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ABSTRACT: Physical blends of poly(ethylene terephtha-
late) (PET) and poly(ethylene isophthalate) (PEI), abbrevi-
ated PET/PEI (80/20) blends, and of PET and a random
poly(ethylene terephthalate-co-isophthalate) copolymer con-
taining 40% ethylene isophthalate (PETl,,), abbreviated
PET/PET,,l,, (50/50) blends, were melt-mixed at 270°C for
different reactive blending times to give a series of copoly-
mers containing 20 mol % of ethylene isophthalic units with
different degrees of randomness. *C-NMR spectroscopy
precisely determined the microstructure of the blends. The
thermal and mechanical properties of the blends were eval-
uated by DSC and tensile assays, and the obtained results
were compared with those obtained for PET and a statisti-
cally random PETI copolymer with the same composition.
The microstructure of the blends gradually changed from a
physical blend into a block copolymer, and finally into a

random copolymer with the advance of transreaction time.
The melting temperature and enthalpy of the blends de-
creased with the progress of melt-mixing. Isothermal crys-
tallization studies carried out on molten samples revealed
the same trend for the crystallization rate. The effect of
reaction time on crystallizability was more pronounced in
the case of the PET/PETl,, (50/50) blends. The Young’s
modulus of the melt-mixed blends was comparable to that of
PET, whereas the maximum tensile stress decreased with
respect to that of PET. All blend samples showed a notice-
able brittleness. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci
90: 3076-3086, 2003
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INTRODUCTION

Poly(ethylene terephthalate-co-isophthalate) copol-
ymers, abbreviated PETI, are materials of great in-
dustrial interest and extensive use. In fact, PETI
copolymers containing minor amounts of ethylene
isophthalic units, usually less than 10%, are cur-
rently used as thermally shrinkable packaging films,
as well as heat-sealable laminating films for coating
steel cans and metal and ceramic sheets. These co-
polymers are industrially produced by melt poly-
condensation reactions of mixtures of terephthalic
acid (or dimethyl terephthalate), isophthalic acid (or
dimethyl isophthalate), and ethylene glycol, as
shown in Scheme 1. This copolymerization proce-
dure leads invariably to statistically random PE-
TIs.'~® The correlation between the content in eth-
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ylene isophthalic units and the crystallization be-
havior of random PETIs has been extensively
studied.>™ It is widely known that random PETIs
containing 20% or more of ethylene isophthalic
units are practically uncrystallizable.'?

Reactive blending of mixtures of homopolyesters is
considered an advantageous course for production of
industrial copolyesters without requiring significant
changes in the processing equipment.”'” Transreac-
tions may proceed according to three mechanisms:
alcoholysis by hydroxyl end group, acidolysis by
acidic end groups, and intrachain ester exchange
(transesterification).'® Transreactions convert blends
first into block copolymers, finally giving random co-
polymers. Reactive blending of poly(ethylene tereph-
thalate) (PET) and poly(ethylene isophthalate) (PEI)
mixtures has already proved to be a successful and
inexpensive route for producing block PETI copoly-
mers with modified properties. The relationship be-
tween the microstructure and the thermal properties
and crystallizability of block and random PETI copol-
ymers was previously studied by Ha et al.'” They
reported on block PETI copolymers containing 40% of
ethylene isophthalate, which were obtained by reac-
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Scheme 1 Schematic representation of different copolymerization procedures for preparation of homopolyesters and

copolyesters (from Kint and Mufioz-Guerra'').

tive blending of PET/PEI (60/40) mixtures. The co-
polyester microstructure was characterized by 'H-
NMR spectroscopy, using the analytical method pro-
posed by Po’ et al.>°~>* The resolution achieved with
this method, however, appeared insufficient to mea-
sure the sequence lengths and distribution with accu-
racy and certainty.

In this work we report on PETgl,, copolymers, that
is, copolymers containing 20% of ethylene isophthalic
units, prepared by reactive blending using two differ-
ent initial mixtures: (1) PET/PEI (80/20) and (2) PET/
random PETl,, (50/50) mixtures. By these means not
only block ethylene isophthalic sequences but also
random ethylene terephthalic/ethylene isophthalic
(60/40) block sequences will be introduced into the
PET homopolymer. The change in microstructure with
the advance of transreactions was followed by '*C-
NMR analysis by applying a methodology previously
developed by us, which is able to determine the mi-
crostructure of these copolyesters.”> The thermal and
mechanical properties, as well as the crystallizability,
were evaluated for PETIs differing not only in com-
position but also in the fine microstructure. Compar-
ison of these evaluation results with >C-NMR data
enabled us to correlate thermal properties and micro-
structure of PETI copolymers in a more detailed man-
ner than attempted before.

EXPERIMENTAL
Materials

Dimethyl isophthalate (DMI; >99%) and ethylene gly-
col (EG; >99%) were purchased from Sigma-Aldrich
Co. (St. Louis, MO). Both were commercial reagent-
grade products and were used without further purifi-
cation. Tetrabutyl titanate catalyst (Merck-Schuchardt,
Darmstadt, Germany) was used without further puri-
fication. The solvents used for purification or charac-
terization, such as trifluoroacetic and dichloroacetic
acids, methanol, chloroform, diethyl ether, and o-chlo-
rophenol, were all either technical grade or high-pu-
rity grade and used as received.

Scheme 1 includes the different routes that have
been followed for the preparation of the homopolyes-
ters and copolyesters studied in this work.

The PEI homopolymer was prepared by a two-step
procedure including transesterification and subse-
quent polycondensation reactions. DMI (20.00 g, 0.103
mol) and EG (14.06 g, 0.227 mol) were charged to a
100-mL, three-neck, round-bottom flask equipped
with a mechanical stirrer, a nitrogen inlet, and a dis-
tillation column. The transesterification reaction was
carried out at 185°C under a nitrogen flow for a period
of 5 h using tetrabutyl titanate as a catalyst. The sub-
sequent polycondensation reaction was performed at
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260°C under a 0.5- to 1-mbar vacuum. The polymer-
ization was allowed to proceed isothermally at this
temperature for 2 h. The resulting high viscous liquid
was cooled to room temperature and atmospheric
pressure was recovered with a nitrogen flow to pre-
vent degradation. The solid mass was dissolved in
chloroform and the PEI homopolymer was precipi-
tated with cold diethyl ether, collected by filtration,
and extensively washed with cold methanol and di-
ethyl ether. The sample was dried at 60°C under re-
duced pressure for 72 h. The intrinsic viscosity of this
polyester was 0.61 dL g~ !, and the number- and
weight-average molecular weights, determined by gel
permeation chromatography (GPC), were found to be
38,700 and 75,900 g mol respectively. It has been
reported that the formation of cyclic oligomers could
prevent the production of high molecular weight
PEL** However, "H-NMR analysis indicated that only
a very small amount of cyclic oligomers was formed
and that they were removed upon purification.

The PET homopolymer and random PETI copoly-
mers used in this work were prepared by Catalana de
Polimers, S.L. (Barcelona, Spain) by melt polyconden-
sation reactions of mixtures of terephthalic acid (PTA),
isophthalic acid (PIA), and EG. The reactions were
carried out in two steps. The final temperatures for the
esterification step and polycondensation reaction were
adjusted at 225 and 280°C, respectively. The polycon-
densation step was carried out under increasing vac-
uum and in the presence of Sb,0O; as a catalyst. The
copolymers were purified by dissolving them in a
chloroform/trifluoroacetic acid (8/1 v/v) mixture, fol-
lowed by subsequent precipitation with cold diethyl
ether. The powdery solid was collected by filtration
and extensively washed with cold methanol and di-
ethyl ether. Then they were dried at 60°C for 72 h
under reduced pressure.

The physical PET/PEI (80/20) and PET/PETg,l,,
(50/50) blends were prepared by dissolving the two
respective polymers in a mixture of chloroform/TFA
(8/1v/v), followed by a subsequent coprecipitation in
cold diethyl ether. The preparation of the physical
blends was done quickly, to avoid the reaction of the
end groups with TFA. All samples were dried at 60°C
for 72 h under reduced pressure. The reactive blend-
ing of the physical blends was accomplished in a
mixing molder (Model CS-183 MMX mini-max
molder) at 270°C for specified times without the use of
a catalyst. After reactive blending, the samples were
stored under vacuum a room temperature. GPC mea-
surements revealed that the molecular weight slightly
decreased with the advance of the melt-mixing pro-
cess. The thermal stability of the melt-mixed blends
was assessed by thermogravimetric analysis and was
found to remain unaltered compared to the thermal
stability of PET, PEI, and the initial physical blends.

KINT ET AL.

Measurements

Solution 'H- and >*C-NMR spectra were recorded on a
Bruker AMX-300 spectrometer (Germany) at 25.0
* 0.1°C, operating at 300.1 and 75.5 MHz, respec-
tively. The polyesters and blends were dissolved in
deuterated trifluoroacetic acid (TFA-d;), and the ob-
tained spectra were internally referenced to tetrameth-
ylsilane. Samples (10 and 50 mg) dissolved in 1 mL of
deuterated solvent were used for 'H- and *C-NMR,
respectively. For "H-NMR spectra, 64 scans were ac-
quired with 32K data points and a delay time of 1 s.
For '>C-NMR spectra, the pulse and spectral widths
were 4.3 us (90°) and 18 kHz, respectively, and the
relaxation delay was 2 s. From 5000 to 15,000 free
induction delays were acquired with 64K data points
and Fourier transformed (FT) with 128K, providing a
digital resolution of 0.27 Hz per point. Integration of
the overlapping signals was made by Lorentzian de-
convolution of the spectra using the Bruker 1D WIN
NMR computer software.

The intrinsic viscosity [n] of PET and PEI ho-
mopolymers and the random PETI copolymers was
measured from dichloroacetic acid solutions with a
Ubbelohde viscometer (Cannon-Ubbelohde, State
College, PA) thermostated at 25 = 0.1°C. GPC mea-
surements were performed on a Waters GPC system
(Waters Chromatography Division/Millipore, Mil-
ford, MA) equipped with a refractive index detector.
The eluent was an o-chlorophenol/chloroform (1/9
v/v) mixture. Two 7.8 X 300-mm Styragel columns
packed with divinylbenzene crosslinked polystyrene
(pore size = 10° and 10* A) in series were used for the
analysis with the aforementioned eluent at a flow rate
of 0.5 mL min~! at 35°C. The molecular weights and
the molecular weight distributions were calculated
against monodisperse polystyrene standards with the
Maxima 820 software.

The thermal properties of the polyesters and the
melt-mixed blends were evaluated by differential
scanning calorimetry (DSC) with a Perkin—Elmer DSC
Pyris 1 (Perkin Elmer Cetus Instruments, Norwalk,
CT). Thermograms were obtained from 4- to 6-mg
samples at heating and cooling rates of 10°C min '
under a nitrogen flow of 20 mL min~". Indium and
zinc were used as standards for the temperature and
enthalpy calibration. Isothermal crystallization studies
were performed on molten samples at 165°C. Tensile
testing was performed on rectangular specimens (55
X 5 mm) cut from amorphous, isotropic films having
a thickness of about 200 um. The tensile tests were
conducted at room temperature on a Zwick (Germa-
ny) BZ2.5/TN1S universal tensile testing apparatus
operating at a constant crosshead speed of 10 mm
min~' using a 0.5-N preload and a grip-to-grip sepa-
ration of 20 mm. All reported tensile data represent an
average of at least six independent measurements.
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TABLE 1
Characteristics and Thermal Properties of Amorphous PET and Random PETI Copolyesters
Composition® Molecular weights Thermal properties
Polyester Xr X DEGP [n]° M, M, TS Tt Tt AH,f
PET 100 0 2.2 0.63 18,300 51,200 78 137 253 46.9
PETl, 97.6 24 23 0.69 21,100 49,600 77 138 251 36.8
PET,,1, 93.9 6.1 25 0.71 22,300 58,000 74 151 242 27.2
PETy0l;, 90.1 9.9 24 0.65 19,700 50,900 72 159 233 24.0
PETgs1;5 87.3 12.7 2.4 0.64 18,600 49,500 72 169 229 14.3
ETgln0 82.2 17.8 24 0.68 19,100 47,300 71 —5& — —
ET¢olso 60.2 39.8 3.3 0.70 18,900 49,100 69 — — —
PEI 0 100 2.3 0.61 38,700 75,900 59 147 245 1.4

2 Determined from the aromatic proton resonances observed in "H-NMR spectra (mol %).

® Diethylene glycol content (mol %) calculated from "H-NMR spectra.

¢ Intrinsic viscosity (dL g~ ') measured in dichloroacetic acid at 25°C.

9 Number- and weight-average molecular weights determined by GPC.

¢ Glass-transition temperature (T,; °C) taken as the inflection point of the heating DSC traces of melt-quenched samples

recorded at 30°C min*.
f Cold-crystallization (T,

ccr

samples measured by DSC at a heating rate of 10°C min

°C) and melting (T,,; °C) temperatures and melting enthalpy (AH,,; ] g~ ") of initially amorphous
-1

& —, indicates that no cold crystallization and melting were observed for these samples under the indicated conditions.

RESULTS AND DISCUSSION
Microstructure characterization

In a previous study we reported on the analysis of
PETI copolyesters by 75.5 MHz "*C-NMR spectros-
copy carried out in a 2% (w/v) deuterated trifluoro-
acetic acid solution at 25.0°C.** Under these condi-
tions, splitting of the nonprotonated terephthalic and
isophthalic aromatic carbon signals into four and two
peaks, respectively, was observed. This information
allowed us to determine with high accuracy and reli-
ability the microstructure of the PETI copolymers, in-
cluding both randomness and sequence length distri-
bution of the ethylene terephthalate and ethylene
isophthalate sequences. The PETI copolyesters ob-
tained by melt polycondensation included copolymers
with a content of ethylene isophthalic units ranging
from 2 to 40%. Their characteristics are listed in Table
I, together with those for the two parent homopoly-
mers PET and PEI The microstructure of these copoly-
esters was found to be at random for whichever com-
position.

The same methodology was applied to the analysis
of PETgyl,q samples obtained by reactive blending.
Figure 1 shows the compared '*C-NMR spectra for the
nonprotonated aromatic carbons of the terephthalic
and isophthalic units for the PET/PEI (80/20) blend
samples melt-mixed for the indicated times. In the
spectrum of the physical polymer blend, both signals
consisted of one peak, associated with the homopoly-
mer. Upon reaction, new peaks appeared whose in-
tensity increased as a function of the reaction time. As
indicated, these new peaks are assigned to the differ-
ent dyad and triad sequences formed by transesterifi-
cation, with T standing for terephthalic and I for

isophthalic units, respectively. Signal assignment was
accomplished as described elsewhere.”® The IT dyad
and the TTI and ITI triads increased progressively
with the extent of reaction. With the relative integral
values of the dyad and triad signals, the distribution
of the possible types of dyads centered in I (Il and IT)
and triads centered in T (TTT, TTI, and ITI) could be
calculated, respectively. On the basis of these data, the
number-average sequence lengths of the ethylene
terephthalic (1) and ethylene isophthalic (n;) units,
and the degree of randomness (R) could be estimated
as follows:

Ny
2 + Ni + Nir
NTTT + 2
nT =
Nt
— T Nm+Np
2
TTI
— T N + Nip
TlI =
Ny
-t Ny + Nir
2
1 1
R=—+—
nr  m

where N; is the molar fraction of the i type of se-
quences. This value is directly proportional to the
integrated area under the peak associated with the
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Figure 1 Evolution of the ">C-NMR spectra for the nonprotonated aromatic carbons of the (a) terephthalic and (b)
isophthalic units with the advance of reactive blending for the PET/PEI (80/20) blend.

sequence of interest. The obtained results are given in
Table II, and the evolution of the randomness and
sequence lengths with the progress of reactive blend-
ing is illustrated in Figure 2. The microstructure of the
melt-mixed PET/PEI (80/20) blend was found to
change from that corresponding to the initial two ho-
mopolymer mixture to an intermediate block PETgl,
copolymer, and finally to a nearly random PETgl,,
copolymer.

The evolution of the ">*C-NMR spectra for the non-
protonated aromatic carbons of the terephthalic and
isophthalic units upon reactive blending of the PET/
PETgl, (50/50) blend is presented in Figure 3, and
the resulting data are given in Table III. Figure 4
shows the change in randomness and the average
sequence lengths of the ethylene terephthalate and
ethylene isophthalate sequences of these blends. Be-
cause PETgl,, is a random copolymer, the initial

TABLE 1I
Sequence Distribution and Randomness of the Melt-Mixed PET/PEI (80/20) Blends

Number-

average

sequence

Reactive blending Triad (mol %) Dyad (mol %) _ lengths Randomness
Blend time (min) TTT TTI ITI 1T II Ny ny R

PET/PEI-0 0 79.9 — — — 20.1 95 0 0
PET/PEI-5 5 75.3 3.8 0.2 1.6 19.1 41.7 11.3 0.11
PET/PEI-10 10 68.4 10.9 0.5 6.5 13.7 12.0 3.2 0.40
PET/PEI-20 20 66.4 11.5 1.3 7.6 13.2 10.1 2.8 0.46
PET/PEI-40 40 62.5 15.6 1.5 10.9 9.5 7.2 1.9 0.65
PET/PEI-60 60 60.5 17.4 1.7 13.8 6.6 6.0 1.5 0.81
PET/PEI-90 90 58.4 19.2 1.9 14.2 6.3 5.5 15 0.85
PETg,l,,° — 56.7 215 23 149 46 5.1 13 0.95

@ Random copolyester containing 20 mol % ethylene isophthalate.
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Figure 2 (a) Randomness and (b) number-average sequence lengths of the ethylene terephthalate and ethylene isophthalate
sequences of melt-mixed PET/PEI (80/20) blends versus the reactive blending time.

physical PET/PETl,, blend exhibited resonance
peaks attributed to random sequences. Therefore,
NMR analysis overestimates the number-average se-
quence lengths and the randomness of the melt-mixed
blends, but still provided evidence that transreactions
took place upon reactive blending. The PET/PETl,,
blend was believed to change from a physical blend
into block PETI copolymers with ethylene terephtha-
late and random ethylene terephthalate/ethylene
isophthalate blocks. These blocks became shorter and

the blend randomized with the advance of reactive
blending.

Thermal analysis

The thermal properties of the random PETI copolymers
prepared by melt polycondensation are compared in
Table I. As expected, the glass-transition and melting
temperatures and melting enthalpy of PET decreased
with the incorporation of the ethylene isophthalic units.

PET/PETsolso (50/50) Blend

TTT

Reactive blending time

(min) i
90
60
20
10
5 %
T T T T T T T T T T T T T T O r T T T T T T T T T T T T T T 1
135.72 135.68 135.64 135.60 13172 131.68 131.64 131.60
(ppm) (ppm)
a) b)

Figure 3 Evolution of the ">C-NMR spectra for the nonprotonated aromatic carbons of the (a) terephthalic and (b)
isophthalic units with the advance of reactive blending for the PET/PETl,, (50/50) blend.
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TABLE III
Sequence Distribution and Randomness of the Melt-Mixed PET/PET 1, (50/50) Blends
Number-
average
Dyad sequence
Reactive blending Triad (mol %) (mol %) lengths Randomness
Blend time (min) TTT TTI ITI IT II A ny R
PET /PET¢,l,5-0 0 60.2 13.2 5.6 12.2 8.8 59 1.7 0.75
PET/PET¢,l,40-5 5 60.0 14.1 4.5 12.8 8.6 5.9 1.7 0.75
PET/PET,l,,-10 10 59.8 15.0 3.9 13.2 8.0 59 1.7 0.78
PET /PET,l,4,-20 20 57.9 16.8 4.1 13.6 7.6 54 1.6 0.82
PET/PET,,l,,-40 40 58.1 17.4 35 13.9 7.0 55 15 0.83
PET/PET,l,,-60 60 55.5 19.6 3.4 15.1 6.5 49 1.5 0.89
PET /PET,1,4,-90 90 54.9 20.1 3.2 15.7 6.1 4.8 1.4 0.91
PET,,l,,° — 226 279 9.6 227 17.2 2.0 17 1.08

@ Random copolyester containing 40 mol % ethylene isophthalate.

Such behavior can be reasonably explained by the fact
that the crystallizable PET sequences become shorter for
PETIs with higher contents of ethylene isophthalate. As-
suming that the isophthalic units are excluded from the
crystallites, smaller and less perfect crystallites will thus
result for PETIs having higher contents of ethylene
isophthalate, which will be reflected in a depression of
both melting temperature and enthalpy.

The thermal behavior of the melt-mixed blends was
then studied and the resulting data are given in Table
IV. The physical PET/PEI (80/20) blend showed a
single glass-transition temperature (T,) at 76.4°C. This
transition could be assigned to the T, of the PET
phase, whereas the T, of the PEI phase could not be
detected, most probably because of the low amount of
PEIL The physical PET/PEI (80/20) blend is consid-
ered to be immiscible. However, all melt-mixed PET/
PEI (80/20) blends exhibited a single T,, which was
intermediate between the T, values of PET and PEI
and in accordance with the composition of the blend.
This behavior is typical for a miscible blend. As the
NMR results showed, the transreactions created block

a
) 1.00

PET/PET,,, (50/50) Blend
0.95
0.90 e

0.85

0.80 4

Randomness

0754 m

0.70j

oo f—v—r
0 10 20 30 40 50 60 70 80 90 100

Reactive blending time (min)

copolymers, and these might act as a compatibilizer
between the PET-rich and PEl-rich phases, improving
the miscibility of the blends, which will result in a
homogeneous mixture exhibiting a single glass-transi-
tion temperature. A single T, value intermediate be-
tween that of PET and PET,yl,, was found for the
physical PET/PETgl,, (50/50) blend, indicating that
this physical blend is miscible. With the advance of
reactive blending the T, value remained unchanged.
Both type of blends showed a cold-crystallization
exotherm for all samples upon heating. The cold-crys-
tallization temperature increased with the advance of
reactive blending time. The melting temperature and
enthalpy of the melt-mixed blends decreased with the
progression of the transreactions, which is an indica-
tion that the crystallizability of the blends decreased
upon reactive blending. This might suggest that crys-
tallization was hindered because of the disruption of
the chain periodicity as a consequence of the transre-
actions. The crystallizable ethylene terephthalate se-
quences were shortened with the extent of reaction,
which resulted in smaller crystallites showing a lower

b)
10 4
e
D 94
8 4] PET/PET,,|,, (50/50) Blend
Q
2 7
©
T 64_e—e
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Figure 4 (a) Randomness and (b) number-average sequence lengths of the ethylene terephthalate and ethylene isophthalate
sequences of melt-mixed PET/PETl,, (50/50) blends versus the reactive blending time.
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TABLE 1V
Thermal Properties of Amorphous Melt-Mixed Blends

First heating® Cooling® Second heating®

Blend TS T.. T,, AH,, T. AH, T.. AH,, T,, AH,,
PET/PEI-0 76.4 138 252 35.8 149 0.6 166 -7.9 226 10.0
PET/PEI-5 71.3 137 253 38.5 150 35 160 —-10.8 228 16.4
PET/PEI-10 70.9 140 250 425 154 15.1 151 —-74 227 21.8
PET/PEI-20 70.8 148 239 26.3 — — 168 -7.0 220 7.8
PET/PEI-40 69.3 150 225 22.3 — — 172 —5.8 213 7.2
PET/PEI-60 70.3 158 224 18.5 — — 166 —4.7 212 6.7
PET/PEI-90 69.8 160 218 17.8 — — 171 -3.5 214 5.4
PET/PET,l,,-0 68.7 155 248 24.2 — — 173 -9.3 224 8.8
PET/PETg,l,0-5 69.2 157 244 21.3 — — 168 —-11.2 223 12.2
PET/PET,l,,-10 71.8 151 244 21.7 — — 163 -11.0 224 12.6
PET/PET,1,,-20 70.3 158 229 20.5 — — 165 -8.7 218 9.5
PET/PET,l,,-40 69.3 159 225 16.2 — — 172 —-6.9 213 7.0
PET/PET,l,,-60 69.9 169 212 11.9 — — 174 -3.6 211 34
PET/PET,1,,-90 68.0 169 208 11.2 — — 174 -2.8 208 3.1

# Cold-crystallization (T; °C), melting (T,,; °C), and crystallization (T,; °C) temperatures and their respective enthalpies (J

1) measured by DSC at a heating/cooling rate of 10°C min
g y g g

—1

P Glass-transition temlperature (°C) taken as the inflection point of the heating DSC traces of the amorphous samples

recorded at 10 °C min

¢ —, indicates that no crystallization occurred for these samples upon cooling.

melting temperature and enthalpy. However, the
PET /PEI (80/20) blends after 5 and 10 min of reactive
blending showed a small increase in the melting tem-
perature and enthalpy, compared to that of the phys-
ical blend. Furthermore, these blends could crystallize
from the melt, whereas the physical blend hardly crys-
tallized when cooled from the molten state at 10°C
min~'. These results might be an indication that these
melt-mixed blends crystallize faster than the physical
blends.

Isothermal crystallization studies

To study in more detail the crystallization behavior
and rate of the melt-mixed blends, isothermal crystal-
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lization studies were conducted on molten samples of
PET, random PETI copolyesters, and the melt-mixed
blends at 165°C. The kinetics of the isothermal crys-
tallization rate is commonly determined by the
Avrami relation®:

1 — X, = exp[ — k(t — t)"] (1)

where X, is the relative weight fraction of crystallinity
developed in the crystallization time t, ¢, is the onset
crystallization time, k is the growth rate constant, and
n is the Avrami exponent reflecting the nucleation
mechanism and growing dimensionality. When X, for
PET and the random PETI samples is plotted against
the elapsed crystallization time, typical sigmoidal-
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Figure 5 (a) Relative crystallinity X, versus crystallization time and (b) Avrami plots for PET and random PETI copolymers

isothermally crystallized from the melt at 165°C.
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TABLE V
Crystallization Parameters of the Isothermally
Crystallized Random PETI Copolyesters
and Melt-Mixed Blends

Avrami parameters®

ty® n log k tin
Polyester
PET 0.40 22 —0.05 0.89
PETl, 0.44 22 -0.87 2.11
PET,,l, 0.51 2.3 -1.33 3.28
PETql4 0.54 25 —2.01 5.62
PETgl,5 0.58 22 ~259 1211
PETgl5 unable to crystallize
Blend

PET/PEI-0 0.37 22 —0.30 1.16
PET/PEI-10 0.34 2.3 0.44 0.55
PET/PEI-20 0.48 25 -1.20 2.62
PET/PEI-40 0.52 27 —-1.76 3.97
PET/PEI-60 0.54 2.7 —2.23 5.73
PET/PEI-90 0.97 2.6 —2.30 6.64
PET/PETl4,-0 0.37 21 —1.56 4.59
PET/PET,l,,-10 0.44 2.1 —1.57 4.67
PET/PET,14-20 0.51 2.6 —2.00 5.06
PET/PETl,,-40 0.54 29 —2.66 7.09
PET/PET,l,4-60 0.54 24 —2.61 10.91

PET/PET,14,-90 unable to crystallize

# Avrami exponent 1, constant of crystallization k (min™1),
and crystallization half-time ¢, ,, (min).
P Onset crystallization time (min).

shaped crystallization isotherms are obtained, as illus-
trated in Figure 5(a). The double-logarithmic represen-
tation of eq. (1) for the isothermally crystallized sam-
ples affords the typical Avrami plots, which are
compared in Figure 5(b). The value of n is obtained
from the slope of these straight lines within the pri-
mary crystallization area, whereas the intercept at
log(t — t;) = 0 yields the k value. The obtained crys-
tallization parameters # and k are given in Table V. It
is observed that the Avrami exponent ranged from 2.2
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to 2.5, which indicates that the crystallization of PET
and the random PETI samples was most likely initi-
ated by a heterogeneous nucleation and proceeded by
a three-dimensional spherulitic growth. It was ob-
served that t, k, and the crystallization half-time ¢, ,,
increased with the content in ethylene isophthalic
units, indicating that these units had a depressing
effect on the crystallization rate of PET. Random
PETg,l,o was unable to crystallize from the melt at
165°C.

Figure 6(a) shows the evolution of the relative crys-
tallinity versus the crystallization time for the melt-
mixed PET/PEI (80/20) blends, and the Avrami plots
obtained for these samples are presented in Figure
6(b). The general trend is that the crystallization rate
decreased with the time of treatment, PET /PEI-10 be-
ing the exceptional case, whereas the Avrami expo-
nent remained essentially unchanged. For some sam-
ples, deviation of the straight Avrami plots could be
observed, most likely because of the occurrence of
secondary crystallization, which is known to start af-
ter spherulite impingement and to take place in the
interlamellar regions at a much lower rate than pri-
mary crystallization.

The change in X, with the progress of isothermal
crystallization for the melt-mixed PET/PETl,, (50/
50) blends is shown in Figure 7(a). The resulting
Avrami plots are given in Figure 7(b), and the Avrami
parameters derived from these plots are listed in Table
V. It was observed that the physical and all melt-
mixed blends crystallized with the same mechanism
as PET, although at a much slower rate. Furthermore,
with the advance of reactive blending, the crystalliza-
tion rate decreased. Compared with the melt-mixed
PET/PEI (80/20) blends being reactively blended for
the same period of time, the crystallization rate was
lower for the melt-mixed PET/PET,yl,, (50/50)
blends.
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Figure 6 (a) Relative crystallinity X, versus crystallization time and (b) Avrami plots for the melt-mixed PET/PEI (80/20)

blends isothermally crystallized from the melt at 165°C.
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(a) Relative crystallinity X, versus crystallization time and (b) Avrami plots for the melt-mixed PET/PETl,,

(50/50) blends isothermally crystallized from the melt at 165°C.

Tensile properties

The mechanical properties, such as the Young’s mod-
ulus E, the maximum tensile stress o,,,,, and the elon-
gation at break e, were evaluated in tensile essays
for amorphous, nonoriented PET, random PETgl,,
and a selection of melt-mixed blends, and the results
are listed in Table VI. It was observed that the PET/
PEI (80/20) samples after short times of reactive
blending showed very poor tensile properties, most
probably attributable to the immiscible nature of these
blends. With the advance of transreactions, the me-
chanical parameters improved and the E modulus
reached a value near to that of PET and the random
PETgl, copolymer. However, the o,,,, remained sig-
nificantly lower than that of PET, and all samples were
highly brittle. On the other hand, miscible PET/
PETl,o blends showed fairly good mechanical prop-
erties, even after short reactive blending times. How-
ever, the modulus of the PET/PET4l,;-40 sample
could not be determined because this sample showed
exceptionally poor tensile properties. This behavior is
likely a consequence of the lower molecular weight of

TABLE VI
Tensile Properties of Amorphous Melt-Mixed Blends®
Young’s Maximum Elongation
modulus, tensile stress, at break,
Blend E (MPa) Omax (MPa) Epreak (%)
PET 1440 (165) 37 (5) 82 (28)
PETgl, 1345 (105) 42 (6) 4(1)
PET/PEI-10 n.d. 5(1) <1(0)
PET/PEI-20 1575 (135) 17 (9) 1(1)
PET/PEI-40 1695 (180) 19 (8) 1(0)
PET/PET4ol,5-10 1495 (95) 15 (5) 3(3)
PET/PET,l,,20 1510 (110) 15 (6) 1(1)
PET/PETl,,-40 n.d. 2(1) 1(1)

@ Standard deviations are given in parentheses. n.d. could
not be precisely determined because of the poor mechanical
properties.

the sample, which results from degradation taking
place during the reactive blending treatment.

CONCLUSIONS

Transreactions took place in the physical PET/PEI
(80/20) and PET/PETl,, (50/50) blends, when melt-
mixed at 270°C without the use of a catalyst, which
was confirmed by >C-NMR analysis. Triad and dyad
sequences could be determined using the signals aris-
ing from the nonprotonated carbons of the tereph-
thalic and isophthalic units, respectively, of the re-
acted blends. As the melt-mixing time advanced, the
number-average sequence lengths decreased with a
concomitant increase in the degree of randomness. For
the initially immiscible PET/PEI (80/20) blend, the
initial microstructure evolved from the initial physical
mixture to a block copolymer, which then gradually
changed into a random copolymer. A similar evolu-
tion was observed in the reactive blending of PET/
PETg,l,0 (50/50), although this mixture appeared to be
initially miscible. In both cases a single-phase system
showing a single T, intermediate to that of PET and
PEI was obtained after 5 min of reactive blending. The
“crystallizability” of PETgyl,, copolymers, evaluated
by the crystallization rate and crystallinity, was found
to decrease with the transreaction time, the effect of
which was more pronounced in the case of the PET/
PET¢ol,0 (50/50) blend. The Young’s modulus of the
melt-mixed blends was comparable to that of PET,
whereas the maximum tensile stress decreased with
respect to that of PET. All blend samples showed a
noticeable brittleness.
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