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Morphology, isothermal crystallization kinetics and melting behaviors of PET modified by low molecular
weight of ionomers with different structures, ethylene–sodium acrylate (AClyn) and styrene–sodium
acrylate (SAA–Na), have been investigated by scanning electron microscopy (SEM), differential scanning
calorimeter (DSC) and polarizing optical microscopy (POM). At both high and low temperature regions,
AClyn and SAA–Na act as heterogeneous nucleating agent to induce the formation of PET nuclei. The
presence of benzene side group in SAA–Na increased the interactions between PET and SAA–Na, leading
better compatibility of PET/SAA–Na than that of PET/AClyn. Although SAA–Na had less sodium ions than
AClyn at the same content, SAA–Na exhibited similar efficiency to enhance the crystallization rate of PET
with AClyn. Isothermal kinetic analysis showed that the same growth dimension was obtained for PET/
ionomers regardless of the structural difference between AClyn and SAA–Na. After isothermal melt-
crystallization, the second peak of multiple melting endotherms of PET/SAA–Na had almost the same
value with PET/AClyn.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(ethylene terephthalate) (PET) has been widely used as
industrial films and engineering plastics because of its excellent
physical properties. However, PET exhibits a rather slow crystalli-
zation rate, which limits its application in engineering plastics.
Inorganic substances [1–3] and organic salts especially the alkali
metal salts of aromatic carboxylic acid [4–6] have been used as
nucleating agent to enhance the crystallization rate of PET.

Ionomers are polymeric materials having a small number of ionic
side groups in the hydrophobic backbone chains, which cause slight
molecular weight reduction of PET and have been commercially
recognized as the most effective nucleating agents for PET [7].
Ethylene-based ionomers [8–13], ionic-ended polyesters [14] or
styrene-based ionomers [15] have been reported as nucleating
agent in PET. In PET/PE blends, the addition of ionomer can improve
both the compatibility and crystallization of blends [16–21]. Yu et al.
[8] reported that the ionomer ethylene–sodium acrylate (trade
name AClyn) was more effective than ethylene–sodium methacry-
late (trade name Surlyn) to enhance the crystallization rate of PET
because of their different nucleation mechanism. Their further
investigations indicated that the nucleation efficiency of ionomers
: þ86 21 64240862.
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based on ethylene–acrylic acid depends on the nature of cation [9].
From our previous work, it was found that the styrene–sodium
acrylate ionomers initiated heterogeneous nucleation and their
chemical structure determined the aggregation behaviors of ion-
omers, which affected the crystallization behaviors of PET/ionomer.

To further disclose the relationship between the structure of
ionomer and the crystallization properties of PET/ionomer,
ethylene–sodium acrylate ionomer (AClyn) and styrene–sodium
acrylate ionomer (SAA–Na) with the similar molecular weight and
mole fraction of sodium acrylate, were mixed with PET. The
morphology, isothermal crystallization kinetics and melting
behaviors of PET/ionomers were investigated.

2. Experimental

2.1. Materials

Poly(ethylene terephthalate) with intrinsic viscosity of 0.68 dL/g
in phenol/tetrachloroethane mixture (1:1 by weight) was kindly
supplied by Sinopec Yizheng Chemical Fibre Company Limited
(YCF), China. The ionomer styrene–sodium acrylate (SAA–Na) was
obtained by 100% neutralization of the styrene–acrylic acid
copolymer, which was prepared by copolymerization in benzene
solution with azodiisobutyronitrile (AIBN) as initiator [22] and had
molecular weight (Mw) of 2.3�103 and 9.2 mol% of acrylic acid.
AClyn was received from HoneyWell (China) Co. Ltd, which was
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Table 1
Sample code, ionomer and content of ionomer.

Sample Ionomer Content of ionomer (wt%)

PET None 0
S01 SAA–Na 0.1
S05 SAA–Na 0.5
S10 SAA–Na 1.0
S20 SAA–Na 2.0
S50 SAA–Na 5.0
A01 AClyn 0.1
A05 AClyn 0.5
A10 AClyn 1.0
A20 AClyn 2.0
A50 AClyn 5.0

Fig. 1. Structure of AClyn and SAA–Na.
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a 80 wt% sodium neutralized ethylene–acrylic acid copolymer
(80/20 by weight, 93.5/6.5 by mole, and Mw< 3000) in the
form of pellets [23]. Fig. 1 shows the chemical structure of AClyn
and SAA–Na.
Fig. 2. SEM micrographs of (a) PET, (b) S01, (c) S10, (d) S50, (e) A01, (f) A10, (g) A50.



Fig. 3. DSC curves of (a) melt-crystallization, (b) cold-crystallization for neat PET, S10
and A10.

Fig. 4. Relationship between the content of ionomers and the crystallization of PET.

Fig. 5. Overall crystallization rate of various PET samples as a function of the crys-
tallization temperature (Tc).
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2.2. Preparation of PET/ionomers [8]

Before use, PET was dried at 120 �C for 24 h, SAA–Na and AClyn
were dried at 70 �C for 12 h under vacuum. PET was mixed with
SAA–Na or AClyn in a self-designed flask, which had an inlet and
outlet for nitrogen. After removing air with nitrogen for 10 min, the
temperature was raised to about 270 �C and held for 5 min to
achieve equilibrium. At this temperature the mixture was stirred
for 5 min and then collected for measurement. The neat PET was
also subjected to the same procedure. Corresponding to the type
and content of ionomer, samples were named as neat PET, S series
and A series, as shown in Table 1.
2.3. Measurement

The thermal behavior of ionomer was measured by using TGA
(SDT Q600, TA Instruments). The samples of about 10 mg were
heated from room temperature to 600 �C at 10 �C/min in a nitrogen
atmosphere.

The morphology of PET sample was investigated by
Scanning Electron Microscopy (SEM) (JEOL JSM-6360LV, Japan).
Fig. 6. TGA and DTG curves of ionomer SAA–Na and AClyn.



Fig. 7. Avrami plots of (a) PET, (b) A10, (c) S10 for isothermal melt-crystallization.

S. Tang, Z. Xin / Polymer 50 (2009) 1054–1061 1057
The sample was free-fractured and coated with gold to enhance
conductivity.

The crystallization of PET sample was measured with Differential
Scanning Calorimeter (DSC) (Diamond, PerkinElmer) in a nitrogen
atmosphere. Calibration was conducted with standard indium. The
sample with weight of 3–4 mg was first melted at 300 �C for 5 min,
then quenched to liquid nitrogen, resulting in amorphous PET
sample. The quenched sample was heated in DSC cell from 0 �C to
300 �C at 10 �C/min. From this DSC curve we can get cold-
crystallization temperature (Tcc). To study the melt-crystallization
temperature (Tmc), PET sample was directly melted in DSC cell at
300 �C for 5 min to remove thermal history and cooled at 10 �C/min
to 50 �C. From the cooling curve we can get Tmc.

Isothermal cold-crystallization studies were done by heating
the quenched samples from 50 �C to the selected crystallization
temperature at a heating rate of 100 �C/min. They were kept at the
crystallization temperature for sufficient time so that the DSC trace
returned to the calorimeter baseline. To investigate the isothermal
melt-crystallization and melting behaviors, the samples were heated
to 300 �C quickly, held for 5 min, then cooled to the selected crystal-
lization temperature at a rate of 100 �C/min and kept at that temper-
ature until the DSC trace returned to the calorimeter baseline. At last
the samples were heated immediately to 300 �C at a rate of 10 �C/min.
The fractional crystallinity Xt, which developed at time t, was

Xt ¼
R t

0 ðdHc=dtÞdt
RN

0 ðdHc=dtÞdt
where dHc/dt is the heat flow rate,
RN

0 ðdHc=dtÞdt is the total
area under the crystallization exotherm at the crystallization
temperature.

Optical micrographs were obtained with polarizing optical
microscopy (POM) (BX51, Olympus). A thin sample piece was
sandwiched between two glass coverslips and placed on the digital
hotplate under nitrogen. The hotplate was rapidly heated to 300 �C
and kept for 5 min, the melt was gently pressed to achieve
a uniform thickness, then cooled to 220 �C at a rate of 100 �C/min,
images were recorded by the CCD camera.

3. Results and discussion

3.1. Morphology of PET/ionomers

The fractured surfaces of PET modified by the styrene–sodium
acrylate ionomer (SAA–Na) and ethylene–sodium acrylate ion-
omer (AClyn) are shown in Fig. 2. In PET/SAA–Na, only white
specks existed on the PET matrix surface (Fig. 2(c)), and this
feature was more obvious with increasing the content of SAA–Na
((d)). Comparing with the surface of neat PET (Fig. 2(a)), it can be
seen that the white specks should be the ionomer SAA–Na,
which during the fracture elongated more than PET but was not
pulled out. However, SEM micrographs of PET/AClyn (Fig. 2(e)–
(g)) showed that besides the white particles of AClyn, there were
voids with smooth surfaces and their shapes were very different
from the particles. The Tm of AClyn is 85 �C [23], which is



Fig. 8. Avrami plots of (a) PET, (b) A10, (c) S10 for isothermal cold-crystallization.
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extremely lower than the crystallization temperature of PET from
the melt, thus the melt of AClyn could separate from the solid
PET phase (the formation of voids) after the crystallization of PET
and then crystallize to form particles. These results indicated that
the compatibility between PET and SAA–Na was better than that
of PET/AClyn.

The compatibility between PET and ionomer is due to the
ion–dipole interactions between the acid in ionomer and the
carbonyl groups of PET [24]. On the other hand, the interactions
between molecules of ionomer result in the aggregation of
sodium ions in ionomer [25], which would decrease the inter-
actions between PET and ionomer. The two interactions are
influenced by many factors, such as chemical structure.
Suchocka-Ga1as [25] has reported that the interactions between
molecules of styrene–sodium methacrylate ionomer were weaker
than that of styrene–sodium acrylate ionomer due to the presence of
methyl group on the a-carbon. In this paper, AClyn and SAA–Na both
are ethylene backbones, and have the similar mole fraction of
sodium acrylate and molecular weight, but the benzene side group
in SAA–Na could decrease the interactions between molecules
of SAA–Na, leading to stronger interactions between PET and
SAA–Na than that of PET/AClyn. Therefore the better compatibility
of PET/SAA–Na was observed.

3.2. Crystallization behaviors of PET/ionomers

The effect of ionomers on the crystallization of PET can be
characterized by the cold-crystallization temperature (Tcc) and
melt-crystallization temperature (Tmc) of PET samples, lower Tcc

or higher Tmc corresponds to the higher crystallization rate.
Fig. 3 shows the crystallization behaviors of neat PET, A10 and

S10. Evidently, the Tmc of PET increased greatly and the width of
crystallization peak narrowed with the addition of AClyn or SAA–
Na (Fig. 3(a)), and the Tcc also decreased considerably ((b)). All these
results indicated that both AClyn and SAA–Na had high efficiency to
enhance the crystallization rate of PET. Fig. 4 shows that the content
of AClyn introduced as low as 0.1 wt% can enhance the Tmc by
11.1 �C and decrease the Tcc by 7.6 �C, which was better than the
0.1 wt% of SAA–Na. Increasing the content of AClyn, the Tmc

increased and the Tcc decreased further, and they remained
unchanged beginning with 0.5 wt% of AClyn. Similar results were
obtained for the PET/SAA–Na samples. Moreover, from Fig. 4 it can
be found that at the same content beyond 0.1 wt%, SAA–Na had
almost the same efficiency to decrease the Tcc and increase the Tmc

with AClyn.
The crystallization rate of PET can be also characterized by the

half-time of crystallization (t1/2), which is defined as the time taken
from the onset of the relative crystallization until 50% completion
in the isothermal crystallization process. Compared with neat PET,
the t1/2 w Tc curves of PET/ionomers shifted to higher temperature
region at high Tc, and shifted to lower temperature region at low Tc

(Fig. 5), confirming that the crystallization rate of PET was accel-
erated at both high and low temperature regions by the addition of
AClyn or SAA–Na. Similarly in Fig. 4, the shift of temperature in the
t1/2 w Tc curve of PET modified by 0.1 wt% AClyn (A01) was larger
than that of 0.1 wt% SAA–Na (S01) either at high or low temperature



Fig. 9. Plot of crystallization rate parameter K versus the crystallization temperature
(Tc) for the PET/ionomers.
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region, while other PET/AClyn samples had the similar crystalliza-
tion rate with PET/SAA–Na.

From previous results [8,9] and our work, it was found that
AClyn or SAA–Na can survive dissolution and reaction with PET
melt, and the ionomer itself acts as heterogeneous nucleating agent
to enhance the crystallization rate of PET at both high and low
temperature regions. Therefore, more content of ionomer results in
more nucleating sites formed in PET and higher Tmc and lower
Tcc were obtained, as shown in Fig. 4. Actually, PET nuclei were
induced around the sodium ion aggregate of ionomer [7].
SAA–Na has less sodium ions than AClyn at the same content, then
The number of nuclei of PET induced by SAA–Na should be lower
than that of AClyn, and result in the less increase of crystallization
rate of PET modified by SAA–Na, compared with PET modified
by AClyn, which were opposite to the results showed in Fig. 5. Yu
et al. [9] ascribed the higher number of heterogeneous nuclei
induced by ionomer ethylene–sodium acrylate than ethylene–zinc
acrylate to the better dispersion of sodium salt in PET than zinc
salt. Previous discussion in this article has showed that the
dispersion ability (or called compatibility) of AClyn and SAA–Na in
PET was influenced by the ion–dipole interactions between PET and
ionomer, which indicated that PET nuclei should be induced around
the ion aggregates of ionomer through the interactions between
PET and ionomer. Therefore, both the amount of sodium ions and
the interactions between PET and ionomer determined the effi-
ciency of ionomer as nucleating agent for PET. The interactions
between PET and SAA–Na were stronger than that of PET/AClyn,
which could lead to higher number of heterogeneous nuclei formed
in PET and counterbalance the effect of fewer amounts of sodium
ions in SAA–Na than AClyn. Eventually, similar nucleating efficiency
was obtained for SAA–Na and AClyn.

Comparing with PET modified by 0.1 wt% of AClyn (A01), the
lower crystallization rate of PET modified by 0.1 wt% of SAA–Na
(S01) at both high temperature region and low temperature region
(Fig. 5) can be explained by the different thermal stabilities of
ionomers, as shown in Fig. 6. Below 300 �C the styrene–sodium
acrylate ionomer SAA–Na lost 6.0% while the ethylene–sodium
acrylate ionomer AClyn lost only 1.1%, indicating less thermal
stability of SAA–Na than AClyn. Consequently, at the content of
0.1 wt%, the residue of SAA–Na is not enough to induce high
number of nuclei for enhancing the crystallization rate of PET than
AClyn.
3.3. Kinetic analysis

In this study, Avrami equation [26,27] was used to analyze the
isothermal crystallization process of PET/ionomer:

1� Xt ¼ expð�KtnÞ (1)

log½ � lnð1� XtÞ� ¼ n log t þ log K (2)

where Xt is the relative degree of crystallinity at time t, the expo-
nent n is a mechanism constant with a value depending on the type
of nucleation and the growth dimension, and the parameter K is
a growth rate constant involving both nucleation and the growth
rate parameters.

Fig. 7 shows the plots of log[�ln(1� Xt)] versus log t according
to Eq. (2) for the isothermal melt-crystallization of neat PET, A10
and S10, other PET/ionomers had the similar results with A10 or
S10. It was found that the curve for neat PET was nearly linear in the
whole range of crystallization time (Fig. 7(a)). The Avrami exponent
n was 2.0� 0.1, suggesting that the nucleation type of neat PET
should be heterogeneous nucleating and its growth type should be
a two-dimensional growth.

However, for the PET samples modified by AClyn or SAA–Na, all
the curves were composed of two linear sections with different
slopes (Fig. 7(b) and (c)). The first linear section standed for the
primary crystallization process and the Avrami exponent n was
about 2.2–3.5, corresponding to the growth of spherulites from
heterogeneous nuclei. These results indicated that at high
temperature region, the growth dimension of PET was increased by
the addition of both AClyn and SAA–Na. However, it was not
affected by the change of structure from AClyn to SAA–Na. The later
section standed for the secondary crystallization process, which
should be lower-dimensional growth, thus the Avrami exponent n
was below 2.0 mostly.

All Avrami plots of both neat PET and PET/ionomers for
isothermal cold-crystallization showed only one straight line. Lu et
al. [28] have reported that at 118 �C for the isothermal cold-crys-
tallization of PET, the relative degree of crystallinity at the end of
the primary crystallization reached 98%, and increased with
decreasing the temperature. Obviously, it’s hard to detect the
secondary crystallization process at lower temperature by the
limited sensitivity of DSC. For this reason, there is mostly one slope
for the isothermal cold-crystallization of neat PET and PET/ion-
omers. The Avrami exponent n had values lower than 2.0 for the
majority of PET samples (Fig. 8), which corresponded to a disk-like



Fig. 10. Melting behaviors of (a) PET, (b) S01, (c) S50, (d) A01. Sample was heated at 10 �C/min after isothermal melt-crystallization.
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morphology formed by heterogeneous nucleation [29] and indi-
cated that the difference of structure between AClyn and SAA–Na
did not change the growth dimension of PET at low temperature
region.

Fig. 9 shows the effect of crystallization temperature on the
crystallization rate parameter K. At high temperature region, the
value of K decreased with increasing the crystallization temper-
ature (Tc), and it increased with increasing Tc at low temperature
region, which was in accordance with the tendency of 1/t1/2

(Fig. 5). At both high and low temperature regions, the K of A05
or S05 was higher than that of neat PET at the same Tc, and the K
increased further with increasing the content of ionomers, indi-
cating that more ionomer in PET could result in faster crystalli-
zation rate.

3.4. Melt behaviors of PET/ionomers

After isothermal melt-crystallization, the DSC endotherms
exhibited three melting peaks for various PET samples, as
shown in Fig. 10. According to the similar explanations of
multiple endotherms of PET [30], peak I, which normally
appeared about 10 �C above Tc, is attributed to the melting of
crystals formed during secondary crystallization, peak II to the
melting of the crystals formed during primary crystallization
and peak III to those formed as a result of re-crystallization of
peak I and peak II on heating. As the crystallization tempera-
ture (Tc) increased, more perfect crystals formed, and therefore
peaks I and II were shifted to higher temperatures while peak
III had little change.
Comparing the melting DSC curves of neat PET and S01 at 208 �C
(Fig. 10(a) and (b)), the peak II of neat PET was 243.3 �C while that of
S01 was 243.8 �C. It meant that the addition of SAA–Na increased
the melting point of PET crystals formed during the primary crys-
tallization stage. Fig. 11 presents the crystalline morphologies of
various PET samples after isothermal melt-crystallization at 220 �C
for 5 min. For neat PET, the size of spherulites was rather big, while
for the PET modified by 0.1 wt% of SAA–Na, the size of spherulites
was much smaller and uniform. As discussed previously, SAA–Na
acts as heterogeneous nucleating agent to increase the crystalli-
zation rate of PET and decrease the distance between spherulites,
contributing the crystals of S01 more perfect than that of neat PET
and then the peak II of S01 higher than neat PET. The changes of
peak III (Fig. 10(b) and (c)) at the same crystallization temperature,
e.g. Tc¼ 214 �C, confirmed this further. It can be found that the peak
III of S01 was observed obviously as a shoulder shape, however, the
peak III of S50 was difficult to observe in its endothermal trace,
indicating that the re-crystallization process on heating was
reduced greatly due to more perfect crystals formed with
increasing the content of SAA–Na (Fig. 11(c)). The addition of AClyn
can also result in higher value of peak II and more perfect crystals,
as shown in Figs. 10(d) and 11(d), respectively. Moreover, the PET
modified by AClyn or SAA–Na at the same content had almost the
same value of peak II.

4. Conclusions

Low molecular weight ionomers, ethylene–sodium acrylate
(AClyn) and styrene–sodium acrylate (SAA–Na), were mixed with



Fig. 11. POM pictures of (a) PET, (b) S01, (c) S50, (d) A01 isothermally crystallized at 220 �C for 5 min.
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PET. SEM micrographs showed that voids with smooth surfaces and
particles of ionomer existed in PET/AClyn, however, in PET/SAA–Na,
only particles strongly bonded to the PET matrix because of the
presence of benzene group in SAA–Na.

During crystallization, SAA–Na and AClyn acted as heteroge-
neous nucleating agents at both high and low temperature regions.
At the same content beyond 0.1 wt%, PET/SAA–Na showed similar
crystallization rate with PET/AClyn. Kinetic analysis showed that
the Avrami exponent n was not influenced by the structural
difference between AClyn and SAA–Na. For isothermal melt-crys-
tallization, it was about 2.2–3.5, while for isothermal cold-crystal-
lization it was close to 2.0.

After isothermal melt-crystallization, multiple melting endo-
therms were obtained for all PET/ionomer samples in the subse-
quent DSC heating scan, but the second melting peak of PET/AClyn
or PET/SAA–Na was higher than that of PET due to the formation of
more perfect crystals.
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