for the reduced crystallinity 
to reach 0.1 ( to.l) and 0.5 ( of the final crystal- 
linity were calculated. 

The activation energy associated with the process 
of crystallization has been evaluated using the Ar- 
rhenius equation on measurements made at a num- 
ber of temperatures: 

k, = A exp(-Eact/RTc) (2)  

where k, is the rate coefficient for crystallization; A, 
the Arrhenius collision frequency; Eact, the Arrhen- 
ius activation energy; T,, the crystallization tem- 
perature, and R ,  the gas constant. Absolute reaction 
rate theory was then used to derive the thermody- 
namic parameters: changes in enthalpy, entropy, and 
Gibbs' free energy. 

The kinetic analysis was carried out using the 
Avrami equation: 

( 3 )  c # I ( ~ )  = 1 - 3 ~ ( ~ )  = exp(-kt") 

where C # I c t )  is the mass of uncrystallized material at 
time t;  k ,  the rate coefficient, and n, a constant that 
depends on both the nucleation and growth of the 
crystals. The Avrami equation assumes that growth 
ceases at the onset of the impingement between 
growing crystals, and n is usually given integral val- 
ues to permit theoretical interpretation. The mea- 
surements only followed the Avrami equation to 
about 0.8 crystallization, probably because of this 
latter constraint. 

The rate coefficient was also calculated from the 
half-life for crystallization, to.s , using the equation 

Computer programs were written to perform all the 
calculations and to calculate the correlation coeffi- 
cient and standard deviation for each of the data 
fits. The results of these analyses of the data are 
listed in Tables I and 11. 

The rate of crystallization is strongly dependent 
on temperature. As the temperature is decreased, 
i.e., the supercooling ( A T  = Ti - T,, where T i  is 
the equilibrium melting temperature and T, is the 
crystallization temperature ) is increased, the rate 
of crystallization increases. For example, for the 
sample PET-0-2 (unfilled PET, sample no. 2),  as 
the crystallization temperature decreased from 218 
to 216"C, i.e., by only 2"C, the rate of crystallization 
was increased 1.6 times. For the sample PET-Ti02- 
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Table I Effect of Filler Type on Isothermal Crystallization Kinetics 

PET-0-2 216 
218 
220 
222 

PET-Ti02-1-1 

PET-ACARB- 1 - 1 2 18 
220 
222 
224 

216 
218 
220 
222 
224 

PET-glass-1-1 218 
220 
222 
224 

PET-CaC03- 1 - 1 218 
220 
222 
224 

0.0160 
0.0100 
0.0082 
0.0073 

0.0094 
0.0072 
0.0054 
0.0042 

0.0121 
0.0083 
0.0068 
0.0048 
0.0023 

0.0082 
0.0066 
0.0042 
0.0017 

0.0081 
0.0038 
0.0028 
0.0016 

54 
106 
141 
193 

114 

228 
263 

76 
126 
149 
256 
534 

131 

276 
692 

132 
243 
456 
785 

- 

29 
59 
85 

128 

66 

155 
167 

43 
78 
99 

172 
358 

83 

180 
456 

84 
137 
311 
552 

- 

1.63-05 
2.03-06 
1.43-07 
4.43-09 

8.23-07 
1.83-08 
1.63-09 
2.13-10 

3.33-06 
2.43-08 
7.83-09 
4.63-10 
2.33-11 

7.83-09 
4.43-09 
1.83-10 
4.03-12 

7.53-09 
3.63-09 
1.83-11 
2.03-12 

2.7 
2.7 
3.1 
3.6 

2.9 
3.4 
3.7 
4.0 

2.8 
3.5 
3.7 
3.8 
3.8 

3.8 
3.8 
3.9 
3.9 

3.8 

4.0 
4.0 

- 

1.63-05 
1.93-06 
1.43-07 
4.43-09 

8.23-07 
1.83-08 
1.63-09 
1.93-10 

3.33-06 
2.53-08 
7.83-09 
4.53-10 
2.33-11 

7.93-09 
4.43-09 
1.73-10 
4.23-12 

7.03-09 
3.23-09 
1.83-11 
2.03-12 

28 257 67 
28 
25 
- 

27 275 72 
26 
25 
24 

27 394 101 
26 
24 
23 
23 

25 524 133 
23 
23 
23 

24 525 134 
23 
22 
21 

Table I1 Effect of Filler Level on Isothermal Crystallization Kinetics 

Tc kc t0.5 t0.l k k' C Eact In A 
Sample ("C) (s-l) ( S )  ( S )  (4 n ( S )  (%I  (kJ/mol) ( s )  

PET-0-2 216 0.0160 54 29 1.6E-05 2.7 1.63-05 28 257 67 
218 0.0100 106 59 2.03-06 2.7 1.93-06 28 
220 0.0082 141 85 1.43-07 3.1 1.43-07 25 
222 0.0073 193 128 4.43-09 3.6 4.43-09 - 

PET-Ti02-1-1 216 0.0121 76 43 3.33-06 2.8 3.33-06 27 394 101 
218 0.0083 126 78 2.43-08 3.5 2.53-08 26 
220 0.0068 149 99 7.83-09 3.7 7.83-09 24 
222 0.0048 256 172 4.63-10 3.8 4.53-10 23 
224 0.0023 534 358 2.33-11 3.8 2.33-11 23 

PET-Ti02-5-1 216 0.0095 108 66 2.53-07 3.2 2.53-07 23 575 146 
218 0.0073 162 107 3.03-09 3.8 3.03-09 22 
220 0.0034 265 148 2.93-09 3.5 2.33-09 20 
222 0.0018 718 499 6.83-12 3.9 6.83-12 20 

PET-Ti02-10-1 216 0.0084 128 80 4.53-08 3.4 4.53-08 23 665 168 
218 0.0062 193 129 1.7E-09 3.8 1.73-09 22 
220 0.0025 245 157 6.83-10 3.8 6.53-10 19 
222 0.0013 1006 687 2.43-12 3.8 2.43-12 18 
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0 

1-1 (PET sample no. 1, containing 1% Ti02 filler), 
as the crystallization temperature decreased from 
220 to 216"C, i.e., by only 4"C, the rate of crystal- 
lization was increased by 1.8 times. 

The rate of crystallization was decreased as the 
level of filler increased; as the level of Ti02 increased 
from 0 to 5%, the rate of crystallization decreased 
sharply. A further increase to 10% filler produced a 
more gradual decrease in rate for various AT (see 
Table I1 and Fig. 4 ) .  Though the effect of the fillers 
was not the same, each caused a decrease in the 
crystallization rate (see Table I ) .  This filler effect 
is related to both the potential for formation of a 
nucleus of critical size and to the activation energy 
for transfer across the melt-crystal interface. In- 
crease in the filler content is accompanied by tran- 
sition of an apparent ever-larger number of mac- 
romolecules into the boundary layers, in which their 
mobility decreases, so this results in a very strong 
influence on the rate of crystallization. Equation ( 2 )  
summarizes the influence of the two effects on the 
overall rate of crystallization, kc.4-6 

In the region where the temperature is close to 
the melting temperature, the rate of crystallization 
is controlled by nucleation. This may be evidence 
for a change in AG for the formation of a nucleus of 
critical size. In such a case, the effect of filler will 
be less important because AG is the predominant 
f a ~ t o r . ~  In crystallization from the viscoelastic state 

2 4 6 8 10 

(heating from an initial temperature below the glass 
transition temperature), since A E  is the predomi- 
nant factor in controlling the crystallization process, 
an increase in filler would cause an increase in vis- 
cosity and give rise to a decrease in the rate of crys- 
tallization.' 

Values of the times for 10% and 50% of the final 
reduced crystallization, to.l and t0 .5 ,  are also listed 
in Tables I and 11. The log ( dependence on the 
Ti02 filler content for various supercooling temper- 
atures ( A T )  is shown in Figure 5. The values of t0.5 

are in the linear region of the rate plots and so are 
related to the crystallization rate. These half-times 
were used to calculate a value for the rate coefficient, 
k', which could be compared with the value obtained 
from the slope. The to,l values are more reflective of 
the initial nucleation period where the rate of crys- 
tallization was still approaching the steady-state 
value. 

Thermodynamic parameters were calculated from 
the Arrhenius equation ( 2 )  .'-12 The En,, value for 
unfilled PET is very close to other data previously 
reported, e.g., Baer13 reported 267.5 kJ/mol and Vi- 
lanova et al.' reported 273.7 kJ/mol for medium 
molar mass PET. The addition of filler, in general, 
leads to an increase in E,,,, although a low level of 
filler ( 1% TiOz) gave a lower value for Eact, whereas 
higher levels gave higher values for Eact and, hence, 
a decrease in rate of crystallization (Table 11). The 
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Figure 4 The rate of crystallization dependence on the amount of TiOp for various AT. 
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Figure 5 The log dependence on the amount of Ti02 filler in PET for various AT. 

different filler types show different changes in ac- 
tivation energy. Carbon gave a small increase in Eact, 
whereas the other fillers, especially glass fibers and 
CaC03, produced larger increases ( Table I ) . 

The crystallization mechanism of unfilled PET 
should be similar to other polymers, such as 
poly~aprolactone~~ and poly (ethylene oxide) .15 The 
presence of filler is postulated to produce distinct 
changes in the dynamics of this mechanism. There 
is a reduction in the mobility of the macromolecules 
due to their adsorption onto the filler, leading to an 
increased activation energy for crysta1lization.l6 This 
effect increases with the proportion of filler. The 
Arrhenius collision frequency, A, includes two fac- 
tors: the probability of collision or steric factor and 
the collision number.17 Both of these factors would 
be altered by adsorption onto a filler. As the filler 
content increases, the value of the collision param- 
eter becomes higher. The values of the collision fre- 
quency are affected by the type of filler, with carbon 
producing only a small effect. 

The data were also analyzed by the Avrami eq. 
( 3 ) .  The influence of the Avrami rate coefficient ( k )  
and exponent (n) on the shape of isothermal crys- 
tallization curves are shown in Figures 6-9. For the 
crystallization of PET, the Avrami exponent n = 4, 
indicating three-dimensional growth and depen- 
dence on homogeneous nucleation. As expected, the 
Avrami rate coefficients increase and the values for 
the Avrami exponent are decreased as the crystal- 

lization temperature decreases. Fillers increase the 
Avrami exponent by a small amount, i.e., the process 
becomes more dependent on heterogeneous nucle- 
ation. The filler also diminished the crystallinity of 
the samples, probably by restricting movement of 
some molecules into crystallite formations. The 
crystallization does not follow the Avrami equation 
to completion. Taking logarithms of each side of the 
equation should give a linear plot (Figs. 6 and 7) .  
The plots deviate from linearity at high crystalli- 
zations. The plots in Figure 8 are in agreement with 
the Avrami equation from 20 to 60% of the relative 
crystallinity. Other reports describe deviations from 
the Avrami e q u a t i ~ n . ' ~ . ~ ~  

Figure 9 shows the dependence of the rate coef- 
ficient on the Ti02 filler content for PET at  various 
supercooling temperatures. As shown by the simple 
kinetic analysis of the data, as the filler content in- 
creases, the rate coefficient decreases. Figure 10 
shows the corresponding dependence of the Avrami 
exponent on the Ti02 filler content. As the filler 
content increases, so the value of n increases, though 
leveling out for higher filler contents. The values of 
k and n are also dependent on the type of filler. For 
theoretical interpretation, the value of n is usually 
given integer values. The values observed in this 
work and other studies such as for polyethylene,21,22 
poly (ethylene oxide) 723  and poly (ether ether ke- 
tone)24 are noninteger. This is even observed for 
poly (decamethylene terephthalate ) which con- 
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Figure 6 The Avrami equation for unfilled PET 

forms accurately to the Avrami equation for more erogeneous and homogeneous nucleation mecha- 
than 95% of the crystallization process, yet n nisms must be regarded as extreme models for the 
= 3.59.25 This indicates that total dependence on a actual situation. Deviations can be caused by si- 
single nucleation mechanism is not usual. The het- multaneous and consecutive processes. In the former 
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Figure 7 The Avrami equation for 1% Ti0,-filled PET. 
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The deviation from the Avrami equation for isothermal crystallization of PET- 

case, the simultaneous growth of two different types 
of spherulites may occur. Consecutive processes can 
occur when, e.g., when spherulitic growth starts from 
a rodlike or platelike nucleus. These cases can lead 
to a situation where the apparent value of n is 
changing during the crystallization. 

2. Determination of the Crystallinity 

The crystallinity was determined immediately after 
the isothermal crystallization by heating the sample 
and obtaining its melting endotherm. The enthalpy 
of fusion of the sample was calculated and used to 

1.00E-04 1 I 

1 

L 1  
c, 
C 

V 
.P 1 

v 1  ! 
W c, 

e* 0 1  

1 

1 

.00E-05 

.00E-06 

.00E-07 

.00E-08 

.00E-09 

.00E-10 

.00E-11 

.00E-12 

2 4 6 8 10 A 

T \  

Amount of Ti02 Filler in PET (%) . AT = 40°C AT = 42°C A AT = 44°C AT r 46°C X AT = 48°C 

Figure 9 
in PET for various AT. 

The rate coefficient of crystallization dependence on the amount of TiOz filler 
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determine the crystallinity according to the follow- 
ing equation 26*27: 

c = AH/AHf  ( 5 )  

- dH 
dt 

t 
E 
5 
5 
'0 
C 
W 

Temperature 

Figure 11 Melting endotherm of the crystals formed 
during isothermal crystallization at 218OC for 1% TiOz- 
filled PET. 

where AH is the total enthalpy of melting of the 
sample and AH, is for pure crystals of the polymer. 
Figure 11 shows the melting endotherm for PET 
containing 1 % Ti02 after isothermal crystallization 
at  218°C. From this endotherm, the enthalpy of fu- 
sion was calculated as 33.48 J/g. The value for the 
enthalpy of fusion of a pure crystal of PET was taken 
as 129.0 * 0.5 J/g,28 although many widely varying 
values have been reported in the literature. Figure 
12 and Tables I and I1 show the values of the crys- 
tallinity and their variation with Ti02 content. 
When the filler content is low, the crystallinity ex- 
hibits a rapid decrease, which levels out for higher 
filler levels. Table I shows the effect of different types 
of filler on the crystallinity. Each of the fillers de- 
creases the crystallinity, with carbon, as in the crys- 
tallization kinetic study, having the least effect. 

CO NCLUS 10 N 

The effect of fillers on the crystallization of 
poly (ethylene terephthalate) has been studied by 
differential scanning calorimetry (DSC ) . Although 
the kinetics have been studied under several con- 
ditions, those reported refer to isothermal conditions 
after cooling from the melt. These conditions enable 
the effect of filler on nucleation to be determined 
using the Avrami equation. The kinetics of the crys- 
tallization process were described by the Avrami 
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equation. This equation takes into account the two 
stages of crystallization: nucleation and growth. The 
nucleation kinetics is in its limits athermal or ther- 
mal. In the first case, a fixed number of nuclei start 
growing at  the beginning with no additional nuclei 
forming at a later time, giving a lower value of n. 
In the second case, new nuclei are forming through- 
out the crystallization, giving a higher value of n. 
The fillers caused athermal nucleation to be inhib- 
ited, as shown by the increased values of the Avrami 
exponent, n. Interactions between the polyester and 
filler were interpreted to reduce the mobility of the 
polymer in the melt. This decreased the rate of crys- 
tallization and increased its activation energy. 

Decreasing the crystallization temperature in- 
creased the rate of crystallization, decreased to.l and 
to.s of crystallization, increased the Avrami rate coef- 
ficient, decreased the Avrami exponent, and in- 
creased the crystallinity. Increasing the concentra- 
tion of a filler (titanium dioxide) decreased the rate 
of crystallization, increased to.l and to.s of crystal- 
lization, decreased the Avrami rate coefficient, in- 
creased the Avrami exponent, decreased the percent 
crystallinity, increased the activation energy for 
crystallization, and increased the Arrhenius collision 
parameter. 

These observations are consistent with the main 
effect of the filler restricting molecular motions by 
adsorption of the macromolecules. Different types 
of filler such as carbon, titanium dioxide, glass fiber, 
and calcium carbonate produce similar effects. The 

effects were strongest for the latter two and weakest 
for carbon. The order of the filler effect in reducing 
crystallization was the following: no filler < carbon 
< titanium dioxide < glass fiber < calcium car- 
bonate. 
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