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Abstract: We have studied the lamellar-level morphology of poly(ethylene terephthalate) (PET)/polycarbonate (PC)
blends using small-angle X-ray scattering (SAXS). Measurements were made as a function of the holding time in
the melt. We determined the morphological parameters at the lamellar level by correlation function analysis of the
SAXS data. An increased amorphous layer thickness was identified in the blend, indicating that some PC was
incorporated into the interlamellar regions of PET during crystallization. The blend also exhibits a larger lamellar
crystalline thickness (/.) than that of pure PET. A possible reason for the increase in /. is that the inclusion of the PC
molecules in the interlamellar regions causes an increase in the surface free energy of folding. At the early stage of
isothermal crystallization, we observed a rapid drop in the value of /, in the blend; this finding indicates that a
relatively large fraction of secondary crystals form during the primary crystallization. In contrast, the value of /. for
the sample that underwent a prolonged holding time increased with time in the secondary crystallization-dominant
regime; this observation suggests that the disruption of chain periodicity, which results from transesterification
between the two polymers, favors the development of fringed micellar crystals that have larger values of [, rather

than the development of normal chain-folded crystals.
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Introduction

Binary polymer blends may be made of pairs of polymers
where one or both components are crystalline. For the
blends with one crystallizable component (A), crystals of A
may be dispersed in an amorphous phase. Alternatively,
spherulites of A may grow in a matrix consisting primarily
of the other component. One important consideration in this
case is the location of the noncrystallizable component (B)
in the microstructure. The B molecules may be included in
interspherulitic regions, interfibrillar regions (i.e. between
the lamellar stacks), interlamellar regions, or some combi-
nation of these."

In addition to crystallization, morphologies of crystalline
polymer blends may sometimes be influenced by a liquid-
liquid (L-L) demixing process.”>'® When the blend has a
lower critical solution temperature (LCST) or upper critical
solution temperature (UCST) phase diagram, crystallization
may proceed simultaneously and compete with L-L phase
separation. The competitive two processes may create
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unique morphological patterns that are not attainable by
either process alone. In a recent study, we observed that an
extruded poly(ethylene terephthalate) (PET)/polycarbonate
(PC) blend exhibited combined crystallization and L-L
demixing."" We carried out optical microscopy (OM) obser-
vations to confirm L-L phase separation via spinodal
decomposition (SD), and investigated the effects of L-L
demixing and subsequent phase homogenization on crystal-
lization. The OM results showed that at the early stage of
holding, L-L phase separation proceeded in the melt-
extruded specimen. After the formation of domain structure,
the blend slowly underwent phase homogenization by trans-
esterification between the two polymers.

Although morphology development on the order of
micrometers has been revealed for the PET/PC biend,'*"
the microstructure of a finer scale still requires further
exploration. In this article, we describe a study of the mor-
phological changes in the PET/PC blend at a lamellar level.
The morphological parameters, such as lamellar crystalline
thickness (/,) and amorphous layer thickness (/,) were deter-
mined by small-angle X-ray scattering (SAXS) measure-
ments. The characteristics of the structural development at
lamellar levels are discussed on the basis of the effect of
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combined crystallization and L-L demixing.
Experimental

Materials. Commercial PET (M, = 52,000, M,./M, = 2.0)
produced by Honam Petrochemical Co.(Korea) was used.
Bisphenol A polycarbonate (M,, = 36,000, M,./M,, = 1.7) was
obtained from Samyang Co.(Korea). After being dried in a
vacuum oven at 150°C for 24 hr, PET and PC were melt-
mixed at 280°C on a 30 mm corotating twin-screw extruder
{(Wemer Pfleiderer) at 200 rpm. The residence time for the
melt-mixing was less than 1 min. The extrudate was
quenched in ice water to freeze the structure in the melt and
was then chopped into pellets. The composition of the PET/
PC blend was 50/50 by weight.

SAXS. SAXS was used to measure the isothermal crystal-
lization of the PET/PC blend. The sample was melted at
280°C for a certain time (#,), and was then jumped to a
desired crystallization temperature for measurement. The
X-ray beam was from synchrotron radiation, beam line 4C1
at the Pohang Light Source (Korea). The storage ring was
operated at an energy level of 2 GeV. SAXS employed point-
focusing optics with a silicon double-crystal monochromator
followed by a bent cylindrical mirror. The incident beam
intensity with a wavelength of 0.149 nm was monitored by
an ionization chamber for the correction of a minor decrease
of the primary beam intensity during the measurement. The
data collection time was 10 s per scattering frame.

The raw SAXS data were analyzed via the correlation
function approaches.'*'® The correlation function is the
Fourier transform of the Lorentz-corrected SAXS data:

[ =114 cos(ar)dg

[u-119'dq

where %(r) is the one-dimensional correlation function, /
is the scattering intensity, /, is the background intensity, and
q is (4m/A)sin(6/2), with 4 and 8 being the wavelength and
scattering angle, respectively. Because SAXS data are col-
lected in a limited angle range, it must necessarily be
extrapolated to both high and low g values before Fourier
transformation. The data were extrapolated to low g values
(in the beam-stop region) under the assumption of a linear
profile of [I-1,}-¢° versus ¢°. The extrapolation in the high ¢
region was performed with the aid of Porod’s law. Details of
the Porod analysis are reported elsewhere.'®!”

From the correlation function, we estimate L (the first

nir) = N

maximum), /. and /, using the following equations'”'®:
x,(1-x)L=B )
x,=1/L 3)
l,=L~-1. 4)

where x,=1[/L is the linear crystallinity within the
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lamellae structure and B is the position of the first intercept
of the correlation function with the r axis. Note that eq. 2 is
quadratic in x,; and can be solved to obtain two solutions for
X4- The sum of these two solutions will equal 1, and only
one of these solutions corresponds to /.. Wang et al. '8 studied
in detail which one corresponds to /. or /,. They reported
that the longer length deduced from the high value of x,, is /.
and the shorter length given by L- [ is [,

Results and Discussion

Phase Behavior. Previously, we reported the behavior of
L-L phase separation and subsequent homogenization during
holding in an extruded PET/PC blend."" Figure 1 shows
optical micrographs of the PET/PC blend holding at 280°C
for t,. In the beginning [Figure 1(a)], a high level of inter-
connectivity in both phases can be seen, and the phases are
regularly spaced. At the later stage of L-L phase separation
[Figure 1(b)], the phase connectivity grows and eventually
breaks up into a macroscopic spherical texture. As the trans-
esterification reaction proceeds, the domain growth is sup-
pressed, and the blend morphology is mainly controlled by
the phase homogenization process [Figure 1(c)]. Finally the
blend shows a homogeneous mixture [Figure 1(d})]. Dynamic
mechanical measurements provided supplementary evidence
for the phase behavior. For the #,= 3 min sample, two glass
transition temperatures (7,’s) were shifted toward each other,
suggesting that some level of phase separation existed. As ¢,
increased, the blend showed a single 7. This indicated that
the level of transesterification between the two polymers
increased with t,, leading to the formation of a single amor-
phous phase.

Lamellar Morphology. Figure 2 shows the plots of L, [,
and /, against ¢, for the blend samples crystallized at 180 °C.
The crystallization temperature of 180 °C was chosen based
on our knowledge of the rapid growth rate of the PET crystals.
Conceptually, it seems plausible that the rapid crystallization
of PET at 180°C is very effective to lock-in further growth of
the L-L phase separation. The blend has a larger /, than the
pure PET (the /, value of the pure PET sample crystallized
at 180°C was 35 A'), suggesting that PC in the PET-rich
phase is incorporated into the interlamellar regions during
crystallization. It is seen that /. of the blend is larger than the
value of 58 A for the pure PET." This result might be
explained simply by thermodynamic considerations. If the
PC molecules act as a polymeric diluent for PET, the melting
point of PET will be decreased. In that case, we would expect
an increase in /. at a given crystallization temperature because
of the decrease in the degree of supercooling. However, the
melting point depression of PET for the ¢, = 1 min sample
was a little over 1°C (data not shown). Therefore, it seems
that the other thermodynamic parameters are responsible for
the increased /.. In principle /. could increase through the

increase of quantity (0,7,):
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Figure 1. Optical micrographs of the PET/PC blend after holding at 280°C for (a) £, =3 min, (b) £, =5 min, (¢) ;= 10 min, and (d)

t,= 15 min.
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Figure 2. Plot of the lamellar dimensions (L, I, and [,) against 7,
for the PET/PC blend crystallized at 180°C for 4 hr.
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where yis a constant, ¢,, the surface free energy of fold-
ing, T,’, the equilibrium melting temperature, A%y, the heat
of fusion, and AT is the degree of supercooling. According
to eq. (5), the increased /. would suggest a strong influence of
the PC molecules on o,. The inclusion of the PC molecules
in the interlamellar regions during the growth of the PET
crystals probably causes an increase of ©,, leading to a larger
value of [.. However, our results do not seem to support such
a hypothesis. One of interesting features in the figure is the
change in I, with 7. [, attains a minimum value at 7, = 3 min
and then gradually increases. In the early stage of holding (¢,
< 3 min; in this stage the blend morphology is mainly con-
trolled by the L-L phase separation'!), the PC molecules in a
PET-rich phase may be forced to move to a PC-rich phase.
As a result, the amount of PC in the PET-rich phase should
decrease with £, and the smaller amount of PC may be corre-
spondingly incorporated into the interlamellar regions during
crystallization. Therefore, it can be expected that the value
of [, for t, = 3 min is lower than that for £, = 1 min. However,
the increase in [, for #,> 3 min may be attributed to the
reduction in the crystallinity due to the transesterification
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reaction (The crystallinity values of the 7,=1, 3, 5, 10 and
15 min samples determined with DSC were 0.36, 0.35,
0.33, 0.30 and 0.27, respectively.). The increased PC com-
ponent in the PET-rich phase by the phase homogenization
may also contribute to the increasing value of /,. It is worth
noting that the PET crystals formed in PC-rich phase, which
could have a larger value of /, than those formed in PET-rich
phase, may give an influence on the increase in /,.

Figure 3 shows the time evolution of the SAXS invariant
(Q) during isothermal crystallization at 180°C. It can be seen
that the curves for Q consist of two lines with abrupt change
in the slope. The two regions of linear behavior are denoted
regimes I and II: the regime I (¢ <1, 1, is the intersection of
the two lines) and regime I are characterized by the primary
crystallization process and the secondary crystallization
process, respectively.4 The value of Q for the 7, = 3 min sam-
ple reaches a plateau when the primary crystallization is
complete. With increasing t,, the secondary crystallization
process becomes important, and a relatively large fraction of
crystallinity develops after the primary crystallization. Sec-
ondary crystals naturally form in topologically restricted
regions, probably in the gaps between primary lamellar
stacks. Recently, the growth of secondary stacks of lamellae
was physically justified and also modeled.”' According to
the model, the entire primary stacks or fibrils grow radially
in a way that the spherulite is not fully dense, leaving gaps
of various dimensions for the secondary lamellar stacks.
Because of the low molar-mass species, impurities, and
lower entropy restraints in the amorphous regions restrained
by the primary crystals, it is believed that the secondary
crystals possess a thinner lamellar thickness and defective
crystal structure. Therefore, the secondary crystallization may
be accompanied with a distinct change in the crystalline
structure at both the spherulitic and lamellar levels if the
contribution of the primary and secondary crystallization
processes to the development of the overall crystallinity is
comparable.

The spherulitic morphology of the blend was investigated
with small-angle light scattering. Figure 4 shows H, scatter-
ing patterns for the samples holding for #,= 3 and 15 min and
subsequently crystallized isothermally at 180°C. A typical
four-leaf clover pattern is observed for the ¢, = 3 min sample.
The pattern with lobes at 45 ° to the polarization direction has
been interpreted as arising from optic axes oriented parallel
or perpendicular to the spherulite radius. With increasing ¢,,
the pattern becomes diffuse and less azimuthally dependent.
The H, scattering pattern is concerned with the arrangement
of the individual lamellar crystallites into a lager scale of
organization. Stein and Chu* suggested by the model calcu-
lation of the scattering patterns that lower orders of organi-
zation result in the broad H, scattering pattern, i.e. as the
disorder of lamellar orientation increases, the azimuthal
dependence of the scattering pattern becomes less and the
scattering pattern shows a diffuse pattern. The orientation
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Figure 3. Time variation of the SAXS invariant Q for the PET/
PC blend crystallized at 180°C after holding at 280°C for #..

(b)

Figure 4. H, light scattering patterns for the PET/PC blend crys-
tallized at 180°C for 4 hr after holding at 280 °C for (a) r, = 3 min,
and (b) ¢, = 15 min.

175



J.K. Leeetal.

fluctuation of the lamellar crystals within a spherulite can
be quantitatively described by introducing the disorder
parameter £ Yoon and Stein® provided a calibration curve
relating the parameter £ to the ratio of intensity at w =4 to
that at w =15, where w is the reduced angle parameter
defined as:

w=2mA) R sin 6 6)
E=I(w=4)/I(w=15) %

where R is the radius of spherulite. As & increases, the
peak intensity at a scattering angle 6,, decreases and the
intensity decreases more gradually with 6. The calculated
value of & for the #,= 15 min sample was 0.21, which was
much larger than the value of 0.07 for the £, = 3 min sample.
While we cannot examine our experimental data in a more
quantitative or theoretical method, some general remarks can
be made. Because the chain constitution gives a large influ-
ence on the supermolecular structure,”** the incorporation
of copolymer units or other irregularities into the chain may
alter the major characteristics of the spherulitic morphology.
Thus, it can be inferred that the increase of the sequence dis-
tribution in polymer chains via transesterification restricts the
formation of well-ordered spherulites and favors randomly
arranged lamellae.

To follow the development of lamellar morphology during
crystallization, the variation of parameters such as L, /., and
[, has been extracted from the time-resolved SAXS data.
The data in Figure 5 show rapid decreases in /. during the
primary crystallization, which is consistent with many
experimental observations in the literature,"*** but with
few explanations provided. It can be explained by defective
lamellar stacks filling in the space of spherulites, as the sec-
ondary crystals form in the nominal primary crystallization
regime.” It is noted that the values of [, remain approximately
constant during prolonged times; we thus believe that the
formation of secondary lamellae in the PET/PC blend system
may mainly occur between the primary stacks rather than
within the primary stacks. A unique observation in the figure
is that the value of /. for the z, = 15 min sample is seen to
significantly increase during the secondary crystallization.
Since the secondary crystallization normally produces thinner
lamellar stacks with smaller values of [, this trend may
appear contradictory. As mentioned previously, the inter-
change reactions between the two polymers give rise to the
disruption of chain periodicity. If the crystallizable sequence
lengths of the PET-PC copolymers are too short to partici-
pate in lamellar growth by a chain folding mechanism, the
secondary crystallization may only occur through clustering
of chain segments and lead to the formation of fringed
micellar crystals. Here, the term fringed micellar crystal is
representative of an aggregate of chains exhibiting some
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Figure 5, Time variation of the morphological parameters (/. and
l,) for the PET/PC blend crystallized at 180°C after holding at
280°C for t,.

level of crystallographic packing over restricted distances in
directions parallel and normal to the chain axis or an chain
cluster which forms from shorter sequences.”® The fraction
of the micellar crystals will be probably enhanced with ¢,
because of the increased level of transesterification. There-
fore, it is likely that the lamellar thickening in the secondary
crystallization dominant regime may be attributed to the
unusual secondary crystallization process which favors the
development of fringed micellar crystals with larger values
of I.. However, more experimentals, e.g. fransmission electron
microscopy (TEM), will be needed to clarify our speculation.

Conclusions

We studied the morphological changes at the lamellar
level in the PET/PC blend. On the basis of the results
described in this article, we were able to make the following
conclusions: (1) A rapid decrease in /. at early crystallization
times suggested that the growth of secondary stacks of
lamellae would also proceed in the nominal primary crystal-
lization regime; (2) A constant value of /, during the overall
crystallization implied that the secondary crystals might forin
between the existing primary lamellar stacks; (3) A large
disruption of chain periodicity as a consequence of transes-
terification would favor the development of fringed micellar
crystals rather than that of normal chain-folded crystals,
leading to the lamellar thickening during the secondary
crystallization.
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