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ABSTRACT: The lamellar morphology of a melt-miscible
blend consisting of poly(trimethylene terephthalate) (PTT)
and poly(ether imide) (PEI) prepared by solution precipita-
tion has been investigated by means of optical polarized
microscopy (POM) and small angle X-ray scattering (SAXS).
From the observation under POM, it was suggested that PEI
was predominantly segregated into the interlamellar and/or
interfibrillar regions upon PTT crystallization since the PTT
spherulitic morphologies of blends were volume-filling.
From results of SAXS data analysis, a larger amorphous
layer thickness was identified in the blends, showing that
some PEI was incorporated inside the interlamellar regions

after crystallization. Despite the swelling of the amorphous
layer, the amorphous layer thickness was relatively inde-
pendent of the blend composition. It was concluded that
amorphous PEI was located in the interlamellar regions of
PTT as the weight fraction of PEI (wpg) [=] 0.1, while
amorphous PEI was predominantly segregated into the in-
terfibrillar regions of PTT as wpg; > 0.1, and the extent of
interfibrillar segregation increased with increasing wpg.
© 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 99: 24212427, 2006
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INTRODUCTION

Poly(trimethylene terephthalate) (PTT) is a linear aro-
matic polyester with three methylene moieties in the
repeating unit. Although chemical structures are sim-
ilar to poly(ethylene terephthalate) (PET) and poly(bu-
tylenes terephthalate) (PBT), the physical properties of
PTT are much different from those of PET and PBT.
PTT with excellent and economical properties for the
applications such as films and fiber has been devel-
oped by Shell Chemical Company.' However, a
lower glass transition temperature (T, = 44°C) of PTT
is a disadvantage in some applications. Since PTT is a
crystalline polymer, its physical properties are ex-
pected to depend strongly on its crystalline morphol-
ogy, which can be controlled by the crystallization
kinetics. Blending the PTT with other polymers is an
effective way for tuning the crystalline morphology.
Poly(ether imide) (PEI) is a high-performance engi-
neering plastic with a very high T, (~215°C).° PEI also
possesses several advantageous properties such as ex-
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cellent toughness and good electrical insulation, while
PEI has a poor chemical resistance due to its amor-
phous nature. Therefore, it is expected that blending
of PTT and PEI will offer an interesting route to com-
bine the complementary properties of both polymers.
Huang et al.’ found that the PTT/PEI blends were
miscible in the melt for the entire composition since
the blends showed a single and composition-depen-
dent T, over the entire composition range and the
crystallization kinetics also decreased with the addi-
tion of PEL In the present study, we are interested in
the investigation on the microstructure morphology of
the PTT/PEI blends since the bulk physical properties
are also stemmed from the microstructure morphol-
ogy.

For a crystalline/amorphous system, the crystalli-
zation usually involves two types of polymer trans-
port: diffusion of the crystalline component toward
the crystal growth front and simultaneous segregation
of the amorphous diluent away from the growth front.
The diluent segregation can take place on three length
scales, namely, interlamellar, interfibrillar, or inter-
spherulitic. Interlamellar segregation occurs when the
diluent is incorporated into the amorphous regions
between individual lamellae. Interfibrillar segregation
is characterized by the segregation of the amorphous
diluent to the regions between the lamellar stacks,
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which consequently generates amorphous domains in
between the lamellar stacks. Interspherulitic segrega-
tion is associated with the longest segregation dis-
tance, where the diluent is expelled out of the spheru-
lites. Different morphological patterns may coexist in
a given blend, leading to multiple locations for the
amorphous diluent. These morphological patterns
represent the diluent dispersion from the nanoscopic
scale to the micrometer scale. Different scales of dis-
persion may lead to different properties.

In this article, we will investigate the microstructure
morphologies of the PTT/PEI blends by means of
small-angle X-ray scattering (SAXS). The effects of
composition and thermal history on the segregation
morphology of crystalline/amorphous state in the
PTT/PEI blends will be discussed via SAXS data.

EXPERIMENTAL
Materials and sample preparation

PTT with M,, = 2.1 X 10* and M,, = 4.63 X 10* was
obtained from Shinkong Synthetic Fibers Co. Taiwan.
PEI with M,, = 1.2 X 10* and M, = 3.0 X 10* was
acquired from General Electrical (GE, Ultem 1000) Co.
America. PTT were blended with PEI by solution pre-
cipitation. A series of PTT/PEI blends of designated
weight composition ratios were stirred and dissolved
in dichloroacetic acid at 80°C. These blends were sub-
sequently recovered by precipitation in 10-fold excess
volume of water. The blends were thoroughly washed
with a large amount of water and then dried in a
vacuum oven at 105°C for 3 days.

Samples for SAXS study were prepared by pressing
the blends between two pieces of Teflon films on a
Linkam HFS91 hot stage at 270 * 0.2°C for 3 min. The
samples were subsequently transferred directly into
an oven equilibrated at the desired crystallization tem-
perature (T,) to allow the crystallization of PTT for 5 h.
Optical microscopy confirmed that volume-filling
spherulitic samples were obtained through such a
crystallization condition.

Polarized optical microscopy

The spherulitic morphology and growth were moni-
tored with a Zeiss polarized optical microscope. The
sample was first melted on a Linkam HFS91 hot stage
at 270 = 0.2°C for 3 min, and then quickly transferred
to another hot stage equilibrated at the desired crys-
tallization temperature (T.), where the spherulitic
growth was monitored. Micrographs were taken at
intervals for measuring the spherulite radii (R) at var-
ious time periods. The growth rate was calculated
from the change of spherulitic radius with time, dR /dt.
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SAXS measurement

The SAXS experiments were conducted at the Depart-
ment of Chemical Engineering, National Tsing Hua
University, Taiwan. SAXS measurements were per-
formed using a Bruker NanoSTAR SAXS instrument.
The X-ray source, a 1.5 kW X-ray generator (Kristal-
loflex 760) equipped with a Cu tube, was operated at
35 mA and 40 kV. The scattering intensity was de-
tected by a two-dimensional position-sensitive detec-
tor (Bruker AXS) with 512 X 512 channels. All data
were corrected by the empty beam scattering, the sen-
sitivity of each pixel of the area detector. The area
scattering pattern has been radially averaged to in-
crease the photon counting efficiency compared with
the one-dimensional linear detector. The intensity pro-
file was output as the plot of the scattering intensity (I)
versus the scattering vector, g = 47/ A sin(0/2), where
0 is the scattering angle and A is the X-ray wavelength.

Bulk crystallinity measurements

Bulk crystallinities of crystallized PTT/PEI blends
were calculated from the enthalpy of melting (Ahy).
The sample used for Al measurement was cut directly
from the specimens for SAXS measurement. The en-
thalpy of melting was measured by a METTLER TO-
LEDO DSC822e differential scanning calorimeter
(DSC). The bulk crystallinity (¢,) was calculated by
taking 146 J/g as the enthalpy of melting of 100%
crystalline PTT* ie., ¢, = Ahf /146.

RESULTS AND DISCUSSION
Spherulitic morphology

The spherulitic morphology of crystalline polymers
can be readily observed by POM. Figure 1 shows the
spherulitic morphologies of PTT/PEI blends crystal-
lized at T, = 190°C. PTT spherulitic growths were
observed to be linear with time and no apparent evi-
dence of liquid-liquid phase separation was found up
to the point of spherulite impingement for blend com-
positions studied. The observed spherulitic morphol-
ogy was volume-filling, implying that the PTT/PEI
blends mainly created the intraspherulitic segregation
(i.e., interlamellar or interfibrillar segregation).

Lamellar morphology

The lamellar microstructure of a crystalline/amor-
phous polymer blend can conveniently be probed
from the profile of scattering intensity (I(7)) with scat-
tering vector (g) through the SAXS measurement. In
the present study, we utilized the SAXS technique to
probe the lamellar morphologies of PTT/PEI blends.
Figure 2 depicts the Lorentz-corrected SAXS profiles
of PTT/PEI blends crystallized at T, = 200, 180, 160°C,
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respectively. In Figure 2, we observed the scattering
peak (dmay) associated with the electron density con-
trast between the alternating crystalline and amor-
phous layers at each blend composition. The g,
shifted to a smaller position with the addition of 10 wt
% PEI content and then maintained seemingly un-
changed with further increasing PEI composition, in-
dicating the value of long period (L"™88) calculated by
Bragg's law (L"™88 = 21r/g, ) for blends at each T, is
remained constant but its value is larger than that of
neat PTT.

The morphological parameters including the crystal
thickness (I.), amorphous layer thickness (/,), and the
long period (L = I.+1,) may be evaluated by the one-
dimensional correlation function (y(z))® defined to:

1
y(z) = 0 f 7°I(g)cos(qz) dq (1)
0

where z is the direction along which the electron den-
sity is measured. Q is the scattering invariant.

©

Q= Jl(q)q2 dq (2)

0

Since the experimentally accessible g range is finite,
extrapolation of intensity to both low and high g is
necessary for the integrations. Extrapolation to zero
was accomplished by the Debye-Bueche model’

(a}100/0

(d)}60/40

;n{}

A0pum

Figure 1 Spherulitic morphologies of PTT/PEI blends
crystallized at T. = 190°C under POM.
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Figure 2 Lorentz-corrected SAXS profiles of PTT/PEI
blends crystallized at (a)T,. = 200°C; (b) T, = 180°C; (¢) T, =
160°C.
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where A is a constant and 4. is the correlation length.
A and a, can be determined from the plot of I(g)~%°
versus ¢° using the intensity data at low g region.
Extension to large g can be performed using the Poro-
d-Ruland model'™"!

exp(— o?q%) N

I(g) = K, P Iy (4)

where Kp is the Porod constant, ¢ is a parameter
related to the thickness of interphase between crystal
and amorphous layers, and I is the background in-
tensity arising from thermal density fluctuation. The
values K,,, o, and Iy were obtained by curve fitting the
intensity profile at high g region. Figure 3 shows the
one-dimensional correlation functions of PTT/PEI
blends crystallized at various T,s. Assuming the cor-
responding two-phase model, I, ,, the most probable
value of L can be estimated via simple geometric anal-
ysis of y(z), as demonstrated in Figure 4. The thickness
of the thinner layers (/;) is given by the intersection
between the straight line extended from the self-cor-
relation triangle and the baseline given by -A®. The
average thickness of the thicker layer is then obtained
from [, = L — I;. The assignment of [, and I, is
governed by the magnitude of the linear crystallinity
(6.™). When ¢ ™ < 0.5, the crystals contribute the
smaller thickness; then I, = I, and I, = I,. The inverse
is true for ¢.™ > 0.5. Linear crystallinity, ¢, is
defined as

Iin_lf_ lc
LT, )

Provided that spherulites are volume-filling, ¢ is
related the bulk crystallinity, ¢. by

b= b (6)

where ¢, = ¢./$. ", the volume fraction of lamellar
stacks in the sample. Since ¢, < 1, eq. (6) prescribes
that the bulk crystallinity cannot be higher than the
linear crystallinity. As a result, the assignment of [,
and [, would be rather straightforward if the bulk
crystallinity is greater than 0.5, because in this case the
larger length, I,, must correspond to the crystal thick-
ness and [; to the amorphous layer thickness. In the
present study, for neat PTT and all blend compositions
at each T,, ¢, is below 0.5 as shown in Figure 6, it is
reasonable to assign I; = [, and [, = I,.

Figure 5 shows the variations of L, I, and [, with the
weight fraction of PEI (wpg;) at various T,s. It is ob-
served in Figure 5(a) that the L value increased as the
addition of 10 wt % PEI content but did not vary with
further increasing PEI content. This result is consistent
with the observation in Figure 2. From the observation
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Figure 3 One-dimensional correlation functions of PTT/
PEI blends crystallized at (a) T, = 200°C; (b)T.. = 180°C; (c)T.
= 160°C.

in Figure 5(b), it is obvious that the I, value increased
with elevating T,. According to the secondary nucle-
ation theory,"*™> the initial crystal thickness is given

by
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po 20y 7
GRS 7
where T,,° is the equilibrium melting point, o, is the
fold surface free energy, Ahfo is the bulk enthalpy of
melting per volume, and AT is defined as the degree of
undercooling (i.e., AT = T,,° — T.). At low to moderate
degree of undercooling, 8! is small, eq. (7) thus reduces
to

. 20T, g
¢ T ARNTS - T ®)

The final crystal thickness, according to the notation of
Hoffman and Weeks,'*™*? is vy times the initial thick-
ness, i.e.,

lo= vl )

where v is the so-called “lamellar thickening factor”.
Equation (8) prescribes that the lg* is inversely propor-
tional to the degree of undercooling. Therefore, the
higher the T, the lower the degree of undercooling
(i.e., AT = T,° — T.), leading to thicken the crystal
thickness. Such a consequence, the I, value increased
with elevating T. in Figure 5(b), is attributed to the
depression of undercooling.

In addition, it is worth noting in Figure 5(b) that the
I. appreciably increased for both T, = 200 and 180°C
but decreased for T, = 160°C with the increase of PEI
composition. In other words, upon blending, the crys-
tal thickness of PTT for both T. = 200 and 180°C
increased but that for T. = 160°C reduced. As de-
scribed above, the decrease of T, would lead to the
larger lg* so as to form thicker crystals. The increase in

10 Tc=2l'.lO°C neat PTT
0.5 <
08
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1(2)
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024
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Figure 4 [, I, the most probable value of L can be esti-
mated via simple geometric analysis of y(z) (the thinner
length, I, has been assigned to be [ and the larger length, [,,
to be 1,).
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Figure 5 Variations of L, [, and I, with PEI composition (a)
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I. with increasing amorphous component has been
observed as reported in literature,'* ¢ attributed to
the depression in T, upon blending at a given T..
Therefore, in Figure 5(b) the . value increased with
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increasing PEI composition for T, = 200 and 180°C,
which may be ascribed to the decrease in T,,°. Above
discussion concerning the increase in /. has mainly
focused on the consideration of crystallization thermo-
dynamics. Nevertheless, the sizes of crystals may be
also affected by the crystallization kinetic factor,
which may lead to the maintaining of a constant thick-
ness of crystals even with increasing amorphous com-
ponent such as i-polystyrene (iPS)/a-polystyrene
(aPS),'” sPS/aPS'™ and iPS/poly(propylene oxide)
(PPO)" blends and so on. In Figure 5(b), the slight
decrement of I/, with increasing PEI for T, = 160°C
could be also considered due to both the crystalliza-
tion kinetics or morphological factors resulted.

Figure 5(c) displays the effect of PEI composition on
the thickness of the amorphous layers. The trend of [,
with PEI composition for three T_s is quite similar: [,
increased as wpg; [=] 0.1 but did not vary with further
increasing PEI composition. Despite the swelling of
amorphous layers, the thickness of amorphous layers
was relatively independent of the PEI composition,
where all blends exhibited approximately the same I,.
Because a complete interlamellar incorporation should
result in a monotonic increase of amorphous layer
thickness with increasing PEI composition, the obser-
vation from Figure 5(c) implies an incomplete incor-
poration of PEI into the interlamellar regions. In other
words, some PEI molecules were expelled out of the
interlamellar regions. A similar phenomenon has also
been observed in PET/PEI blends.*

The extent of interfibrillar segregation can also be
determined from the magnitude of the volume frac-
tion of lamellar stacks (e.g., the value of ¢,). The
magnitude of ¢, is closely connected with the mor-
phological structure. In the case of complete interla-
mellar segregation, the whole sample is homoge-
neously filled with lamellar stacks, so ¢, = 1. A
smaller ¢, implies a larger extent of interfibrillar seg-
regation. Figure 6 depicts the variations of ¢, ¢,
and ¢, with PEI composition. ¢, remained essentially
constant at approximately unity when wpg; [=] 0.1. In
this case, PEI molecules were predominantly incorpo-
rated into the interlamellar regions. When wpg; > 0.1,
the ¢, obviously dropped with PEI composition, indi-
cating the existence of extralamellar segregation after
PTT crystallization, and the extent of extralamellar
segregation increased with increasing of PEI compo-
sition.

In addition, in Figure 2(c) a strong intensity upon at
the low-q region can be observed for blends of 60/40—
50/50 blends crystallized at T, = 160°C. The abrupt
intensity at the low-g region is termed “zero-angle
scattering.” The observed scattering patterns on the
60/40-50/50 blends crystallized at T, = 160°C are
characterized by the superposition of a monotonically
decayed profile and a scattering peak associated with
PTT lamellar stacks. The large low-g intensity or
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Figure 6 Variations of ¢., ¢ and ¢, with PEI composi-
tion (a) T, = 200°C; (b)T. = 180°C; (c)T. = 160°C.

“zero-angle scattering” signifies the presence of heter-
ogeneity having a size larger than the crystalline and
amorphous layers. According to Schultz,*' the zero-
angle scattering may be attributed to a large (greater
than lamellar length scales) individual amorphous do-
main inserted into the stacks of several lamellae to
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create a gap in the lamellar stacks. The electron den-
sity contrast between this large amorphous domain
and the stacking of alternating crystalline-amorphous
layers gives rise to the zero-angle scattering. In PTT/
PEI blends, the larger amorphous domains exterior to
the PTT lamellar stack referred to the PEI molecules,
which are located in the interfibrillar regions. These
exterior amorphous domains were generated as PEI
was segregated beyond several layers of lamellae. This
type of zero-angle scattering has also been observed in
PET/PEI blends,® where the morphology was in-
duced by a combined crystallization and liquid-liquid
demixing.

It should be noted that zero-angle scattering does
not necessarily appear in the Lorentz-corrected pro-
files even if interfibrillar segregation is evident. If the
interfibrillar segregation distance is so large (e.g., ap-
proaches the order of micrometers) that the amor-
phous diluent is expelled beyond many layers of la-
mellae, the interference between the resultant large
lamellar stack domains and interfibrillar amorphous
domains could generate the zero-angle scattering at
the g region that is too small to be accessed by the
typical SAXS instrument. In the present study, for the
blends crystallized at T, = 200 and 180°C, the amor-
phous PEI was expelled beyond many layers of PTT
lamellae, the interference between the resultant large
PTT lamellar stack domains and interfibrillar amor-
phous domains of amorphous PEI could generate the
zero-angle scattering at the g region that is too small to
be accessed by the typical SAXS instrument. There-
fore, it may be suggested that the distance of PEI
segregation at T, = 160°C is shorter than those at T,
= 200 and 180°C.

CONCLUSIONS

The lamellar morphology of PTT/PEI blends has been
investigated by means of POM and SAXS. From the
observation under POM, it was suggested that PEI
was predominantly segregated into the interlamellar
and/or interfibrillar regions upon PTT crystallization
since the PTT spherulitic morphologies of blends were
volume-filling. On the basis of the composition varia-
tion of [,, the magnitude of ¢, revealed that amor-
phous PEI was located in the interlamellar regions of
PIT as wpg; [=] 0.1, while amorphous PEI was pre-
dominantly segregated into the interfibrillar regions of
PTT as wpp; > 0.1, and the extent of interfibrillar
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segregation increased with increasing wpg;. The zero-
angle scattering can be observed only for 60/40 and
50/50 blends crystallized at T, = 160°C but not for
those crystallized at T, = 200 and 180°C from the
Lorentz-corrected SAXS profiles. This may be attrib-
uted to the fact that amorphous PEI at T. = 200 and
180°C was segregated beyond many layers of PTT
lamellae, the interference between the resultant PTT
large lamellar stack domains and interfibrillar amor-
phous domains of PEI could generate the zero-angle
scattering at the g region that is too small to be ac-
cessed by the typical SAXS instrument. Therefore, it
may be suggested that the distance of PEI segregation
at T, = 160°C is shorter than those at T, = 200 and
180°C.

We are grateful for the support of SAXS beamtime from
Prof. Show-An Chen at the Department of Chemical Engi-
neering, National Tsing Hua University, Taiwan.
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