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Abstract

The spherulite morphology and crystallization behavior of poly(trimethylene terephthalate) (PTT)/poly(ether imide) (PEI) blends were
investigated with optical microscopy (OM), small-angle light scattering (SALS), and small-angle X-ray scattering (SAXS). Thermal analysis
showed that PTT and PEI were miscible in the melt over the entire composition range. The addition of PEI depressed the overall crystallization
rate of PTT and affected the texture of spherulites but did not alter the mechanism of crystal growth. When a 50/50 blend was melt-crystallized at
180 °C, the highly birefringent spherulite appeared at the early stage of crystallization (# < 20 min). After longer times, the spherulite of a second
form was developed, which exhibited lower birefringence. The SALS results suggested that the observed birefringence change along the radial
direction of the spherulite was mainly due to an increase in the orientation fluctuation of the growing crystals as the radius of spherulite
increased. The lamellar morphological parameters were evaluated by a one-dimensional correlation function analysis. The amorphous layer
thickness showed little dependence on the PEI concentration, indicating that the noncrystallizable PEI component resided primarily in the

interfibrillar regions of the growing spherulites.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The analysis of the morphology of crystalline polymer
blends has gained significant momentum over the years.
Much attention has been focused on the variety of microstruc-
tures that result from the crystallization of semicrystalline/
amorphous blends [1—4]. One of the important considerations
in this area is the location of the amorphous polymeric diluent
in the microstructure. The diluent molecules can reside in
interspherulitic regions, interfibrillar regions (i.e. between
the lamellar stacks), interlamellar regions, or some combina-
tion of these, yielding different microstructures. The disposi-
tion of the polymeric diluent during crystallization depends
on two factors: the first is the diffusion of the diluent
molecules and the second is the growth rate of the crystal
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phase [1,3]. If the diffusion is slow and/or the growth rate is
fast, the diluent molecules can be trapped between the lamel-
lar, resulting in an interlamellar morphology. When the diffu-
sion is fast and/or the growth rate is slow, the diluent
molecules can diffuse out of the lamellar stacks, resulting in
an interfibrillar or interspherulitic morphology.
Poly(trimethylene terephthalate) (PTT) possesses good
mechanical properties. However, the lower glass transition
temperature (T, =44 °C) of PTT is a disadvantage in some
applications. Poly(ether imide) (PEI) is a high-performance
engineering plastic with a T, of approximately 215 °C. How-
ever, due to its amorphous nature PEI is poor for chemical re-
sistance. Therefore, it is expected that the blending of PTT and
PEI offers a viable means of combining the complementary
properties of both polymers [5]. In this paper, the morphology
development and crystallization behavior of a melt-mixed
crystalline/amorphous system consisting of PTT and PEI are
reported. The miscibility was studied with differential scan-
ning calorimetry (DSC) and a dynamic mechanical thermal
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analyzer (DMTA). The spherulitic morphology and the crys-
tallization behavior were probed using optical microscopy
(OM), small-angle light scattering (SALS) and small-angle
X-ray scattering (SAXS).

2. Experimental
2.1. Materials and sample preparation

PTT with the molecular weight of ~23,000 was obtained
from SKC Co., Korea. PEI was supplied by General Electric
(GE, Ultem 1000) and its number- and weight-average molec-
ular weights were M, = 12,000 and M,, = 30,000, respec-
tively. After being dried in a vacuum oven at 150 °C for
24 h, PTT and PEI were melt-mixed at 280 °C on a 30-mm co-
rotating twin-screw extruder (Werner Pfleiderer) at 200 rpm.
The extrudate was quenched in ice water and was then chop-
ped into pellets. The blend compositions are indicated in ratios
of weight percent, the first numeral referring to PTT through-
out this paper.

Samples for the DMTA study were prepared by compres-
sion molding. The pellets were compression-molded between
metal plates at 280 °C for 5 min followed by quenching in
ice water to obtain an amorphous specimen of ~1 mm thick.

2.2. Thermal analysis

The thermal properties of the melt-quenched samples were
investigated with a Perkin—Elmer DSC-7 differential scanning
calorimetry (DSC). The samples were heated to 300 °C at
a rate of 10°C/min in a nitrogen atmosphere. Dynamic
mechanical measurements were performed with a Polymer
Laboratories MKIII dynamic mechanical thermal analyzer
(DMTA). DMTA was operated in the dual-cantilever banding
mode at a frequency of 1 Hz and a heating rate of 3 °C/min
from 25 to 250 °C.

2.3. SALS and OM

A thin-film specimen (ca. 15 um thick) was prepared by
melt-pressing the pellets between two cover glasses. After
the specimen was held at 280 °C for 5 min, it was rapidly
transferred onto a hot-stage set at the desired crystallization
temperature in a light scattering photometer equipped with
a charged-coupled device camera, and the supermolecular
structures were then examined. A polarized He—Ne gas laser
with a 632.8 nm wavelength was applied to the specimen.
H, geometry was used, in which the optical axis of the
analyzer was set perpendicular to that of the polarizer. The
spherulitic morphology of the specimens was also observed
with OM.

24. SAXS
All SAXS measurements were performed at room temper-

ature. 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. The SAXS employs
point focusing optics with a Si double crystal monochromator
followed by a bent cylindrical mirror. The incident beam
intensity of 0.149 nm wavelength was monitored by an ioniza-
tion chamber for the correction of a minor decrease of the
primary beam intensity during the measurement. The scatter-
ing intensity by thermal fluctuations was subtracted from the
SAXS profile I(q) by evaluating the slope of a I(g)-¢* vs. ¢*
plot at wide scattering vector g, where g is (47/A)sin(0/2),
and A and ¢ are the wavelength and scattering angle, respec-
tively [6]. A correction for the smearing effect by the finite
cross-section of the incident beam was not necessary for the
optics of SAXS with point focusing.

3. Results and discussion

The glass transition temperature (T;) may provide useful
information on blend miscibility [7]. For an immiscible blend,
two T,s generally appear on a DSC scan, whereas for miscible
blends or copolymers, only one T, is observed. Fig. 1 shows
DSC traces for quenched PTT, PEI, and PTT/PEI blends at
a heating rate of 10 °C/min. For all compositions, only one
T,, which is marked by the arrow in the figure, is observed.
T, rises monotonically as the PEI content in the blend
increases, suggesting that the blends are completely miscible.
Furthermore, both the cold crystallization temperature and the
width of the exotherm increase as the PEI content increases.
These results imply that the presence of PEI retards PTT
crystallization, which is normally expected from a miscible
polymer pair. By increasing the PEI content in the blend, the
melting temperature gradually decreases from 229 to 226 °C.
No trace of melting endotherm can be observed for the blend
containing less than 50% PTT, indicating that the crystalliza-
tion rate significantly decreases as the PEI content in the blend
increases. A prior study [5] gave a similar result.

Dynamic mechanical measurements also provide sup-
plementary evidence for the miscibility of the blend. The
temperature dependence of the loss tangent, tan 6 of the
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Fig. 1. DSC thermograms of the melt-quenched samples. The blend composi-
tions are indicated in the figure.
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Fig. 2. Temperature dependence of the loss tangent (tan 6) of the melt-
quenched samples.

melt-quenched samples is plotted in Fig. 2. The samples show
a single glass transition, the temperature of which shifts to
higher temperatures as the PEI content increases. As can be
seen, in all cases the glass transition width is wider for the
blends than it is for the pure PTT and PEI It is important to
note that the broad range of the tan ¢ peaks depends on the

degree of segmental mixing on a molecular scale. The obser-
vation of the wide breadth of the tan ¢ peak for the blends
suggests that small-scale compositional fluctuations still reside
in the amorphous state, although the PTT/PEI blends are
optically transparent.

The spherulitic morphology of the blends was examined at
various crystallization temperatures between 150 and 200 °C.
The greatest morphological change was found when the sam-
ples were crystallized at 175—185 °C. Fig. 3 shows polarized
optical micrographs of the samples crystallized from the melt
at various temperatures. The crystallization of PTT, which
amounts to a transition from a fully amorphous to a amor-
phous/crystalline state, proceeds through the free growth of
the spherulites from a homogeneous melt. All the spherulites
display the characteristic “Maltese Cross’ extinction pattern,
and several also exhibit regular concentric bands. The Maltese
Cross arises from the coincidence of the principle axis of the
crystal with the extinction direction of the polarizer or
analyzer. It can easily be demonstrated that the chains are
arranged circumferentially within the spherulites. The regular
concentric bands arise from a regular twist in the radiating
lamellae. The mechanisms of lamellar twisting within spheru-
lite are referred to two models. They are interlamellar and
intralamellar origins. For interlamellar origin, equally spaced
screw dislocations along the radial growth direction of the
lamellae are formed so as to give rise to the twisting of molec-
ular stems at the lamellar level. The model was originally

(e)

Fig. 3. Optical micrographs (equivalent magnification, bar = 50 pum) of the spherulitic morphology of the PTT/PEI blends crystallized at the temperatures indicated
in the figure. The blend compositions: (a) 100/0; (b) 90/10; (c) 70/30; (d) 50/50; (e) 30/70.
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proposed by Schultz and Kinloch [8] and then modified by
Bassett and co-workers in detail [9—11]. For intralamellar
origin, regularly twisted molecular stems are cooperatively ac-
commodated in continuously twisted helical lamellae without
the presence of screw dislocations. The twisting is attributed
mainly to the influence of the surface stresses resulting from
the asymmetry of lamellar geometry. The model was initially
proposed by Keller [12] and has been developed intensively by
Keith and Padden [13—15]. Recently, a detailed investigation
on the formation of the banded spherulites of PTT was
achieved by Ho et al. [16]. They suggested that the lamellar
twisting was attributed to the tilted chain stems which were
nonorthogonal to fold surface. The nonorthogonal geometry
resulted from the growth of PTT lamellae with triclinic struc-
ture where internal stress was gradually accumulated so as to
drive the crystal twist along the radial direction of spherulite.
In other words, the twisting of PTT lamellae was attributed to
an intralamellar origin to the lamellar geometry. However, it
should be noted that many polymeric materials appear the
morphology of banded spherulites and different mechanisms
have been proposed to interpret various systems. In the pure
PTT samples crystallized at 160 and 180 °C, the bands are
spaced very tightly and are not resolved at the current magni-
fication. It is usually found that the band spacing increases
with the crystallization temperature but decreases with the
addition of noncrystallizing diluents [17—19]. Thus, the ob-
served increase in the band spacing with the addition of PEI
for the samples crystallized at 180 °C as shown in Fig. 4 is
contrary to common findings. The reason for this is not en-
tirely clear. It was observed that the spherulites become pro-
gressively smaller as the PEI content increases, indicative of
an increase in nucleation density due to blending. Up to
high PEI content levels, the PTT spherulites remain relatively
space filling, although nonbirefringent regions develop at the
spherulitic boundaries in PEI-rich blends. The fact that the
PTT phase is relatively space filling even with a high PEI con-
tent indicates that the noncrystallizable PEI component, which
is rejected in the crystallization process, is incorporated into
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Fig. 4. Dependence of band spacing S on the blend compositions. The crystal-
lization temperatures are: (@) 180 °C; ( A) 200 °C.

the interlamellar and/or interfibrillar regions of the spherulites.
One of the interesting features in Fig. 3 is the change in the
interference colors. Most of the spherulites show vivid inter-
ference colors without a sensitive tint plate, as the birefrin-
gence of the PTT spherulite is extremely large [20]. As the
PEI content increases, the interference color of the spherulites
changes with a sequence of green—red—yellow. The appear-
ance of this color sequence is associated with a change in
the birefringence in the spherulites. The birefringence in the
spherulite An is described by:

An = An’¢f (1)

where An° is the intrinsic birefringence of crystallite (An® of
PTT is 0.236 [21], which is similar to that of PET and other
general polymers); ¢ is the crystallinity within the spherulite,
and f is an orientation function describing the orientation of
the crystals with respect to the radius of the spherulite.
Thus, the change in the interference color of the spherulites
suggests that the crystallinity within a spherulite and/or the de-
gree of the orientation of the crystals can be decreased with an
addition of the noncrystallizing PEI component. Another inter-
esting feature in the figure is that less-ordered interference
colors are observed at the center of the spherulites. This obser-
vation is consistent with the fact that a supermolecular struc-
ture with a low crystallinity and a low degree of orientation
correlations of the constituent crystals is obtained at the initial
stage of crystallization [22].

Another phenomenon worth mentioning is the change in
the interference colors along the radial direction of the spher-
ulite. Fig. 5 shows the polarized optical micrographs and the
corresponding SALS H, patterns of the 50/50 blend crystal-
lized at 180 °C for various time intervals. The highly birefrin-
gent spherulite is observed at the early stage of crystallization
(t <20 min). After that, a spherulite of a second form is devel-
oped, which exhibits a lower birefringence and appears to be
less compact. This observation indicates that during the later
stage of crystallization the anisotropy of the growing crystal
aggregate is low, suggesting a low crystallinity within the
spherulite and/or a low degree of orientational correlations
of the constituent crystals. At the later stage of crystallization
(t =60 min), the formation of new secondary crystallites and
the perfection of existing crystals appear to take place within
the spherulite. This is accompanied by a change in the bire-
fringent appearance of the spherulite, which was observed to
become brighter and exhibits a more pronounced interference
color.

The radial growth rate of the spherulite was determined by
monitoring the spherulite radius R as a function of time during
isothermal crystallization in the hot-stage of a polarizing
microscope. For the 50/50 blend crystallized at 180 °C, R
was found to increase linearly in time up to the point of im-
pingement, indicating a constant growth rate throughout the
crystallization process (Fig. 6). The linearity of R implies
that PEI molecules that are rejected from the growing PTT
crystals, do not accumulate at the spherulite boundary,
but rather become trapped within the interlamellar and/or
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Fig. 5. Optical micrographs of the spherulitic morphology of the 50/50 blend crystallized at 180 °C for various time intervals and the corresponding SALS H,
patterns.
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Fig. 6. Plot of the spherulite radius R as a function of the crystallization time.

interfibrillar regions of the growing spherulite [19]. It should
be mentioned that the crystallinity within the spherulite re-
mains constant during the isothermal crystallization if there
is no change in the concentration of crystallizable elements
at the crystal growth front [23,24]. It is therefore reasonable
to assume that the observed birefringence spectrum is mainly
caused by a change of the lamellar ordering along the radial
direction of the spherulite.

The H, scattering pattern is concerned with the arrange-
ment of individual lamellar crystallites into a large scale of
organization. Stein and Chu [25] suggested by a model calcu-
lation of the scattering patterns that lower orders of organiza-
tion result in a broad H, scattering pattern, i.e. as the disorder
of lamellar orientation increases, the azimuthal dependence of
the scattering pattern decreases. The orientation fluctuation of
the lamellar crystals within a spherulite can be quantitatively
described by introducing the disorder parameter £. Yoon and
Stein [26] provided a calibration curve relating the parameter
£ to the ratio of intensity at w = 4 to that at w = 15, where w is
a reduced angle parameter defined as:

w=(21w/A)R sin (2)

E=Iw=4)/I(w=15) (3)

Fig. 7 shows the time evolution of one-dimensional H, scat-
tering profiles at an azimuthal angle of 45° in the scattering
patterns for a 50/50 blend crystallized at 180 °C. The profiles
have a maximum at a scattering angle of 6,,. The @,,, is related
to the R [27]:

4.09 = 47c(R/2)sin(0,,/2) (4)

Therefore, the shift of the peak positions to a lower value sug-
gests that the size of the spherulite increases as the crystalliza-
tion time increases. Fig. 8 shows the time dependence of the &
obtained from Fig. 7. The calculated values of £ remarkably
decrease during the early stage of crystallization, which is con-
sistent with other experimental observations in the literature
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Fig. 7. Time evolution of the one-dimensional H, scattering profiles at an
azimuthal angle of 45° in the scattering patterns for the 50/50 blend crystal-
lized at 180 °C.

[22,28]. An interesting feature is that the £ increases during
the later stage of crystallization, suggesting that the spherulitic
structure significantly deteriorates as the radius of the spheru-
lite increases. This result is in good agreement with micro-
scopic observation, as shown in Fig. 5. The disordering of
the spherulite observed at the later stage of crystallization
can be interpreted by considering the dendritic and densely
branched internal structure. A number of lamellae will extend
from the center of a spherulite all the way to the outer bound-
ary. They form the basic skeleton for the entire spherulite.
When a crystal branches at the inner part of the spherulite,
the branching crystal can be aligned nearly side by side with
the mother crystals as the skeleton lamellae are closely
packed. As the radius of the spherulite increases, the gaps
between the radiating lamellae will increase. Consequently,
the branching crystal may tend to splay away from the mother
crystal, leading to a spherulitic structure of decreasing order at
the outer part of the spherulite. However, further experimental
investigations, e.g. transmission electron microscopy (TEM),
will be needed to clarify this.
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Fig. 8. Time dependence of the disorder parameter &.
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Fig. 9 shows typical time-resolved SAXS profiles of a
50/50 blend crystallized at 180 °C. It is observable that the
scattering peak begins to appear near 20 min and increases
to a plateau value at approximately 100 min. The peak posi-
tion slightly shifts to a larger scattering vector as the time
increases, which may be attributed to the secondary crystalli-
zation process. It is believed that the secondary crystals
possess a thinner lamellar thickness and a defective crystal
structure due to the chain ends, low molar-mass species, and
lower entropy restraints in the amorphous regions imposed
by the primary crystals. It is interesting to note that what
is known as the secondary crystallization stage is normally
considered to occur at longer times after the space filling of
the spherulites, while physical justification for the growth of
secondary stacks of lamellae during the primary crystallization
process was given some years ago [3,29], and has also been
modeled more recently [30].

The SAXS data were analyzed via the modified correlation
function method [31]. This method is based on the use of two
alternative expressions to estimate the Porod approximation.
From this method, it is possible to calculate the long period
(L) and the thicknesses of the constituent phases (crystalline
and amorphous) (/. and /,). The effect of the blend composi-
tions on the morphological changes at the lamellar level is
represented in Fig. 10. The values of /. slightly increase as
the PEI content increases. This behavior can be explained
simply through thermodynamic considerations. As can be
seen in Fig. 1, the melting point of the blends decreases as
the PEI content increases, due to the diluent effect of the non-
crystallizable species. A lower melting point in the blends
causes a lower degree of undercooling; therefore, it is ex-
pected that /. will increase as the PEI content increases at
a given crystallization temperature as a result of the corre-
sponding decrease in the degree of undercooling. It is worth
noting that the amorphous layer thickness is relatively
independent of the blend compositions. All blends exhibit ap-
proximately the same /,. In view of the fact that an inter-
lamellar incorporation should result in a monotonic increase
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Fig. 9. Time-resolved SAXS profiles of the 50/50 blend crystallized at 180 °C.
The crystallization times are indicated in the figure.
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Fig. 10. Plots of the lamellar dimensions (L, /., and /,) against the blend
compositions. The samples were crystallized at 180 °C.

of the amorphous layer thickness with the PEI content, the
constant value of /, implies that PEI molecules are expelled
out of the interlamellar regions and consequently reside in
the interfibrillar regions. This is reasonable when one con-
siders the observations of the space-filling spherulitic texture
and constant growth rate, as shown in Figs. 3 and 6.

4. Conclusions

In this study, the morphological changes and crystallization
behavior of PTT/PEI blends were examined. The spherulitic
morphology of PTT crystals was largely affected by the addi-
tion of PEIL For a 50/50 blend sample crystallized at 180 °C,
a change in the birefringence along the radial direction of
spherulite was observed. A SALS analysis suggested that the
observed birefringence change was mainly due to an increase
in the orientation fluctuation of the growing crystals as the
radius of the spherulite increased. The amorphous layer
thickness showed little dependence on the PEI concentration.
The constant value of /, suggested that the diffusion rate of
PEI may be faster than the growth rate of crystals, with
most of PEI molecules escaping from the PTT lamellar stacks.
As a result, the noncrystallizable PEI component was primar-
ily incorporated into the interfibrillar regions of the growing
spherulites.
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