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Introduction	

The	 mechanical	 and	 physical	 properties	 of	 semi-crystalline	 polymers	 strongly	 depend	 on	 their	
microstructure,	which	itself	is	influenced	by	the	crystallization	conditions	experienced	by	the	material	
(crystallization	 rate	 and	 temperature).	 In	 order	 to	 control	 the	 crystalline	 structure	 (morphology,	
crystallinity)	and	obtain	the	desired	properties,	a	study	of	crystallization	kinetics	is	therefore	essential.	
For	this	purpose,	a	large	number	of	experimental	techniques	have	been	used,	such	as	X-ray	diffraction,	
dilatometry,	infrared	spectroscopy,	light	scattering,	etc.	Among	these	techniques,	differential	scanning	
calorimetry	(DSC)	proves	to	be	a	simple	and	effective	tool	that	gives	many	useful	information.	

The	 polymer	 studied	 in	 this	 session	 is	 poly(ethylene	 terephthalate)	 (PET).	 It	 is	 one	 of	 the	 most	
commonly	used	polymeric	materials	in	packaging	industry,	particularly	in	the	food	sector	(recyclable	
bottles).	 PET	 bottles	 are	 manufactured	 by	 stretch-blow	 molding	 (Figure	 1).	 They	 are	 transparent,	
recyclable,	and	exhibit	good	mechanical	and	barrier	properties.	

	

Figure	1.	Schematic	representation	of	the	stretch-blow	molding	process	of	a	PET	bottle.	

During	 this	 practical	 session,	 we	 will	 characterize	 the	 crystalline	 properties	 of	 PET,	 such	 as	
crystallization	 kinetics,	 crystallization	 and	melting	 temperatures,	 using	 the	 technique	 of	 differential	
scanning	calorimetry	(DSC).	Two	types	of	experiments	will	be	carried	out:	thermal	cycles	and	isothermal	
studies.	 By	 the	 end	 of	 the	 session,	 you	 will	 be	 able	 to	 experimentally	 characterize	 the	 crystalline	
properties	 of	 a	 common	polymer	material	 and	discuss	 some	 theoretical	 tools	 that	will	 allow	you	 to	
interpret	the	data	you	have	measured.	

Theoretical	part	

Crystallization	kinetics	

The	Avrami	model	is	one	of	the	most	widely	used	to	describe	the	crystallization	kinetics	of	materials.	
This	model	is	semi-empirical,	since	the	determination	of	its	physical	parameters	is	carried	out	by	fitting	
to	experimental	curves.	In	its	simplest	form,	the	Avrami	model	is	based	on	the	following	assumptions:	

• nucleation	occurs	randomly	and	uniformly	in	the	amorphous	phase	
• the	growth	rate	does	not	depend	on	the	degree	of	transformation	
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• growth	is	identical	in	all	directions	
• absence	of	secondary	nucleation	

The	dependence	of	crystallinity	on	time	𝑋(𝑡)	is	then	defined	as	follows:	

𝑋(𝑡) = 𝑋!(1 − 𝑒"#$
!)	 (1)	

𝑋!	is	the	maximum	crystalline	fraction	reached	at	infinite	times.	𝐾	is	a	kinetic	constant,	depending	on	
the	nucleation	and	growth	rates.	𝑛	is	the	Avrami	exponent,	an	integer	between	1	and	4	corresponding	
to	the	sum	of	two	terms:	the	first	accounts	for	the	type	of	nucleation	(homogeneous	or	heterogeneous,	
i.e.	1	or	0),	and	the	second	corresponds	to	the	number	of	crystalline	growth	directions	(one-,	two-,	or	
three-dimensional	growth,	from	1	to	3).	

Melting	

An	important	parameter	associated	with	the	study	of	polymer	crystallization	is	the	size	of	the	crystalline	
lamellae.	A	sufficient	thickness	allows	the	crystalline	lamellae	to	reach	a	thermodynamically	stable	state.	
The	melting	temperature	will	therefore	be	higher	the	greater	the	lamellar	thickness	(Gibbs–Thomson	
equation).	

It	is	common	to	define	a	thickening	factor	𝑏 = 𝐿/𝐿%,	with	𝐿	being	the	lamellar	size	just	before	melting	
and	𝐿%the	 initial	 lamellar	 size,	 i.e.,	 during	 crystallization	 at	 the	 crystallization	 temperature	𝑇& .	 The	
Hoffman–Weeks	equation	below	suggests	a	linear	relationship	between	the	melting temperature and 
the crystallization temperature, depending on the thickening factor: 

𝑇' =
𝑇&
𝛽
+ 𝑇',!(1 −

1
𝛽
)	 (2)	

𝑇',!	is	the	equilibrium	melting	temperature,	i.e.,	the	melting	temperature	of	a	crystal	of	infinite	size.	It	
is	one	of	the	most	important	thermodynamic	parameters	of	polymer	systems.	It	can	be	determined	by	
extrapolating	the	melting	temperature	𝑇'	using	the	Hoffman–Weeks	equation.	

DSC	Principles	

Differential	Scanning	Calorimetry	(DSC)	is	a	thermal	analysis	technique	that	can	be	used	to	determine	
phase	transitions	parameters:	the	glass	transition	temperature	(𝑇)),	melting	(𝑇'),	and	crystallization	
temperatures	 (𝑇&)	 and	 corresponding	 enthalpies.	 DSC	 measures	 the	 differences	 in	 heat	 exchange	
between	 the	 environment	 (furnace)	 and	 the	 analyzed	 sample,	 on	 the	 one	 hand,	 and	 between	 the	
environment	and	a	reference	sample,	on	the	other	hand.	The	reference	sample	is	generally	an	empty	
crucible.	This	difference	in	exchanges	allows	for	precise	measurement	of	the	heat	flow	absorbed	by	the	
polymer	sample	during	the	various	transitions.	

DSC	curves	typically	represent	this	heat	flow,	d𝐻/d𝑡	(in	W/g),	as	a	function	of	the	temperature	applied	
in	the	chamber.	
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Degree	of	Crystallinity	

From	an	experimental	point	of	view,	crystallinity	(the	mass	fraction	of	the	crystalline	phase)	is	generally	
calculated	from	the	melting	curves:	

𝑋(𝑡) =
∆𝐻'
∆𝐻',!

=
∫ 5𝑑𝐻'𝑑𝑡 7𝑑𝑡
$
%

∫ 5𝑑𝐻'𝑑𝑡 7 𝑑𝑡
!
%

	
(1)	

∆𝐻'	is	the	area	under	the	melting	peak	(melting	enthalpy	in	J/g).	This	quantity	is	proportional	to	the	
mass	of	crystalline	fraction	undergoing	melting.	∆𝐻',!	is	the	melting	enthalpy	of	a	100	%	crystalline	
sample.	𝑑𝐻'/𝑑𝑡	(in	W/g)	is	the	heat	flow	and	corresponds	to	the	change	in	energy	(enthalpy)	released	
as	heat	over	time.	

In	analogy	to	equation	(3),	it	is	also	possible	to	define	a	relative	crystallinity,	𝑋(𝑡)/𝑋!,	as	a	function	of	
crystallization	 time	 at	 a	 fixed	 temperature	 (i.e.	 during	 an	 isothermal	 study).	 In	 this	 case,	 the	 upper	
integral	is	the	area	under	the	heat	flow	curve	associated	with	isothermal	crystallization,	while	the	lower	
integral	is	the	value	of	this	area	when	the	crystallization	process	is	assumed	to	be	complete.	

Experimental	Part	

Sample	Preparation	

1. Take	a	sample	of	the	PET	bottle.	The	sample	mass	should	be	between	5	and	15	mg.	
2. Weigh	the	empty	crucible	using	an	analytical	balance.	
3. Place	the	sample	in	the	crucible	and	close	it	using	the	tool.	
4. Weigh	the	crucible	with	the	sample	using	an	analytical	balance.	
5. Place	the	crucible	with	the	sample	in	the	DSC	furnace.	

Experiments	

During	this	exercise	session,	you	will	perform	two	types	of	experiments:	one	thermal	cycle	(heating–
cooling–heating)	and	3-4	isothermal	experiments.	

• Perform	a	thermal	cycle	at	the	standard	ramp	rate	of	10 °C	min⁻¹.	Justify	the	choice	of	the	lower	
and	upper	temperature	limits	of	the	cycle	(read	the	reference	papers	in	appendix).	

• Based	on	 the	 thermal	cycles,	 carry	out	3-4	 isothermal	experiments	at	 temperatures	 that	you	
consider	suitable	to	study	within	the	allocated	time	for	this	session.	

• Using	Eq.	3,	construct	the	curves	showing	dependence	of	crystallinity	on	the	crystallization	time.	
Crystallinity	should	be	normalized	by	assuming	that	100	%	crystallization	is	reached	after	4	t1/2,	
where	t1/2	is	the	half-time	of	crystallization.	Estimate	the	half-times	of	crystallization	from	the	
normalized	crystallinity	curves.	

• Graphically	 represent	 the	 half-	 times	 of	 crystallization	 as	 a	 function	 of	 the	 isothermal	
temperature.	

• Linearize	the	Avrami	equation	and	plot	the	evolution	of	the	linear	function	versus	time.	Then	
perform	a	linear	regression	to	extract	the	values	of	the	parameters	𝐾	and	𝑛	(Eq.	1).	

• Plot	 the	 evolution	 of	 the	melting	 temperature	 as	 a	 function	 of	 the	 isothermal	 crystallization	
temperature.	Apply	the	Hoffman–Weeks	equation	and	deduce	the	values	of	𝑏	(Eq.	2).	
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• Calculate	the	crystallinity	of	the	samples	subjected	to	the	different	isothermal	experiments.	Plot	
its	evolution	as	a	function	of	the	isothermal	crystallization	temperature.	

Discussion	

1. Identify	 the	 different	 transition	 temperatures	 of	 PET	 during	 the	 thermal	 cycle.	 Discuss	 in	
particular	 the	 endothermic	 or	 exothermic	 nature	 of	 these	 transitions.	 Mention	 other	
experimental	techniques	that	can	be	used	to	characterize	these	transitions.	

2. Schematically	draw	and	discuss	how	would	the	thermal	cycles	look	if	they	were	performed	at	
ramp	rates	of	5 K	min⁻¹	and	20 K	min⁻¹.	

3. Comment	on	the	evolution	of	the	half-times	of	crystallization	𝑡*/,	as	a	function	of	the	isothermal	
temperatures.	 Which	 thermodynamic	 parameter	 limits	 the	 crystallization	 kinetics	 at	 high	
temperature?	

4. Based	 on	 the	 literature,	 what	 are	 the	 possible	 characteristics	 of	 the	 crystallization	 process	
(nature	 of	 nucleation,	 number	 of	 growth	 directions)	 that	 can	 be	 deduced	 from	 the	 values	
of	𝑛	and	𝐾	within	the	framework	of	Avrami	theory?	

5. Comment	 on	 the	 evolution	 of	 the	 melting	 temperature	 as	 a	 function	 of	 the	 isothermal	
temperature.	What	does	the	value	of	b	estimated	via	Eq.	3	suggest?	Do	you	observe	any	deviation	
from	the	Hoffman–Weeks	law?	What	can	you	conclude?	

6. In	your	opinion,	what	is	the	effect	of	increasing	the	isothermal	crystallization	temperature	on	
the	mechanical	properties	of	PET?	

7. You	will	be	given	two	PET	films	crystallized	from	the	molten	state	at	two	different	crystallization	
rates	(slow	and	fast).	What	do	you	expect	the	crystallinity	of	these	two	materials	to	be	(simply	
specify	high	or	low)	and	why?	How	do	you	explain	their	degree	of	transparency	or	opacity?	

8. Is	 the	 PET	bottle	 amorphous	 or	 semi-crystalline?	 If	 semi-crystalline,	 how	do	 you	 explain	 its	
transparent	appearance?	

Additional	Reading	
Sorrentino,	L.,	Iannace,	S.,	Di	Maio,	E.,	&	Acierno,	D.	(2005).	Isothermal	crystallization	kinetics	of	chainextended	
PET.	Journal	of	Polymer	Science	Part	B:	Polymer	Physics,	43(15),	1966-1972.	

Lu,	 X.	 F.,	 &	 Hay,	 J.	 N.	 (2001).	 Isothermal	 crystallization	 kinetics	 and	 melting	 behaviour	 of	 poly	 (ethylene	
terephthalate).	Polymer,	42(23),	9423-9431.	
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ABSTRACT: The crystallization behavior of a commercial chain-extended PET (foam
grade) was evaluated and compared to that of bottle-grade PET. Cold and melt iso-
thermal crystallization were analyzed by using the Avrami model. The foam grade
PET showed a slower crystallization kinetic compared to the bottle-grade PET. The
Hoffman-Lauritzen analysis showed that the energetic barriers to nucleation and
molecular mobility were higher for the chain-extended PET. This resulted in a lower
nucleation rate in both cold and melt crystallization. VVC 2005 Wiley Periodicals, Inc. J

Polym Sci Part B: Polym Phys 43: 1966–1972, 2005

Keywords: isothermal crystallization kinetics; barrier energy; branching

INTRODUCTION

The polymer crystallization phenomena are very
important from different points of view. The
molecules dimensions prevent the complete
packing of chains, leaving a variable amount of
amorphous phase. The presence of crystalline
phase leads to materials with enhanced mechan-
ical and gas barrier properties. Amorphous poly-
mers are needed in those applications where it
is necessary to ensure the absence of crystals for
the postprocessing of intermediate manufacts
(e.g., blow molding and thermoforming). It is
therefore of great importance to know the crys-
tallization kinetics to optimize the different
steps of the overall process. In particular, the
thermoforming process of PET is performed on
amorphous sheets at temperature above Tg and
close to the crystallization temperature of the
materials. The optimization of the entire process
can be achieved by using appropriate models
able to predict the evolution of crystallinity as a
function of the thermal history and temperature

profile in the sheets. Another application that
requires the knowledge of the crystallization
kinetics of PET is foaming. In this case, chain-
extended PET are utilized because one of the
critical properties for foamibility is the presence
of strain hardening elongational viscosity, which
can be obtained by increasing the molecular
weight (MW) and molecular weight distribution
(MWD) of the polymer or by using branched
macromolecules.1–3

The crystallization kinetics of linear PET
(both isothermal4,5 and nonisothermal6–8) has
been widely studied. The Avrami equation is the
first (empirical) equation used to accomplish the
crystallization growth. It correlates the volumet-
ric fraction of crystalline phase �v

c(t) in function
of time in an isothermal process:9–11

�c
vðtÞ ¼ 1� expð�ktnÞ ð1Þ

where k is the kinetic constant, function of
nucleation and growth rates, and n is the
Avrami exponent, an integer from 0 to 4, which
is the sum of two terms: one takes into account
the nucleation type (homogeneous or heteroge-
neous, 1 or 0, respectively) and another the
number of crystal growth directions (one-, bi-, or

Correspondence to: L. Sorrentino (E-mail: lsorrent@
unina.it)

Journal of Polymer Science: Part B: Polymer Physics, Vol. 43, 1966–1972 (2005)
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three-dimensional growth, from 1 to 3). This
equation is in good agreement with isothermal
crystallization data only for short times (depend-
ing by the crystallization temperature), due to
some model simplifications such as constant
polymeric phase density, constant nuclei density
and crystal shape, constant radial growth rate,
or no secondary crystallization. However, in
addition to primary aggregation processes as in
LDPE,12,13 secondary crystallization occurs in
PET14–16 as well as in other common and engi-
neering polymers.17–22

For some time many efforts have been made
to exceed these limits, taking into account the
incomplete crystallization,23,24 the different phase
density of amorphous and crystalline phases,25,26

variations of crystal growth rate,27 the two differ-
ent nucleation mechanisms,28 and the contact of
the spherulities.29,30

The equation obtained by this corrections is
formerly similar to eq 1, but the terms have a
different meaning:

XcðtÞ ¼ 1� exp½�kðt� t0Þn� ð2Þ

where Xc(t) is the relative crystallinity, that is,
the ratio between crystal fraction at time t and
final crystal fraction, k is the kinetic constant, n
is the Avrami constant, now not an integer, and
t0 is the induction time, that is, the time
between the stabilization of the temperature
and the time at which the crystallization starts.

In this work, the crystallization behavior of a
commercial chain-extended PET with high
molecular (foam grade) weight was experimen-
tally evaluated and modeled by using the
Avrami model (eq. 2). The cold and melt isother-
mal crystallization were analyzed by using the

theory of Hoffman-Lauritzen, which allowed the
determination of the main thermodynamic prop-
erties involved in the nucleation and growth
mechanism of the crystals.31 The results were
compared to those relative to the crystallization
phenomena occurring in bottle grade PET,
which were taken from Lu et al.4

MATERIALS AND METHODS

The commercial chain extended PET (MPET)
with an intrinsic viscosity of 1.25 dL/g was
kindly supplied by Mossi & Ghisolfi S.p.A. The
reported molecular weight distribution was
characterized by a Mw ¼ 160,000 with high poly-
dispersity (Mn ¼ 22,000).

Dynamic DSC scans were performed on dried
samples (110 8C for 12 h in a vacuum oven) to
identify the temperature ranges for isothermal
tests. The samples were heated from 25 to
290 8C at 10 8C/min (I scan) and then taken at
290 8C for 4 min to cancel previous thermal
history effects. The materials were then cooled
to 25 8C at 10 8C/min (II scan) and then
reheated again to 290 8C at 10 8C/min (III scan).

Before all the isothermal cold crystallization
tests, PET samples were first melted at 290 8C
for 4 min in the DSC cell to clear the previous
thermal history, and then quenched in liquid
nitrogen to avoid crystal nucleation. The sam-
ples were kept in anydrous conditions before the
isothermal test. For all melt crystallization
experiments the samples were melted at 290 8C
for 4 min and then quickly cooled at 40 8C in
the DSC cell to the test temperature.

All the tests were performed in a purge flow
of nitrogen to avoid the hydrolysis effects of oxy-
gen by using a TA Instruments DSC 2920.

RESULTS AND DISCUSSION

PET molecular structure is represented in
Figure 1(A). Chain extension agents are used to
enhance the molecular weight, linking end
groups of two macromolecular chains. The chain
extender used to produce the analyzed polymer
is pyromellitic dianhydride, PMDA [Fig. 1(B)],
that reacts with the hydroxylic end group of two
different PET macromolecules and forms two
carboxylic groups. But at high temperatures
these carboxylic groups can react with ��OH

Figure 1. Structures of PET (A), PMDA (B). and a
branched structure obtained by their reaction.
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groups leading to a branched structure and pro-
ducing one H2O molecule, as in Figure 1(C).32–35

The cooling (II scan) and heating (III scan)
DSC curves of chain extended PET are reported
in Figure 2. As shown in Figure 2(A), MPET
crystallized during the cooling scan with an exo-
thermal peak ranging from 205 to 125 8C. The
isothermal melt crystallization kinetics were
investigated at temperatures ranging from 190
to 209 8C [gray area in Fig. 2(A)]. As shown in
Figure 2(B), the crystallization was not complete
and further crystallization occurred during the
subsequent heating scan. The isothermal cold
crystallization was evaluated at temperatures
ranging from 125 and 145 8C [gray area in the
Fig. 2(B)]. Both ranges were chosen to assure
that the heat flow and the evolution of relative
crystallinity could be slow enough to be pre-
cisely measured, as verified by curves in Figures
3 and 4 for the cold crystallization and Figures
5 and 6 for the melt crystallization.

Using the heat flow data, the relative crystal-
linity was evaluated using eq 3:

XC;relðtÞ ¼ �HðtÞ=�HTOT ð3Þ

where DH(t) is the heat of crystallization at time
t, and DHTOT is the total heat of crystallization.
In the cold crystallization temperature range,
the high undercooling of polymer melt leads to a
high nucleation rate, but the overall crystalliza-
tion process is hindered by the low chain folding
mobility. The increase of temperature leads to a
faster crystallization rate (Figs. 3 and 4) due to
the increase of macromolecular mobility. As
expected, an opposite behavior was observed in
the melt crystallization temperature range
(Fig. 5 and 6). At a temperature near the melt-
ing temperature, the molecular mobility is very
high, but the limiting phenomenon is now the
low nucleation rate because of the low under-
cooling. In this case, an increase of temperature

Figure 3. Heat flows versus time of low-tempera-
ture isotherms, between 125 and 145 8C.

Figure 4. Relative crystallinity curve of low-temper-
ature isotherms, between 125 and 145 8C.

Figure 2. DSC thermograms during II scan (A) and III scan (B) at 10 8C/min.
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lowers the overall crystallization rate and the
polymer crystallization takes place at longer
times.

A good agreement between the Avrami model
(eq. 2) and the experimental data was observed,
as shown in Figures 3–6. The good fitting is an
indirect evidence that secondary crystallization
is negligible and, as described below, the Avrami
parameters can be used to analyze the crystalli-
zation mechanism of the high molecular weight
PET studied in this work.

As listed in Table 1, the Avrami exponent n,
which represents the nucleation mechanism and
the number of growth directions, is nearly 3.
Most of the data varied from a maximum of 3.2
to a minimum of 2.8 except for one testing con-
dition (206 8C) where n was 2.2. These results
are sligthly higher than those reported by Lu
et al.,4 as listed in Table 2, suggesting that the
nucleation and growth mechanisms were slightly
influenced by the modification of the macromo-
lecular structure induced by the chain exten-
sion/branching reaction.

The induction time decreased with tempera-
ture in the cold crystallization range, due to the
raising of the molecular mobility. On the con-

trary, in melt crystallization temperature range
the induction time grows because of the diffi-
culty to nucleate a high number of stable nuclei.
The low undercooling induces a weak thermody-
namical instability and increases the critical
radius of the nucleus. For this reason, according
to experimental data, in the cold crystallization
range t0 is less sensitive to temperature respect
to the melt crystallization range.

To compare the crystallization rates of MPET
with the bottle grade PET from ref.4, the crys-
tallization half-time t1/2 (the time at which the
relative crystallinity reaches the 50%), instead
of the crystal growth rate G according to ref.36,
was used to evaluate the Hoffman-Lauritzen
thermodynamical parameters U and Kg (eq 4):

t�1
1=2¼t�1

1=2;0exp½�U=RðT�TCÞ�exp½�Kg=fTC�T�;
ð4Þ

where t1/2,0 is a preexponential factor, TC is the
crystallization temperature, DT (melt undercool-
ing) is the difference between the thermody-
namic melt temperature Tm

0 and the actual tem-
perature T, f is a corrective factor equal to 2TC/
(TCþTm

0 ). The U parameter is the heat of activa-

Figure 6. Relative crystallinity curve of high-tem-
perature isotherms, between 190 and 209 8C.

Figure 5. Heat flows versus time of high-tempera-
ture isotherms, between 190 and 209 8C.

Table 1. Values of Avrami Model Parameters Chain-Extended PET (MPET)

Parameter Cold Crystallization Melt Crystallization

Temperature (8C) 125 130 135 140 145 190 195 200 206 209
t0 (min) 3.6 2.6 1.6 1.4 1.2 1.6 3.8 10.7 9.5 12.8
n 2.8 2.8 3.0 3.2 3.0 2.9 2.8 2.9 2.2 3.1
K * 103 (min�n) 0.12 0.46 0.77 1.10 4.00 12.00 1.90 0.12 0.049 0.029
t1/2 (min) 22.1 13.2 9.55 7.3 5.4 3.75 7.2 21 25 28

ISOTHERMAL CRYSTALLIZATION KINETICS OF CHAIN-EXTENDED PET 1969
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tion of the chain diffusion, while the Kg parame-
ter is related to the free energy of formation of a
nucleus of critical size.

In Figure 7 the experimental data (square
marks) and the fitting values of 1/t1/2 (solid line)
versus crystallization temperature are compared
to those of bottle grade PET, taken from Lu et al.4

The curve of the chain-extended PET exhib-
ited a peak value that was one-third of the bot-
tle-grade PET, confirming the lower crystalliza-
tion rate of the MPET at every temperature.
The energetic term U, related to the molecular
mobility, was evaluated from the experimental
data obtained at lower temperatures (T ¼ 125–
145 8C) while the nucleation term Kg from the
data at higher temperatures (T ¼ 190–209 8C).
As reported in Table 3, the curve of the MPET
is characterized by higher values of U and Kg.

The value of U shows that the diffusional
motions of chains from the amorphous phase to
the growing nuclei (crystalline phase) are
reduced by the increased MW, MWD, and even-
tual presence of branched macromolecules, as
also reported in ref.37 The rheological behavior
of chain-extended and bottle-grade PET are com-
pared in Figure 8. The complex viscosity of the
MPET is higher in the whole frequency range
and does not display the typical Newtonian

behavior at low frequency, as observed in bottle-
grade PET. This behavior can be related not
only to an increase of molecular weight of PET
but also to the presence of irregularities along
the macromolecules that modify the dependence
of complex viscosity �* with frequency.39–41 The
modification of rheological properties is, in fact,
associated to the increase in average relaxation
time and broadening of relaxation time distribu-
tion as a result of chain extension and branch-
ing, as already reported by Xanthos et al.1–3

The theoretical expression of Kg can be used
to make some considerations about the effect of
modification of the polymer on the structural
characteristics of crystals (eq. 5).

Kg ¼ ð4b��eT
0
mÞ=ð�H0

f kÞ ð5Þ

The slight increase of Kg observed in MPET
can be due to several factors related to the ther-
modynamic properties of the crystals. The equili-
brium melting point Tm

0 of MPET was evaluated
by using the well known Hoffman-Weeks42 analy-
sis and reported in Figure 9. The melting point of
the MPET (Tm

0 ¼ 271 8C) was found to be signifi-
cantly lower than that of bottle grade PET4 (Tm

0

¼ 2908C). For this reason, the slight increase of
Kg can be attributed to the increase of the free
surface energies � and �e (respectively, the energy
of the chain folding side and of its end) probably
caused by the presence of some structural irregu-
larities along the MPET macromolecule.

X-ray analysis showed that the crystal mor-
phology of the MPET and bottle-grade PET
were characterized by the same diffraction peaks
(Fig. 10), suggesting that the chemical modifica-
tion did not affect the packing distance in crystals.

Table 2. Values of Avrami Model Parameters, Bottle Grade PET (from ref. 4)

Parameter Cold Crystallization Melt Crystallization

Temperature (8C) 117.9 119.8 121.7 123.6 125.5 127.5 211.8 213.7 215.7 217.6 219.5 221.4
n 2.6 2.5 2.6 2.7 2.6 2.5 2.7 2.7 2.7 2.5 2.5 2.4
K * 103 (min�n) 1.24 2.66 5.19 7.24 18.60 68.00 12.60 7.99 4.75 4.20 3.49 2.71
t1/2 (min) 11.4 9.26 6.57 5.42 4.25 3.45 4.41 5.22 6.33 7.71 8.72 10.1

Figure 7. Crystallization rate curves of modified
(solid line) and bottle-grade (dashed line) PET.

Table 3. Energetic Barrier Values

Polymer Type U J mol�1 Kg 8C2

Chain extended PET 80589 4.75 105

Bottle grade PET 50669 4.39 105

1970 SORRENTINO ET AL.
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The heat of fusion DHf is therefore expected to be
the same in both MPET and bottle-grade PET.

These variations can be justified if branching
occurred during chemical modifications with
PMDA, that, influencing the perfection degree of
crystals leads to crystalline phase structure alter-
ations. In this way the growing nucleus, to form
a stable aggregate, meets a higher energy bar-
rier to overcome in the chain extended PET
respect to that of the standard polymer.

The effect of broadening of the molecular
weight on crystallization of foaming grade PET
has not been studied in detail so far; therefore, it
is difficult to establish clear correlations between
the MWD and the crystallization behavior of the
PET studied in this work. On the contrary, the
effect of polydispersity on crystallization kinetics
was recently investigated on HDPE.43 The
authors found that the isothermal crystallization

behavior of materials with broad MWD followed
same trends as crystallization of materials with
narrow MWD, even if some small differences
caused by the broad MWD were observed. Due to
the lack of literature data on PET more work on
this issue should be done to clarify the role of the
MWD versus branching on the crystallization
behavior of these foaming-grade PET.

CONCLUSIONS

The crystallization behavior of a commercial
chain-extended PET with high molecular weight
was evaluated and compared to that of bottle-
grade PET. The commercial chain-extended PET
showed slower crystallization kinetics in the
temperature ranges analyzed. The energetic bar-
riers to nucleation (Kg) and molecular mobility
(U) of the chain foldings moving from the melt
to the growing crystals were higher for the
chain-extended PET, suggesting that the chain-
extending reactions introduced some variations
in the macromolecular structure, probably due
to partial branching, as also suggested by other
authors.1–3,32–35 This resulted in a lower nuclea-
tion rate in both cold and melt crystallization.
More work should be done to clarify the role of
the MWD versus branching on the crystalliza-
tion behavior of foaming grade PET.
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