This article was downloaded by:

On: 21 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymer Analysis and Characterization
Publication details, including instructions for authors and subscription information:

http://www.informaworld.com/smpp/title~content=t713646643

JOURNAL OF Nonisothermal Crystallization Kinetics of Poly(ethylene terephthalate) and

b ermancrenzanon | Blends of Polystyrene and Nylon 6

Shekhar Tankhiwale?; Mool C. Gupta?; S. G. Viswanath®
* Department of Chemistry, Nagpur University, Nagpur, India ® Laxminarayan Institute of Technology,
Nagpur, India

To cite this Article Tankhiwale, Shekhar , Gupta, Mool C. and Viswanath, S. G.(2001) 'Nonisothermal Crystallization
Kinetics of Poly(ethylene terephthalate) and Blends of Polystyrene and Nylon 6', International Journal of Polymer
Analysis and Characterization, 6: 5, 445 — 454

To link to this Article: DOI: 10.1080/10236660108033960
URL: http://dx.doi.org/10.1080/10236660108033960

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi ||l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be Iliable for any | oss,
actions, clainms, proceedings, demand or costs or danmages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646643
http://dx.doi.org/10.1080/10236660108033960
http://www.informaworld.com/terms-and-conditions-of-access.pdf

16: 31 21 January 2011

Downl oaded At:

Int. J. Polym. Anal. Charact., © 2001 OPA (Overseas Publishers Association} N.V.

2001 Vol. 6, pp. 445-454 Published by license under
Reprints available directly from the publisher the Gordon and Breach Science
Photocopying permitted by license only Publishers imprint.

Printed in Malaysia.
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Differential scanning calorimeter (DSC) has been used to study nonisothermal crys-
tallization kinetics of nucleation and growth. These studies were done by extending the
Ozawa equation for crystallization obtained by cooling poly(ethylene terephthalate)
(PET) homopolymer and its blends with polystyrene and nylon 6 at variable rates. PET
crystallization proceeds by random nucleation with two-directional diffusion-controlled
growth. The apparent activation energy and nucleation facilitation are greater in blends.

Keywords: DSC; Crystallization kinetics; Polymer blends; Poly(ethylene terephthalate);
Nylon 6; Polystyrene

INTRODUCTION

The prediction of nonisothermal crystallization kinetics remains a
longstanding scientific and technical objective. Nakamura!"! and
Malkin? attempted to generalize previous kinetic theories based on
Avrami analysis to nonisothermal conditions. Ozawa® extended this
to the nonisothermal crystallization kinetics of poly(ethylene ter-
ephthalate) (PET). He has attributed the discrepancy between the
value of n (Avrami exponent) by dynamic and isothermal methods to

* Corresponding author.
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slow secondary crystallization in the isothermal method. Nadkarni 14]
has studied the crystallization kinetics of poly(phenylene sulfide) and
concluded that nucleation is a homogeneous process.

In this paper nonisothermal kinetics of nucleation and growth are
investigated for PET homopolymer and PET in blends with 50%
polystyrene and 50% nylon 6 using the extended Ozawa 1l method.
Attempts have also been made to study other kinetic parameters, such
as activation energy (E,) and crystallization half time (z,5,), since
the effect of blending on crystallization kinetics is expected to be
influenced by the mobility of chains.

EXPERIMENTAL

Materials

The source and thermal characteristics of PET, PS, nylon 6 is given in
Table I and sample preparation of 50% PS and 50% nylon 6 in PET is
given elsewhere. 1!

Thermal Analysis

Mettler DSC 30 with a TC 11 TA processor (Toledo, Switzerland) was
used for thermal characterization. Cooling rates of 5, 7, 10, 12 and
15K/min were used. Prior to every run the sample was melted by
heating to a temperature (300°C) higher than the maximum melting
temperature without thermal degradation and then cooling under a
controlled rate to obtain nonisothermal crystallization parameters.
Melting parameters were obtained from re-heat scans of these non-
isothermally crystallized samples.

RESULTS AND DISCUSSIONS

The plot of the logarithm of cooling rates against peak temperature for
PET and its blends is linear as shown in Figure 1, which show that the
crystallization of PET, as well as in blends, is a single-step exothermic
reaction.
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FIGURE 1 A plot of log program rate versus peak temperature for PET blends: (a)
pure PET, (b) 50% PS blend, (c) 50% nylon 6 blend.
Calculation of Kinetic Parameters

The variable program rate method of Ozawa'®~* has been employed
to calculate the kinetic parameters. From the slope of the plot of
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logarithm of program rate versus the peak temperature (Fig. 1), activa-
tion energy (E,) was calculated using the following equation: ['% 1]

E,=~2.19R - {dlog 8/d(1/T)} (1)

where R is the gas constant, § is the program rate (K/min), and T is
the peak temperature. Using the activation energy (E,), the pre-
exponential factor (4) was computed for all sets of data and its
average value used to calculate the specific rate constant (k) and half-
life time (t,,) for a series of temperatures of interest as shown in
Table II. Table II shows that during crystallization, activation energy
for PET in all its blends as compared to pure PET increases. This
behavior may be due to changes in the dynamics of PET crystallization
because of other blend components ' and can be related to both the
potential of formation of a nucleus of critical size (nucleation) and to
the transfer of polymer across the melt crystal interface (growth). In
blends, other components acts as a solvent and thus activation energy
changes. Furthermore, as the crystallization temperature increases, the
rate constant (k) increases and crystallization half-time (1) decreases

TABLE II Effect of blending on crystallization kinetics of PET

Crystallization
Sample temp. (K) k, (min™"y  t)5(h) n E(kJ mol™ 1)
480 0.39 1.76 2.67
481 0.42 1.66 2.76
482 0.44 1.58 2.86
pure PET 483 0.46 1.50 2.93 104.6
484 0.49 141 3.07
485 0.49 1.41 3.23
486 0.55 1.27 3.41
481 0.48 1.46 3.05
482 0.51 1.36 3.18
483 0.55 1.26 3.16
50% PS blend 484 0.59 1.17 3.20 140.9
485 0.63 1.09 3.36
486 0.68 1.02 35
480 0.65 1.06 2.35
481 0.72 0.6 2.09
482 0.80 0.87 2.17
50% nylon 6 biend 483 0.88 0.79 2.22 196.2
484 0.97 0.71 2.19
485 1.09 0.64 2.21

486 1.20 0.58 2.39
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for pure PET as well as for blends. A mere SK change in crys-
tallization temperature from 481 to 486K resuits in about a 28%
change in crystallization half time for pure PET, about 30% for
PET/50% PS blends, and about 45% for PET/50% nylon 6 blends.
This decrease in half time is not only temperature dependent but varies
with the composition of the blend and the nature of the other
component. Change in crystallization half time over a particular
temperature range is found to reach a maximum (45%) for the
crystalline/crystalline blend system and is least for the homopolymer
system.

Avrami Exponent

The linear form of the Ozawa equation ¥ is

log {—In(1 — a(T))} = logX(T) — nlog 2

where a(7T) is the mass fraction of crystallized material at tempera-
ture T, 3 is the cooling rate and X(T') is the cooling crystallization
function. A plot of fractional crystallization versus temperature for
samples cooled at four different cooling rates is shown in Figure 2,
which exhibits a shift in inflection point with cooling rate. From these
plots, the values of a at temperature 7 for different cooling rates were
determined and used to obtain the Ozawa plot which is shown in
Figure 3. The kinetic parameters n and XT) have been estimated
from the slope and intercept of Figure 3, respectively.

The values of n are tabulated in Table II. From Table 11, the value
of n changes, though marginally, with temperature. This observed
phenomenon may be attributed to factors such as time-dependent
nucleation, variant growth rate constants, combination of homogene-
ous and heterogeneous nucleation, etc. Fractional values of n may
be expected mathematically, if certain constraints are imposed such
as diffusion controlled growth.!"¥! Because the value of Avrami expo-
nent for PET and PET in blends lie between 2 and 3 2<n<3),
two-directional diffusion-controlled growth with homogeneous and
heterogeneous nucleation is thought to be the probable mecha-
nism of crystallization, considering the effect of blending on growth
geometry.
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FIGURE 2 Conversion data for PET blends at variable cooling rates: (a) pure PET,
(b) 50% PS blend, (c)} 50% nylon 6 blend.
Nucleation Related Parameter

For a coherent surface nucleation process, the nucleation controlled
linear growth rate (G) in direction normal to the surface may be
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FIGURE 3 Avrami plots for nonisothermal crystallization: (a) pure PET, (b) 50% PS
blend, (c) 50% nylon 6 blend.

given by !4

G = bN/N, 3)

where b is the thickness of the nucleus, N is the rate of nucleation, and
N, is Avagadro’s number. This relationship leads to an equation for
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growth rate at crystallization temperature:
G = bkgT /h - exp[—(AF + A¢)/kgT] 4)

where A¢ is free energy required to form a nucleus with critical size,
AF is the free energy of activation for diffusion of molecules across the
phase boundary, and kp is Boltzmann’s constant. In case of a two-
dimensional coherent surface, the nucleation term A¢/(kgT) has the
form (K, /TATf), where AT=(T,,—T), being the degree of under-
cool and fis a correction factor that takes into account the decrease
of heat of fusion with the crystallization temperature, ie., f=
2T((T,,+T); K, is related to the lateral (o) and fold surface (o)
free energies of the surface nucleation and is a nucleation related
parameter.

Nonisothermal crystallization kinetics may be characterized by

1/ty2 = (1/t172), - exp(—AF [kpT) - exp[(~K, /TATf)]  (5)

(14]

where (1/t1)5), is the pre-exponential factor. Figure 4 shows a plot of
1/t, versus 1/TATf where ¢, is calculated at peak crystallization
temperature (7") for all cooling scans. The slope of the straight line for
Figure 4 is associated with nucleation related parameter K. [13.13]
From Figure 4 it is seen that the line depicting pure PET has the least

a7 b
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In[11ty,]
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-0.3 1

08
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FIGURE 4 Plot of In{1/t;5} against 1/TATf for PET blends: (a) pure PET, (b) 50%
PS blend, (¢) 50% nylon 6 blend.
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slope, whereas PET/50% PS blend has a higher slope than pure PET,
and PET/50% nylon 6 blend has the greatest slope. Therefore, the
maximum nucleation is facilitated in PET/50% nylon 6 blends fol-
lowed by PET/50% PS blends, and then PET homopolymer.

CONCLUSIONS

(i) The apparent activation energy and nucleation facilitation for
the samples studied are in the order: PET < PET/50% PS < PET/
nylon 6. Whereas crystallization half time is in the reverse order in
the temperature range of 480486 K.

(ii) The Avrami exponent (n) for PET homopolymer and PET/50%
PS and PET/50% nylon 6 blend is found to vary between 2 to 3
(2 <n<3), which signify random nucleation with two-dimen-
siona] diffusion-controlled growth.
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