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ABSTRACT:

The nonisothermal cold crystallization behavior of Poly(ethylene terephthalate) (PET) and PET/clay

nanocomposite was performed by using differential scanning calorimetry (DSC). Three different kinetics models, namely,
the Avrami analysis modified by Jeziorny, the Ozawa model, and a method developed by Mo, were used for the data
analysis. The Avrami analysis modified by Jeziorny could gratifyingly describe the primary nonisothermal crystalliza-

tion stage of PET and PET/clay nanocomposite. The Ozawa analysis failed to provide an adequate description of the

nonisothermal cold crystallization of PET and PET/clay nanocomposite. The method developed by Mo was successful
in describing the nonisothermal process of PET and PET/clay nanocomposite. It was also concluded that the clay in
PET decreased the cold crystallization temperature and the crystallization degree of PET matrix, but did not apparently
change the dependence of crystallization peak temperature on heating rate used and the cold crystallization rate of PET

matrix.
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Poly(ethylene terephthalate) (PET) has been widely
used as fibers, bottles, films, and engineering plastics,
which hence stimulates the development of PET-based
materials. Blending of PET with inorganic particles
such as CaCOs, and fiber have been found to enhance
crystallization by dense heterogeneous nucleation on
the surface of additive particles."> However, the ob-
vious phase separation between PET and the inorganic
particles is a difficulty, which needs to be solved. Re-
cently, a new class of materials, PET/clay nanocom-
posites, has been developed by intercalation, followed
by in-situ polymerization>* Homogeneous dispersion
of the nanoscale lamellar clay particles into PET ma-
trix has led to significant improvement in the properties
of such nanocomposites, which has unique properties
that are not shared by conventional composites, such as
high strength, high modulus, high heat distortion tem-
perature, and low gas permeability.

An understanding of dynamic crystallization behav-
ior is practical importance both in the simulation of
technological processes and in the determination of
parameters of crystallization kinetics of crystallizable
polymers. In a preceding study, we studied the non-
isothermal melt crystallization behavior of pristine PET
and PET/clay nanocomposites.

The nonisothermal cold crystallization study of PET
and PET/clay nanocomposites, which takes place af-
ter quenching the materials below the glass transition
temperature, followed by heating, is also very impor-
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tant. From a technical point of view, it is frequently en-
countered in processing methods such as reheat stretch
blow-molding of bottles, heat setting, production of
films and fibers, etc.® The physical and mechanical
properties of such products are, directly or indirectly,
controlled by the crystallization process. From a theo-
retical point of view, nonisothermal cold crystallization
can make contributions to the overall understanding of
the crystallization behavior of the polymers.

The aim of the present report is to systematically
study the nonisothermal cold crystallization kinetics of
pristine PET and PET/clay nanocomposite by a differ-
ential scanning calorimetry (DSC). Different theoreti-
cal approaches’ ' were used to describe the kinetics
of nonisothermal crystallization.

EXPERIMENTAL

Materials and Sample Preparation

The pristine PET, and PET/clay nanocomposite pel-
lets used in this study were kindly supplied in pellet
form by Beijing Yanshan Petrochemical Co., Ltd. (P. R.
China). The intrinsic viscosities of the pellets measured
in 50/50(w/w) of 1,1,2,2-tetrachloroethane/phenol, at
25°C, 0.1 g/100 mL concentration, are 0.65 for pristine
PET, and 0.82 for PET/clay nanocomposite (with clay
weight content of 1.5%), respectively. The clay used
was montmorrilonite, which was refined and modified
by organic intercalated reagent. Sample films approx-

"To whom correspondence should be addressed (TEL: +86-371-3887567, FAX: +86-371-3887570, E-mail: wangyaming@zzu.edu.cn).
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imately 0.2 mm thickness were obtained by hot-press
at 280 °C for several minutes, then quenched by liquid
N».

DSC Measurements

In this article, a TA 2920 DSC was used to study the
crystallization kinetics. Temperature calibration was
performed using an indium standard. Sample weight
varied between 4.6 and 5.6 mg, which was cut from the
film already prepared.

The experiment started with heating the sample from
room temperature to 280°C, at selected constant heat-
ing rates ¢, ranging from 2.5 to 40°C min~'. It is note-
worthy that each sample was used only once and all the
runs were carried out under a nitrogen purge.

RESULTS AND DISCUSSION

Nonisothermal Cold Crystallization Behavior

The cold crystallization exotherms of PET and
PET/clay nanocomposite at five different heating rates
ranging from 2.5 to 40°C min~! are presented in Fig-
ure 1. Clearly, the exothermic curve becomes wider and
shifts to the higher temperature region as the heating
rate increases, and these are apparently true for the PET
and PET/clay nanocomposite samples studied in this ar-
ticle. The values of the nonisothermal crystallization
exotherms peak temperatures 7, and the crystallization
enthalpies AH, of all the samples under different heat-
ing rates are collected in Table I. It can be seen that, at a
given heating rate, the PET’s 7}, > PET/clay nanocom-
posite’s Tp,. This means that the clay in PET decreases
the cold crystallization temperature of PET matrix. It
can also be seen that, at a given heating rate, the cold
crystallization enthalpy AH, of PET/clay nanocompos-
ite is lower than that of pure PET. Therefore, it can be
concluded that the clay in PET decreases the absolute
cold crystallization degree of the PET matrix, which is
consistent with the results obtained from the melt crys-
tallization of PET/clay nanocomposites.>

The relative degree of crystallinity X(7'), as a func-
tion of crystallization temperature 7, can be formu-
lated!! as

T Teo
X(T) = f (dHC)dT/ (dHC)dT (1)
7, \ dT , \dT
where Ty and T, represent the crystallization onset
and end temperature, respectively; dH, the enthalpy
of crystallization released during an infinitesimal tem-
perature range d7'.

Figure 2 shows the relative degree of crystallinity
as a function of temperature for PET and PET/clay
nanocomposite at various heating rates. The horizon-
tal temperature scale, such as shown in Figure 2, can
be transformed into time domain using the following
relationship:

t=(T—-To)/o @)

where T is the temperature at crystallization time ¢, and
¢ is the heating rate. The plots of the relative degree of
crystallinity as a function of time for PET and PET/clay
nanocomposite at different heating rates are illustrated
in Figure 3.
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Figure 1. Nonisothermal cold crystallization exotherms of (a)
PET, and (b) PET/clay nanocomposite at five different heating
rates:1-2.5°Cmin~!, 2-5°Cmin~!, 3-10°C min~!, 4-20°Cmin~!,
5-40°Cmin'.

Table 1. Characteristic data of nonisothermal cold crystallization exotherms for various samples
$("Cmin) i PET _ i PET/clay na?ﬁocomposite _
T, CC) tip(min) AH.(Jg™) T, CC) tip(min) AH.(Jg™)
25 125.70 6.04 29.20 119.99 6.15 28.42
5 133.17 3.79 35.68 124.71 3.15 27.07
10 140.30 2.22 37.21 131.21 1.76 26.05
20 149.78 1.03 30.89 140.78 1.09 27.04
40 160.32 0.67 34.60 150.59 0.64 30.88

?Per gram of total sample.
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Figure 2. X(T) as a function of temperature for cold crystal-
lization of (a) PET, and (b) PET/clay nanocomposite at five differ-
ent heating rates.
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Figure 3. X(?) as a function of time for crystallization of (a)
PET, and (b) PET/clay nanocomposite at five different heating rates.

An important parameter which can be taken directly
from Figure 3 is the half-time of crystallization 42,
which is the change in time from the onset of crys-
tallization to the time at which X(¢) is 50%. The #,,
of nonisothermal crystallization for PET and PET/clay
nanocomposite are listed in Table I. It can be seen that
the higher the heating rate, the shorter the time for
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completing the crystallization. At same heating rate,
the PET/clay nanocomposite’s # > is nearly the same
as that of PET’s. However, at the case of nonisother-
mal melt crystallization,” the PET/clay nanocompos-
ite’s t1/2 is nearly half of that of PET’s. Probably,
the reason is that, during nonisothermal melt crystal-
lization, crystallization rate is mainly controlled by nu-
cleation, while, during nonisothermal cold crystalliza-
tion, crystallization rate is mainly controlled by growth.
Therefore, the clay highly accelerates the crystalliza-
tion rate of PET matrix at the case of nonisothermal
melt crystallization but not at the case of nonisothermal
cold crystallization.

Nonisothermal Cold Crystallization Kinetics

The most common approach used to analyze the
isothermal crystallization kinetics is the Avrami equa-
tion” which assumed that the relative crystallinity X(¢)
developed with crystallization time ¢,

1 - X(¢) = exp (-Z1") 3)

where 7 is the Avrami crystallization exponent, depend-
ing on the nature of nucleation and growth geometry of
the crystals; Z is the Avrami crystallization rate con-
stant.

Considering the nonisothermal character of the pro-
cess investigated, Jeziorny® suggested that the value of
rate parameter Z should be adequately corrected. The
factor that should be considered was the heating rate,
¢. Assuming constant or approximately constant ¢, the
final form of the parameter characterizing the kinetics
of nonisothermal crystallization was given as below:

logZ. = (log 2)/¢ “

Figure 4 shows the double logarithmic plots of
log(—In[1 — X(¢)]) vs. log ¢ for PET and PET/clay
nanocomposite at various heating rates. Each curve has
a linear portion, and which is followed by a gentle devi-
ation at longer times. Usually, this deviation is consid-
ered to be due to the secondary crystallization, which is
caused by the spherulite impingement in the later stage.
Different values for n and Z. can be obtained from the
linear portion of the curves (data at about 5% to 80%
relative crystallinity are only used for linear regression,
and the range is a little difference for each curve), and
which are collected in Table II.

For the nonisothermal cold crystallization of PET,
n varies from 4.77 to 6.83. It suggested that the
nonisothermal cold crystallization might correspond to
three dimensional solid sheaf growth with athermal
nucleation.!> The same conclusion is reasonable for
the the nonisothermal cold crystallization of Poly(aryl
ether ether ketone ketone) (PEEKK)!® and poly(aryl

Polym. J., Vol. 35, No. 11, 2003
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Figure 4. Plots of log(—In(1—X(?))) vs. log t for crystallization
of (a) PET, and (b) PET/clay nanocomposite at five different heating

rates.
Table Il. Nonisothermal cold crystallization kinetic
parameters based on Avrami equation modified by Jeziorny
4("Cmin!) PET PET/clay nanocomposite
Z. n Z.

2.5 5.95 0.012 5.05 0.013

5 6.54 0.162 5.25 0.272

10 6.83 0.558 5.23 0.717

20 4.78 0.975 5.35 0.960

40 4.77 1.039 5.74 1.097

ether diphenyl ether ketone) (PEDEK).!* For PET/clay
nanocomposite, n varies from 5.05 to 5.74. Obviously,
the clay in PET does not apparently affect the way of
nucleation and growth of the polymer matrix. The £
values of PET/clay nanocomposite are nearly the same
as that of PET at same heating rate. It can be further
concluded that the clay in PET does not apparently af-
fect the cold crystallization rate of the polymer matrix.

Based on the mathematical derivation of Evans,
Ozawa’ extended the Avrami theory to be able to de-
scribe the nonisothermal case. Mathematically, the rel-
ative crystallinity can be written as a function of heating
rate according to the following equation:

1 = X(T) = exp[-K(T)/¢"] )

where K(7) is the Ozawa crystallization rate con-
stant; and m, the Ozawa exponent (which is similar to
the Avrami exponent). Taking the double-logarithmic
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Figure 5. Ozawa Plots of log(-In(1 — X(T))) vs. log ¢ for crys-
tallization of (a) PET, and (b) PET/clay nanocomposite.

form,
log(—In(1 — X(T))) = log K(T) —mlog¢ (6)

and plotting log(—In(1 — X(7'))) against log ¢ at a given
temperature, a straight line should be obtained if the
Ozawa method is valid. The Ozawa crystallization rate
constant K(7') is taken as the antilogarithmic value of
the y-intercept, and the Ozawa exponent m is taken as
the negative value of the slope.

Figure 5 illustrates such plots based on the non-
isothermal crystallization data of PET and PET/clay
nanocomposite for a series of temperatures. The gen-
eral curvature seen in Figure 5 makes it impossible to
determine the heating function K(7'), which is similar
to that observed in PEEKK'? and PEDEK.'3 It is im-
portant to note that Ozawa equation ignored secondary
crystallization.” In fact, from Figure 4, it can be seen
that all the curves have a gentle deviation at longer
times. Therefore, the reason that the nonisothermal
cold crystallization of PET and PET/clay nanocom-
posite does not follow the Ozawa equation can be ex-
plained as that, at a given temperature, the crystalliza-
tion processes at different heating rates are at different
stages, that is, the lower heating rate process is toward
the end of the crystallization process, whereas at the
higher heating rate, the crystallization process is at an
early stage. By the way, it was reported by Ozawa’
that Ozawa model could well describe the nonisother-
mal melt crystallization kinetics of PET. However, the
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Table 11l. Nonisothermal cold crystallization kinetic
parameters of various samples at different degrees of crystallinities
by combination of Avrami—Ozawa equation

X(?) (%) 20 40 60 80
PET
F(T) 18.27 22.00 25.19 29.21
a 1.17 1.20 1.21 1.23
PET/clay nanocomposite
F(T) 16.77 20.41 2341 27.15
a 1.22 1.23 1.24 1.25

cooling rate range used by Ozawa’ for the analysis of
PET kinetics was from 1 to 4°C min~!, which is much
narrower than the range from 2.5 to 40°C min~! in this
study. In fact, from Figure 4, if we consider the data
from 10 to 40°C min~! only, a series of straight line can
also be obtained for both PET and PET/clay nanocom-
posite.

A method developed by Mo!® was also employed
to describe the nonisothermal crystallization for com-
parison. For the nonisothermal crystallization process,
physical variables relating to the process are the relative
degree of crystallinity X(¢), heating rate ¢, and crystal-
lization temperature 7. Both the Ozawa and Avrami
equations can relate these variables as follows:

logZ +nlogt =log K(T) — mlog¢ N
and by rearrangement, its final form is given as below:
log¢ = log F(T) — alogt (8)

where the kinetic parameter F(T) = [K(T)/Z]"/™, refers
to the value of heating rate that has to be chosen at
the unit crystallization time when the measured sys-
tem amounts to a certain degree of crystallinity; a is
the ratio of the Avrami exponent n to the Ozawa ex-
ponent m (i.e., a = n/m). At a given degree of crys-
tallinity, by plotting log ¢ vs. log ¢ (Figure 6), the val-
ues of a and F(T) could be obtained by slopes and
intercepts of these lines, respectively (Table III). The
value of F(T') systematically increases with raising the
relative crystallinity for PET and PET/clay nanocom-
posite, that means, at unit crystallization time, a higher
heating rate should be used to obtain a higher degree
of crystallinity. While the values of a are almost con-
stant for each sample, which vary from 1.17 to 1.23
for PET, and from 1.22 to 1.25 for PET/clay nanocom-
posite. It is clear that this combination method is suc-
cessful in describing the nonisothermal cold process of
PET and PET/clay nanocomposite, which is also true
for PEEKK!? and PEDEK. '3

A method proposed by Kissinger'* was frequently
used to evaluate the activation energy AE of nonisother-
mal crystallization. Considering the variation of the

888

a
1.5
< 1.0
(@)
8 B X(0)=20%
o X(H=40%
054| 4 X(=60%
v X(6H=80%
b
1.5-
S 1.0-
3 m X()=20%
0 X()=40%
054 & x=60%
v X(=80%
04 -02 00 02 04 06 08 1.0

log t

Figure 6. Plots of log ¢ vs. log ¢ for (a) PET, and (b) PET/clay
nanocomposite.
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Figure 7. Determination of the activation energy AE describ-
ing the nonisothermal crystallization process for PET and PET/clay
nanocomposite based on Kissinger method.

peak temperature 7, with the heating rate ¢, the ef-
fective activation energy AE can be evaluated based on
plots of the following forms:

dlIn(¢/Ty})]/d(1/Ty) = —AE/R ©

where R is the universal gas constant.

Figure 7 illustrate plots based on the Kissinger
method (data from Table I). The slopes of the least-
square lines drawn through these plots equal —AE/R;
thus, the effective activation energy AE can be calcu-
lated accordingly. The results of AE are 109 kJ mol™!
for PET, and 115kJ mol™!' for PET/clay nanocompos-
ite. In our previous work,” a contradictive conclusion
was obtained from the results of activation energy AE

Polym. J., Vol. 35, No. 11, 2003
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and crystallization kinetics. It suggested that the cal-
culated AE was just an apparent value, which might
not truly reflect the activation energy needed by crys-
tallization. However, the above method can at least
provide a finite relationship between the peak tempera-
ture 7}, obtained from the nonisothermal crystallization
exotherms and the heating rate used. It can be seen that
the calculated AE value for PET/clay nanocomposite is
approximately equil to that for PET. Therefore, the clay
in PET does not apparently change the dependence of
the nonisothermal crystallization exotherm peak tem-
perature 7, on the heating rate ¢ of the PET matrix.

CONCLUSIONS

The nonisothermal cold crystallization data for PET
and PET/clay nanocomposite obtained by DSC were
analyzed according to three different kinetics models,
namely, the Avrami analysis modified by Jeziorny,
the Ozawa model, and a method developed by Mo.
The Avrami analysis modified by Jeziorny could
gratifyingly describe the primary nonisothermal crys-
tallization stage of PET and PET/clay nanocomposite,
and the deviation of linearity at the longer time might
be ascribed to the occurrence of the spherulite impinge-
ment in the secondary stage. The Ozawa analysis failed
to provide an adequate description of the nonisothermal
crystallization of PET and PET/clay nanocomposite,
and this might be due to secondary crystallization. The
method developed by Mo was successful in describing
the nonisothermal crystallization of pristine PET and
PET/clay nanocomposite. Lastly, the clay in PET
decreases the cold crystallization temperature and the

Polym. J., Vol. 35, No. 11, 2003

crystallization degree of PET matrix, but does not ap-
parently change the dependence of crystallization peak
temperature on heating rate used and the cold crystal-
lization rate of PET matrix.
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