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ABSTRACT: Bio-based poly(trimethylene terephthalate)
(PTT) and poly(ether esteramide) (PEEA) blends were
prepared by melt processing with varying weight ratios
(0–20 wt %) of ionomers such as lithium-neutralized poly
(ethylene-co-methacrylic acid) copolymer (EMAA-Li) and
sodium-neutralized poly(ethylene-co-methacrylic acid) co-
polymer (EMAA-Na). The blends were characterized by
differential scanning calorimetry (DSC), dynamic mechani-
cal analysis (DMA), polarized light microscopy (PLM),
and transmission electron microscopy (TEM). DSC and
PLM results showed that EMAA-Na increased the crystal-
lization rate for PTT significantly, whereas EMAA-Li did
not enhance the crystallization rate at all. Specific interac-
tions between PEEA and ionomers were confirmed by
DSC and TEM. Electrostatic performance was also investi-
gated for those PTT blends because PEEA is known as an

ion-conductive polymer. Here, we confirmed that both so-
dium and lithium ionomers work as a synergist to
enhance the static decay performance of PTT/PEEA
blends. Morphological study of these ternary blends sys-
tems was conducted by TEM. Dispersed ionomer domains
were encapsulated by PEEA, which increases the interfa-
cial surface area between PEEA and the PTT matrix. This
encapsulation effect explains the unexpected synergy for
the static dissipation performance on addition of ionomers
to PTT/PEEA blends. This core–shell morphology can be
predicted by calculating spreading coefficient for the ter-
nary blends. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci
119: 2714–2724, 2011
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INTRODUCTION

Poly(trimethylene terephthalate) (PTT) is a newly com-
mercialized aromatic semicrystalline polyester with
growing applications in fibers, films, and engineering
polymers. PTT belongs to the thermoplastic aromatic
polyester family, which includes poly(ethylene tereph-
thalate) (PET) and poly(butylene terephthalate) (PBT).
DuPont has recently commercialized the SoronaV

R

PTT
renewably sourced polymer, which is made by poly-
condensation as shown in Scheme 1 from 1,3-propane-
diol (derived from renewable corn sugar) and fossil
fuel-derived terephthalic acid (TPA) or dimethyl ter-
ephthalate (DMT). The diol component of this polymer,
1,3-propanediol, can be manufactured via a biological
fermentation process from corn sugar.1–4 DuPont and
Genencor International have developed a bacterial bio-
catalyst to convert corn-derived glucose to 1,3-propane-
diol in a single stage. DuPont and Tate & Lyle have

developed the commercial-scale manufacturing process
for 1,3-propanediol based on this biocatalyst. Bio-based
polymers are generating considerable interest as alter-
natives to traditional petroleum-based polymers. The
polymers and materials derived from mixed sources of
renewables and fossil fuels not only have the desired
performance but also are drawing a lot of attention
from the sustainability point of view. PTT provides all
the advantages generally associated with polyesters,
including excellent physical and chemical properties,
dimensional stability, low moisture absorption,
processability with appropriate nucleating agent, and
recyclability. Before DuPont introduced bio-based
PTT into the market, petroleum-based PTT was
commercially available from 1988 to 2009 from Shell
Corporation. PTT polymer has been widely studied
especially with regard to its fiber properties,5–8 crystal
structure,9–12 and thermal and crystallization behav-
iors.13–19 More recently, PTT/clay nanocomposites,20–23

PTT/carbon nanotube,24 and polymer blends such as
PTT/PET,25–27 PTT/PBT,26,28 PTT/PC,29–32 PTT/
EPDM,33–35 PTT/LLDPE,36,37 and PTT/poly(ether im-
ide)38,39 have been intensively studied. However, very
few studies were done for electrical properties for PTT
and PTT blends.
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Polymers such as polyesters and polyamides are
widely used in various fields such as packaging
materials, electrical/electronic parts, and automotive
parts. However, the static charge that easily builds
up on such molded parts from contact/and or rub-
bing may create the conditions for sparking and
cause an electrostatic discharge, which becomes a se-
rious problem because there may be resulting elec-
trostatic damage to sensitive semiconductor devices
and interference with circuit operation. To solve
those problems, several approaches have been taken
for years such as adding low-molecular-weight sur-
factant or conductive fillers such as carbon black
and carbon fiber. More recently, blending ion-con-
ductive polymers such as poly(ether esteramide)
(PEEA) to create better static dissipative polymer
systems was studied.40–42 Here, bio-based PTT and
its blends with PEEA and ethylene copolymer-based
ionomers such as EMAA-Na and EMAA-Li are
investigated in terms of the crystallization, morphol-
ogy, and electrostatic characteristics.

EXPERIMENTAL

Materials

Poly(trimethylene terephthalate) (PTT; SoronaV
R

by
DuPont, intrinsic viscosity: 1.02 dL/g) and poly
(ether esteramide) (PEEA; PelestatV

R

6321 MFR ¼ 20
g/10 min with 21.18 N at 215�C) used in this work
were commercial polymers manufactured by DuPont
and Sanyo Chemical Corporation, respectively. The
polymers were used without any purification.
SoronaV

R

polymer is manufactured from 1,3-propane-
diol and DMT on a commercial scale using a contin-
uous polymerization process.43,44 DuPont supplied
two kinds of ionomer: poly(ethylene-co-methacrylic
acid) (EMAA) copolymer, which was produced by
copolymerization of ethylene (85 wt %) and metha-
crylic acid (15 wt %) at 59% neutralization with so-

dium or lithium. The MFR of EMAA-Na versus
EMAA-Li is 0.9 g/10 min versus 1.8 g/10 min,
respectively, with 21.18 N at 190�C.

Sample preparation

PTT pellets, PEEA pellets, and other polymer pellets
were premixed and extruded on a ZSK 30 twin-
screw extruder using a barrel set temperature of
250�C and a screw speed of 300 rpm with the vac-
uum vent port applied for all formulations. The
extruded strand was cut into pellets for injection
molding. The extruded pellets were dried for 2 h at
135�C before molding and molded into 7.5 cm �
12.5 cm � 3.2 mm plaques, ASTM tensile test bars,
and flexural test bars using an injection molding
machine (Sumitomo J-150). The set temperatures for
the cylinder and the mold were 250 and 50�C,
respectively.

Measurement

Static charge dissipation was measured at 23�C and
50% RH on Static Honest Meter S-4104 (Shishido
Shokai, Tokyo, Japan) after applying 10 kV of corona
discharge for 60 s. Static Honest Meter is a meas-
uring instrument for attenuation of static electricity.
This device is used to electrify the specimen by irra-
diating it by air ions generated by corona discharges
initiated by the device, and then, after the irradiation
is stopped, it is used to investigate the decay curve
of the charge on the specimen. All samples were
conditioned with 23�C and 50% RH for 48 h before
the testing.
Transmission electron microscopy (TEM) was per-

formed on ultrathin sections taken from molded ten-
sile bars. To mark the molded surface, the bars were
painted with a liquid epoxy mixture, which was
cured overnight at 60�C. Cryoultramicrotomy with
diamond knives was carried out at �90�C to pro-
duce sections of nominal thickness 90 nm. Sections
were examined both unstained and after 2-h expo-
sure to RuO4 vapor. Images were obtained using a
JEOL 2000FX TEM operated at 200 kV accelerating
voltage and recorded on a digital camera.
A Nikon Microphot-FX polarized microscope was

used in conjunction with a Linkam THM 600 hot
stage. The stage equipped with a Linkam TMS-90
temperature control system allowed samples to be
heated and cooled at adjustable rate. The digital
video photograph system of PLM includes Pana-
sonic Digital 5000 CCD color video camera, color
video monitor, and DVD recorder.
Dynamic mechanical analysis was performed on

the samples of 40 mm � 28 mm � 4 mm in size
using a dynamic mechanical analyzer (2980 DMA,
TA Instruments) under a single cantilever mode in a

Scheme 1 PTT by condensation reaction from TPA and
1,3-propane diol.
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temperature range from �150 to 150�C at a constant
heating rate of 2�C/min and at frequency of 2 Hz.
All the samples were annealed at 80�C for 30 min
before the DMA measurement.

A differential scanning calorimeter, TA Instru-
ments Q1000 MDSC (Modulated DSC) operating in
‘‘standard mode,’’ was used to determine the cold
crystallization and recrystallization peaks in a melt-
quenched sample of the thermoplastic composition.
A 10–12 mg sample of the composition was weighed
into an aluminum DSC pan, and the sample was
heated to 280�C in a DSC for 10 min under nitrogen
atmosphere to provide an equilibrated melt sample.
The melt sample was removed from the DSC and
quick quenched by immersing the sample in liquid
nitrogen. The melt-quenched sample was equili-
brated at 0�C in the DSC under nitrogen atmos-
phere, followed by heating at 10�C/min scan rate to
280�C, held at isothermal for 3 min at 280�C, and
cooled at 10�C/min scan rate to 30�C while record-
ing the thermal events. The cold crystallization peak
(Tcc) is the first exothermic peak exhibited in the
heating cycle, having a peak height maximum at

about 65–75�C. The enthalpy of the recrystallization
peak was measured in Joules per gram (J/g). Peak
temperatures of the exothermic curves obtained dur-
ing the cooling scan were defined as the crystalliza-
tion temperature (Tc). From the exothermic heat of
DH, which is caused by crystallization, the crystallin-
ity of PTT is estimated with the following equation:

Crysallinity ¼ DH=DH0; (1)

where DH0 is the fusion of 100% crystalline polymer.
Exothermic heats were normalized by the polymer
weight percentage in the crystallinity calculations.

RESULTS AND DISCUSSION

Differential scanning calorimetry

The crystallization rate for PTT and PTT blends stud-
ied here can be compared by the crystallizing temper-
ature (Tc) and the half peak width of the crystalliza-
tion peak (DTc). The higher the Tc peak temperature
and the narrower the DTc width are, the faster the

TABLE I
Thermal Properties for Various PTT/PEEA Blends

Recipe

Heating Cooling

Tg (
�C)

Tcc

(�C)
DHcc

(J/g)
Tm

(�C)
Tc

(�C)
DHc

(J/g)
DTc

(Tonset � Tc) (
�C)

Tc for
PEEA (�C)

Crystalline
degree (%)

PTT 45.9 72.4 36.5 229.1 172.6 45.4 17.2 – 31.2
PTT/25% PEEA 44.2 69.6 29.1 228.1 153.7 32.7 32.0 109.9 29.9
PTT/10% E/MAA-Li 44.6 68.3 35.6 227.5 171.5 47.9 18.7 – 36.5
PTT/10% E/MAA-Na 44.1 69.2 1.5 227.3 198.1 50.9 5.0 – 38.8
PTT/25% PEEA/10%
E/MAA-Li

44.1 70.3 20.3 227.0 173.5 35.2 18.1 126.3 37.2

PTT/25% PEEA/20%
E/MAA-Li

43.5 69.0 19.6 226.9 175.7 26.3 17.7 137.9 32.8

PTT/25% PEEA/10%
E/MAA-Na

45.5 – 0 227.6 200.3 37.5 5.7 123.3 39.6

PTT/25% PEEA/20%
E/MAA-Na

44.6 – 0 227.6 199.0 30.3 5.2 125.3 37.8

Figure 1 DSC heating scan for PTT and PTT blends. Figure 2 DSC cooling scan for PTT and PTT blends.
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crystallization rate is. Table I lists the analyzed values
obtained in the DSC measurements for various PTT
blends studied here. The heating scan DSC for the
quick-quenched sample by liquid N2 is shown in Fig-
ure 1. The glass transition temperature (Tg) for all the
samples is shown around 45�C. Tg for PTT is basically
unchanged by blending PEEA, EMAA-Li, or EMAA-
Na. The cold crystallization peak on heating up to the
melt (Tcc), which is observed as exothermic peak, was
shown at 72.4�C for neat PTT. The exothermic peak
enthalpy (DHcc) for the various PTT blends is shown
in Table I. There is no exothermic peak for PTT/10%
EMAA-Na and PTT/25% PEEA/10% EMAA-Na
blends. These blends may have had rapid enough
crystallization rate to crystallize during the quenching
process with liquid nitrogen, which suggests EMAA-
Na enhances the crystallization rate of PTT quite sig-
nificantly. The cooling scan DSC is shown in Figure 2.
The crystallization peak (Tc) for neat PTT can be seen
at 172.6�C. When PEEA is added into PTT, Tc shifts to
lower temperature (153.7�C for 25% addition) and the

exothermic peak width (DTc: Tonset � Tc) becomes
broader from 17.2 to 32.7�C, which suggested that
PEEA retarded the crystallization rate for PTT and
acted as a denucleant. On the other hand, PTT blends
with EMAA-Na showed higher exothermic peak tem-
perature and narrower peak width (DTc) than neat
PTT. Tc for PTT/10% EMAA-Na is seen at 198.1�C,
and DTc is only 5�C, which is another evidence that
EMAA-Na increases the crystallization rate for PTT.
Figure 3 shows the cooling scan from 150 to 70�C
where the exothermic peak for PEEA can be observed.
Tc for PEEA shifted to higher temperature when ei-
ther EMAA-Li or EMAA-Na was added into PTT/
PEEA blends, which suggested that those ionomers
interact with PEEA and enhance the crystallization
rate for PEEA domain. The crystallization peak area
for PEEA was 3.1–3.3 (J/g), which is much smaller
than that of PTT. Figure 3 has a magnification factor
of 10� for the Y axis compared to Figure 2 in which Tc

for PEEA was not seen. The crystallinity for PTT with
the previously described DSC conditions was calcu-
lated as 31.2% from the cooling scan, which has good
agreement with Zhang.45 Normalized crystallinity of
the PTT portion for various PTT blends is shown in
Table I. The value for DH0 in the eq. (1) is 30 kJ/mol ¼
145.5 J/g as determined by Pyda et al.46 EMAA-Na
addition was confirmed to increase the crystallinity of
PTT in the DSC cooling trace (10�C/min.). A 10%
addition of EMAA-Na into PTT gave the highest PTT
fractional crystallinity, 39.6%, probably because it
promotes the crystallization rate for PTT.

Dynamic mechanical analysis

Dynamic mechanical heating scan was performed on
bars. Figures 4 and 5 show the storage modulus (E0)
and tan d for neat PTT and PTT blends, respectively.
The a-relaxation peak that corresponds to the glass

Figure 5 DMA for PTT and various PTT/PEEA blends
(tan d vs. temperature). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3 DSC cooling scan for PEEA crystallization ob-
servation. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 4 DMA for PTT and various PTT/PEEA blends
(E0 vs. temperature). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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transition temperature for neat PTT is observed at
73.8�C, and the b-relaxation for neat PTT can be
observed at �74.4�C. Early studies indicated that
b-relaxation is produced by joint movement of phe-
nyl rings and carbonyl entities.47–51 The b-relaxation
for PTT is basically unchanged when PEEA, EMAA-
Na, and EMAA-Li are added. E0 values for PTT
blends shown in Figure 4 are significantly lower
than that for neat PTT over the temperature range
measured here. This result is quite reasonable
because both PEEA and ionomers (EMAA-Na and
EMAA –Li) are more flexible polymers than PTT.
The tan d peak observed at about �30�C corre-
sponds to Tg of PEEA. With increased PEEA content
in PTT, the peak becomes larger. The Tg for PEEA,
however, remains unchanged for the PTT blends
studied here, which suggests PEEA is not miscible
with PTT and ethylene copolymers. One of the
unique characteristics for the PTT blends with PEEA

is its static dissipative performance due to the ion
conductive nature of PEEA. The Tg of the PEEA
domains influences its electrostatic performance,
which will be discussed in a separate article.

Spherulite morphology

An optical microscope equipped with a digital video
photography system was used to monitor the trans-
mitted light image of the spherulite growth of PTT
and PTT blends recrystallized from the melt under
controlled conditions.
Figure 6 shows the cross-polarized light optical

microscopy (PLM) images spherulites with the dis-
tinctive Maltese cross pattern of extinctions. These
spherulites were grown by nonisothermal crystalli-
zation at the same cooling rate (10�C/min) as DSC
after holding the specimen well above the melting
point of PTT at 280�C for 3 min with the intent of

Figure 6 PLM for PTT and PTT blends: (a) PTT, (b) PTT/25% PEEA, (c) PTT/10% EMAA-Li, (d) PTT/10% EMAA-Na,
(e) PTT/25% PEEA/5% EMAA-Na, and (f) PTT/25% PEEA/5% EMAA-Li. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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‘‘erasing’’ any previous thermal history. The average
spherulite size for recrystallized neat PTT is about
100 lm in diameter. PTT/25% PEEA has much
larger spherulites than neat PTT, averaging about
300 lm in diameter, which indicates that PEEA
retards the crystallization rate for PTT. This PLM
image has good agreement with the DSC results.
PTT/10% EMAA-Li shows very similar spherulite
size compared with the neat PTT. On the other
hand, 10% EMAA-Na addition into PTT resulted in
significantly smaller spherulites with 1-lm average
size, which is explained by the dramatic nucleating
effect of EMAA-Na on PTT. In the case of the ter-
nary blend of PTT/25% PEEA/5% EMAA-Li, spher-
ulites averaging about 100 lm in diameter are
observed, which is much larger than that of PTT/
25% PEEA/5% EMAA-Na.

A number of studies were made in the last few dec-
ades to investigate the crystallization acceleration

mechanism of sodium salts in PET.52–55 The efficient
nucleation of PET by sodium salts was reportedly due
to the products of sodium carboxylate ends
(ACOONa), which are created by chemical reactions
during the extrusion process between the sodium
salts and ester linkage. Sodium carboxylate chain
ends precipitate from the polymer melts as ionic clus-
ters and act as seeds in the subsequent crystallization
process. EMAA-Na works the same way for PTT
nucleation. PTT/25% PEEA/5% EMAA-Na shows
spherulites about 5 lm in size, a little larger than the
more profusely nucleated PTT/10% EMAA-Na.

Surface charge decay

PEEA is known as an ion-conductive polymer and is
commercially available as a polymeric additive to
add antistatic characteristics to polymers. We previ-
ously investigated electrostatic decay performance
for PET/PEEA blends with various polymers such
as EMAA, EMAA-Na, EMAA-Li, EMAA-Zn,
EMAA-Mg, and polystyrene.42 We found that the
static decay performance for PET/PEEA blends can
be drastically improved by adding EMAA-Li and
EMAA-Na. Here, we investigate electrostatic decay
performance for neat PTT and PTT blends. We chose
two ionomers, EMAA-Li and EMAA-Na, to see if
they work as synergists to improve the antistatic
performance for PTT/PEEA blends.
Surface charge decay curves up to 60 s for the

samples were obtained by Static Honest Meter S4104
after applying 10 kV of corona discharge for 1 min.
This device is used to electrify the specimen by irra-
diating it with air ions generated by corona

TABLE II
Surface Charge (V) Decay of Various PTT/PEEA Blends

QRecipe

Decay time (s)
SDPI

(V min)0 3 10 30 60

PTT 2650 2630 2630 2620 2620 2624
PTT/10% PEEA 2520 1820 1100 600 330 795
PTT/25% PEEA 730 60 10 0 0 21
PTT/10% E/MAA-Li 2420 2400 2410 2420 2420 2416
PTT/20% E/MAA-Li 2390 2380 2380 2380 2380 2380
PTT/10% E/MAA-Na 2380 2330 2330 2350 2350 2345
PTT/20% E/MAA-Na 2350 2350 2350 2350 2350 2350
PTT/10% PEEA/5% E/MAA-Li 2040 330 90 30 0 105
PTT/10% PEEA/10% E/MAA-Li 1920 390 50 0 0 84
PTT/10% PEEA/20% E/MAA-Li 1530 160 20 0 0 49
PTT/25% PEEA/5% E/MAA-Li 350 20 10 0 0 10
PTT/25% PEEA/10% E/MAA-Li 290 20 10 0 0 9
PTT/25% PEEA/20% E/MAA-Li 180 20 0 0 0 5
PTT/10% PEEA/5% E/MAA-Na 2030 1280 620 180 70 390
PTT/10% PEEA/10% E/MAA-Na 1880 770 180 40 20 171
PTT/10% PEEA/20% E/MAA-Na 1420 280 40 0 0 67
PTT/25% PEEA/5% E/MAA-Na 460 40 10 0 0 15
PTT/25% PEEA/10% E/MAA-Na 320 30 10 0 0 11
PTT/25% PEEA/20% E/MAA-Na 210 20 0 0 0 6

Figure 7 Surface charge decay of PTT and various PTT/
PEEA blends.
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discharges initiated by the device. After the irradia-
tion is stopped, it is used to investigate the decay
curve of the charge on the specimen. Static charge
dissipation curve for neat PTT and PTT blends is
shown in Figure 7, and the complete set of the data
for PTT blends studies here is shown in Table II.

Neat PTT shows no dissipation during measured
time of 60 s. The surface charge for PTT/10% PEEA
drops from 2520 to 1100 V at 10 s. A 5% addition of
EMAA-Li into PTT/10% PEEA gave 90 V surface
charge at 10 s, and 20% addition gave only 20 V at 10 s.
As previously seen with PET/PEEA blends, adding
specific polymers into PTT/PEEA blends in amounts
up to 20% induces a synergistic effect on static decay
performance because PTT with either 10 or 20% of
EMAA-Li does not show any dissipation at all for the
measured time period of 60 s. EMAA-Na also works to
enhance the static decay performance for PTT/PEEA
blends as shown in Figure 7 and Table II. When the
loading for PEEA is 25% into PTT, the surface charge
was 730 V right after the stop of the irradiation and
decayed to 0 V at 30 s. Both 20% loading of EMAA-Li
and EMAA-Na into PTT/25% PEEA blend gave 0 V at
10 s with significantly lower initial surface charge.

Static decay performance index (SDPI)

Matsui and Kashiwamura studied the relationship
between resistivity, frictional charge, and half dissi-
pation time for antistatic fabricated fiber.56 In their
report, a concept of index of frictional static charge
dissipation was proposed to describe the antistatic
performance more appropriately. It is the integral of
the charge dissipation curve (2) up to 1 min after the
applied friction, which is, in other words, the aver-
age static charge during 1 min multiplied by 1 min
as described in eq. (3). It is known that the dissipa-
tion speed decreases when the surface charge
becomes small even for the same material. Therefore,
half dissipation time tends to become larger when

initial surface charge of the material is low. As good
antistatic material tends to have lower initial surface
charge with the same applied corona discharge, half
dissipation time of the material does not always rep-
resent the antistatic performance appropriately,
which sometimes makes it difficult to differentiate
excellent antistatic material from others. This index
is considered as a new method to describe the anti-
static performance from the standpoint of both ini-
tial surface charge and decay curve. We previously
applied Matsui/Kashiwamura concept for describing
static charge dissipation to discuss a broader aspect
and confirm the effectiveness of static decay per-
formance index (SDPI).42 The lower the SDPI value,
the better static dissipative performance achieved.

V ¼ f ðtÞ (2)

SDPI ¼
Z 1

0

f ðtÞdt: (3)

Figure 8 shows the SDPI for the PTT blends when
PEEA content is 10%. Clearly, EMAA-Li works more
effectively than EMAA-Na because 5% loading
reduced the SDPI from 795 (V min) of PTT/10%
PEEA to 105 (V min) for lithium ionomer and 390
(V min) for sodium ionomer. Those SDPI values are
significantly low considering that neat PTT, PTT/
10% EMAA-Li, and PTT/10% EMAA-Li showed
SDPI with 2624 (V min), 2416 (V min), and 2345 (V
min), respectively, shown in Table II.
In the DSC, we observed that both EMAA-Na and

EMAA-Li enhanced the crystallization rate for PEEA,
whereas only EMAA-Na worked as a nucleating
agent for PTT. The phenomenon of the nucleation
effect for PEEA by those ionomers suggests that there
is an interaction between the ionomers and PEEA
domains in PTT/PEEA/ionomer ternary blends. The
morphological aspect is discussed in the TEM section.
In our previous study, we found that EMAA acid co-

polymer without any metal cation also works as a syn-
ergist for PET/PEEA blends, which suggests that the
mechanism of the antistatic synergist is not ion transfer
from the ionomer to PEEA but rather morphological
interaction in which the PEEA encapsulates dispersed
domains of the third polymer. Encapsulation results in
higher surface area per unit volume of PEEA compared
to PET/PEEA binary blends. However, lithium ion-
omer works much more effectively than EMAA to
decrease the SDPI, especially at low loading. In this
case, it is suggested that cation transfer from the ion-
omer phase to PEEA is enhanced by the morphological
interaction between lithium ionomer and PEEA.

Morphology (TEM)

A thin cross section of a plaque of PTT/25% PEEA/
5% EMAA-Li with the PEEA phase stained dark is

Figure 8 Static decay performance index (SDPI) versus
ionomer content when PEEA is 10%.
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shown in Figure 9. In this area, sampled well below
the molded surface, oriented domains of PEEA up
to at least 8 lm long but only 0.1–0.2 lm thick coex-
ist with a few micron-size blobs of the ionomer. Sub-
micron droplets of the PEEA may be the results of
oriented worms of plans stretched out past their sta-
bility limit. However, most of the blob surface is
coated with a layer of PEEA and not in direct con-
tact with the PPT matrix.

In Figure 10, the same molded bar is sampled
right at the molded surface and shows the painted-
on layer of featureless epoxy. In this subsurface
zone, the largest blobs of ionomer are elongated and

can be up to 6 lm long, with much thinner coating
of PEEA than in the center of the bar. PEEA
domains are thinner than in the bulk at about 0.05
lm. There is also anomalous staining of the ionomer
in the first 10 lm below the bar surface. The
enhanced reaction between the ruthenium tetroxide
staining agent and ionomer in this zone may reflect
higher carboxylic acid content compared with ion-
omer domains further below the surface and could
be the result of the release of lithium cations into the
especially thin, high surface area PEEA domains.
A similar composition with sodium instead of lith-

ium ionomer shows only partial encapsulation of
ionomer domains by PEEA (Fig. 11). The somewhat
weaker interaction between PEEA and EMAA-Na
versus PEEA and EMAA-Li is predicted in the next
section on spreading coefficients.

Figure 11 TEM of PTT/25% PEEA/5% EMAA-Na (core).
Figure 9 TEM of PTT/25% PEEA/5% EMAA-Li (core).

Figure 10 TEM of PTT/25% PEEA/5% EMAA-Li (near
surface).

Scheme 2 Schematic diagram showing spreading behav-
ior of one polymer phase on another polymer within a
third polymer matrix.
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Spreading coefficient calculation

k31 ¼ c12 � c32 � c13: (4)

The morphology of the ternary blends studied
here can be predicted by the calculation of the inter-
facial tension and the spreading coefficient as shown
in (4), where c12, c32, and c13 are the interfacial ten-
sions for the each component pair, and k31 is defined
as the spreading coefficient for the shell forming
component 3 on the core forming component 1. The
spreading coefficient k31 must be positive for the
component 1 to be encapsulated by the component 3
as shown in Scheme 2. When k31 and k13 are both
negative, the dispersed phases of components 1 and
3 will remain separated. In this study, the continu-
ous phase is PTT, whereas PEEA and ionomers will
be the dispersed phase. Hobbs et al.57 and Luzinov
et al.58 investigated three- and four-component poly-
mer blends and showed that the morphology was
consistent with the calculated spreading coefficients
for each polymer system. Encapsulated morphology
was reported for their studied compositions. Nemir-
ovski et al.59 studied ternary blends consisting of im-
miscible thermoplastics and thermotropic polymers.
The phase morphology was found to be controlled
not only by thermodynamic but also by kinetic
effects.

c12 ¼ c1 þ c2 � 4
cd1c

d
2

cd1 þ cd2
þ cp1c

p
2

cp1 þ cp2

" #
: (5)

To correlate the phase morphology and the inter-
facial tension between the constitutive components,
the values of c12, c32, and c13 have been estimated
by using the harmonic mean equation as shown in
eq. (5)60 at the processing temperature. Data for sur-
face tension, polarity (cp/c), and the change in the
surface tension with temperature (dc/dT) required
for the calculation of the interfacial tensions and
spreading coefficients are listed in Table III. For
PTT, PEEA, EMAA-Na, and EMAA-Li, the surface
tension and polarity values were determined by the

contact angle measurements at 20�C using water and
methylene iodide. For dc/dT of PTT and PEEA, the
value was extracted from the study done by Sauer
and Dee.61 As (dc/dT) for EMAA-Na and EMAA-Li
was not available, an estimate was made. The varia-
tion in surface tension with temperature (dc/dT) for
most polymers is comparable, 0.06–0.08 mN/m
�C.60,62 The dc/dT for polyethylene and various
methacrylic polymers is reported in the range of
0.060–0.067 and 0.059–0.076, respectively.59 The inter-
facial tensions and spreading coefficients calculated
from the data using 0.07 for dc/dT as estimate value
for those ethylene copolymers are shown in Table
IV, and the predicted morphology is also illustrated
in the table. Spreading of the PEEA phase on both
the EMAA-Na and EMAA-Li is shown to be positive
in a PTT matrix but with a stronger interaction
expected for the lithium ionomer as shown sche-
matically in Table IV by the partial encapsulation of
one of the EMAA-Na domains versus complete
encapsulation of all EMAA-Li domains. Similarly,
the negative spreading coefficient for the ionomers
on PEEA is more strongly negative for the lithium

TABLE III
Estimated Surface Tension at the Processing Temperature (250�C)

Polymer
c

(20�C) Polarity
�dc/dT

(mN/m �C)
c

(mN/m)
cd

(mN/m)
cp

(mN/m)

PTT 49.2a 0.189a 0.067b 33.79 27.40 6.39
PEEA 46.5a 0.157a 0.08b 28.10 23.69 4.41
E/MAA-Na 43.3a 0.034a 0.07c 27.20 26.26 0.94
E/MAA-Li 37.9a 0.032a 0.07c 21.80 21.11 0.69

a Measured by contact angle method.
b Sauer.61
c Estimated—see text for the detail.

TABLE IV
Estimated Spreading Coefficients at 250�C

Dispersed phase
Matrix
polymer k (mN/m)

Predicted
morphology

PEEA on
E/MAA-Na

PTT 1.1

E/MAA-Na
on PEEA

PTT �5.8

PEEA on
E/MAA-Li

PTT 1.9

E/MAA-Li
on PEEA

PTT �7.6
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ionomer, and we did not observe such encapsulation
in the TEM images.

This explains TEM observation of ionomers encap-
sulated by PEEA in the core area of the molded
parts. These spreading coefficients exhibit good
agreement with our TEM observations, but actual
extrusion and molding process do not necessarily
give thermodynamically equilibrium morphologies.
Also, very high orientation of dispersed-phase
domains in the surface of the molded parts obscures
the observation of completely encapsulated core–
shell morphology.

CONCLUSIONS

Bio-based PTT and PTT blends with PEEA, EMAA-
Li, and EMAA-Na were studied in terms of the crys-
tallization, spherulite morphology by PLM, dynamic
mechanical properties, multicomponent morphology
by TEM, and electrostatic characteristics. DSC and
PLM suggest significant nucleation and crystalliza-
tion rate enhancement is achieved for PTT by
EMAA-Na addition. However, as previously
observed for PET, the lithium ionomer does not
enhance PTT nucleation and crystallization. The Tg

for PTT and PEEA did not change for the blends
studied here, as expected for immiscible ternary
blends. SDPI, a convenient figure of merit for com-
paring different polymeric materials, was calculated
from the electrostatic dissipation curve, and it was
confirmed that PEEA worked effectively to reduce
the SDPI for PTT. Lithium- and sodium-neutralized
EMAA worked as synergists to enhance the anti-
static performance for PTT/PEEA blends.

Morphological study of these ternary blends sys-
tem was conducted by TEM. Interfacial segregation
of PEEA to domains of EMAA-Li and EMAA-Na
was observed at the center of the molded samples.
Ionomer domains were partially or completely
encapsulated by PEEA. This core–shell morphology,
which can be predicted by the spreading coefficient
of PEEA onto ionomer domains, explains the syner-
gistic effect for the static decay performance.

The authors sincerely thank Steven Dunlap, Corporate Cen-
ter for Analytical Science, DuPont for PLM work and Dave
Gale, DuPont Engineering Polymers, and Yukio Miyagish-
ima, Engineering Polymers Research, DuPont K.K. for the
DSC and DMA measurement. The authors are also thankful
to Dr. John Chen, Packaging and Industrial Polymers for
fruitful discussion regarding ionomers.
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