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ABSTRACT: Annealing or heat scan-induced lamellar thickening and factors influencing crystal unit cells in poly-
morphic poly(hexamethylene terephthalate) (PHT) were probed using polarized-light optical microscopy (POM), dif-
ferential scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD), synchrotron small-angle X-ray scattering
(SAXS). The DSC and WAXD results show that post-scanning or annealing (up to 140 °C) on 110 °C-crystallized PHT
neither transform crystal cell types nor does thin lamella into thick lamella. Rapid lamellar thickening in PHT could
take place during DSC scanning, which was proven by comparing SAXS data. Tyax (final temperature of heating); with-
in a range of 180 up to 220 °C) does not influence the polymorphism or multiple melting peaks in PHT. All evidence
suggests that kinetic factors are less influential on the polymorphism in PHT. Further, polymorphic poly(hexamethylene
terephthalate) (PHT) was blended with monomorphic poly(pentamethylene terephthalate) (PPT) to form a crystalline/
crystalline blend system. The semicrystalline PPT and PHT are miscible in the melt state or quenched amorphous
phase. The miscibility, via weak intermolecular interactions, in the amorphous phase of the PHT/PPT blends exerts
almost no influence on the crystalline domains, where PPT does not interfere with the formation of « or  crystal forms

in PHT, and vise versa, PHT does not interfere with the sole «-crystal form in PPT. [doi:10.1295/polym;j.PJ2006197]
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Binary blends of two chemical-structurally similar
polymers or two polymers in a homologous series
have been relatively less studied in comparison to
more widely-studied blends where two constituents
exhibit strong or specific interactions via functional
groups. Kwei"? has reported that binary blends of
poly(methyl methacrylate) (PMMA) and poly(ethyl
methacrylate) (PEMA), which differ from each other
by one methylene in the pendant group, are phase-sep-
arated and immiscible. However, blends of poly(ben-
zyl methacrylate) and poly(phenyl methacrylate),
which also differ from each other by one methylene
in the pendant group, are single-phase and miscible.?
A third example can be given by a poly(vinyl ether)
blend system. Poly(vinyl methyl ether) and poly(vinyl
ethyl ether), also differing by one methylene in pend-
ant group, are immiscible to each other. Yet, poly-
(isopropyl acrylate) and poly(isopropyl methacrylate)
are miscible;* but poly(methyl acrylate) is immiscible
with poly(methyl methacrylate).’> In addition, poly-
(hydroxy butyrate) (PHB) and poly(L-lactic acid)
(PLLA), two widely-studied biodegradable polyesters,
differ in the main-chain repeat unit only by one meth-
ylene. Nevertheless, the PHB/PLLA blend is not mis-
cible, according to our earlier laboratory results. Thus,
it may be wrong if one attempts to conclude, one way
or another, about the phase behavior of a blend of two
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homologous polymers differing by one methylene unit
in either the main chain or pendant group. Additional
well-known examples of blends of two similar poly-
mers can also be cited. A widely studied blend system
of polystyrene (PS) and poly(x-methyl styrene)
(PeMS) is immiscible at ambient, but exhibits a upper
critical solution temperature(UCST)phenomenon at
elevated temperatures.!2 In addition, UCST is also
observed in blends of polystyrene with poly(4-methyl
styrene) (P4MS).!3 However, PAMS/PaMS blend is
miscible but can become phase-separated at higher
temperatures with a lower critical solution tempera-
ture (LCST) phenomenon,'* which is in contrast to
the immiscibility with UCST noted for the PS/PaMS
and PS/PAMS blend.

A book authored by Utracki'> summarizes exten-
sive thermodynamic theory backgrounds, prediction,
and determination of blend miscibility. Some interest-
ing examples as listed in the book are re-cited here to
illustrate the intricacy in dealing with phase behavior
in blends. Tanaka and Nishi'®!® conducted studies on
blends comprising poly(e-caprolactone) (PCL), poly-
(vinyl methyl ether) (PVME), or polystyrene (PS).
PS/PVME and PCL/PVME blends show LCST,
while PCL/PS blend shows UCST; however, ternary
blends of PS/PVME/PCL are miscible. Phase behav-
ior in blends involving crystalline constituent(s) can
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be influenced by an additional factor: enhancement or
depression of spherulite growth rate. Martuscelli'® re-
ported that isotactic PS/PVME shows only partial
miscibility, which is attributed to PVME enhancing
the spherulite growth rate of iPS. By contrast, poly-
(methyl methacrylate) PMMA was observed to slow
down the spherulite growth rate of poly(ethylene
oxide) (PEO).2>?! As a result, the PEO/PMMA blend
is miscible. Note that these explanations based on
rates have not taken into account of polymer struc-
tures, which may also be an important factor.
Utracki’s book provides useful guidelines for general
prediction of phase behavior in blends of two dissim-
ilar polymers; however, from the above cited exam-
ples of complex phase behavior, there seems difficulty
to summarize applicable rules in predicting the phase
behavior of blends of two similar polymers in a
homologous series with similar chemical structures or
functional groups. However, subjects of polyester/
polyester blends have also attracted intensive interests
lately. Miscible polyester/polyester blend systems can
be illustrated with binary blends comprising any two
of poly(ethylene terephthalate) (PET), poly(trimethyl-
ene terephthalate) (PTT), and poly(butylene tere-
phthalate) (PBT) in a series of homologous aryl-poly-
esters.”>”?” Blends of PET and PBT were widely
studied in early time:?>>* more recently, our work
has further extended to a new frontier that blends of
PTT/PET and PTT/PBT are miscible.?®?” That is,
any two of the three aryl polyesters: PET, PTT, and
PBT can form miscible binary blends. In addition to
miscibility in binary blends, ternary blends compris-
ing all three semicrystalline polyesters (i.e., PET,
PTT, and PBT) are miscible.”’ Note that these three
aryl polyesters of a same functional group differ by
one or two methylene units in the main chain repeat
units; yet they are miscible. However, the miscibility
demonstrated in blends of these polyesters does not
suggest that all binary pair of polyesters of any struc-
tures will be miscible too. The structures of either of
the polyester constituents in the blend may determine
the phase behavior of the blend.

Poly(hexamethylene terephthalate) (PHT) and poly-
(pentamethylene terephthalate) (PPT) are two crystal-
line aryl-polyesters. They differ only by one methyl-
ene in the main-chain repeat unit; nevertheless, this
difference may result in different crystallization rates,
polymorphism, and spherulite morphology, or even
constitute a critical factor in determining the phase
behavior in blends of these two polyesters. PHT is a
polymorphic polyester that has been characterized to
display as many as three different crystal cells («, S,
y) depending on thermal and/or solution treat-
ments;?83% however, by contrast, PPT is packed with
only a single type of crystal cell. PPT exhibits distinct
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banded spherulites;*! but the PHT forms radial spher-
ulites with Maltese-cross. Thus, it would be of great
interest to probe the blends of these two polyesters,
not only on phase behavior and miscibility in the
amorphous phase of blends but also effect of blending
on crystals, spherulites, polymorphism, etc. Effects of
blending and miscibility of two crystalline polymers
on polymorphism, spherulites, lamellar thickening,
etc., were evaluated.

EXPERIMENTAL

Materials

Poly(hexamethylene terephthalate) (PHT) was syn-
thesized in-house using a catalyst (butyl titanate) by
following the method described earlier in the litera-
ture.’> The weight-average molecular weight (M)
and polydispersity index (PDI), measured by gel per-
meation chromatography (GPC) are 13,800 g/mol and
2.0, respectively. The melting and glass transition
temperature of the synthesized PHT were character-
ized using a DSC, and the values are 144.3 and
—6.7 °C, respectively. Note that the polymeric chains
in the synthesized PHT contain at least 30 repeat
units, whose characteristic crystalline morphology
and melting peaks are pretty much the same as those
in longer-chain PHT. Similarly, poly(pentamethylene
terephthalate) (PPT) was also synthesized in-house
using two-step polycondensation procedures,’’** by
starting from /,5-pantanediol and dimethyl terephtha-
late with 0.1% butyl titanate as a catalyst. The mo-
lecular weight (My) and polydispersity index (PDI)
measured by gel permeation chromatography (GPC)
were 10,700 g/mol and 1.7, respectively. The melting
and glass transition temperatures of the synthesized
PPT were characterized using DSC to be 127.0 and
—1.3°C, respectively. By comparisons, PPT has a
slightly higher T, than PHT; but the melting point
of PPT is much lower than PHT, owing to the even-
odd effect known in homologous polyesters.

Apparatus

Polarized-light optical microscopy (POM). A polar-
ized-light microscopy (Nikon Optiphot-2) equipped
with charge-coupled device (CCD) digital camera,
and a microscopic heating stage (Linkam THMS-
600 with TP-92 temperature programmer) was used
to investigate the spherulitic morphology of isother-
mally crystallized samples. The samples were first
melted on the hot stage at 150°C for 10 min, then
quickly quenched to a designated temperature for iso-
thermal crystallization.

Differential scanning calorimetry (DSC). DSC
measurements were made in a Perkin-Elmer DSC-7
equipped with a mechanical intracooler under nitro-
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gen purge. Temperature and heat flow calibrations at
different heating rates were done using indium, zinc.
Heating rates of 2.5, 5, 10, 20, up to 30 °C/min were
used whenever needed. Melt-crystallization treatments
involved that samples were first melted at 180 °C for
10 min and quickly cooled at a rate of 320°C/min
to desired isothermal temperatures (90-140 °C).

Wide-angle X-ray diffraction (WAXD). Shimadzu
XRD-6000 with a copper K, radiation (1 = 0.1542
nm) was used for WAXD measurements. The scan-
ning 26 angles covered a range between 5° and 35°
with a step of 0.02°. For WAXD experiments, the
same crystallization or annealing conditions as de-
scribed in the thermal analysis section were carried
out on samples that had been thermally treated in
the DSC cells. It was critical to ensure that the sam-
ples for DSC and WAXD were treated exactly with
the same temperature accuracies and thermal histories
for comparisons.

Synchrotron small-angle X-ray scattering (SAXS).
Small-angle X-ray scattering (SAXS) from a syn-
chrotron radiation source (at National Synchrotron
Research Center, Taiwan) was employed to character-
ize the crystalline lamellar morphology of PHT/PPT
blends subjected to various thermal treatments in
DSC cell to simulate the thermal scanning histories
in DSC thermal analysis. SAXS experiments were
performed at BLOIB SWLS beamline at National
Synchrotron Radiation Research Center, Taiwan.
The incident X-ray beam was focused vertically by
a mirror and monochromated to the energy of
10.5keV by a silicon (111) double-crystal monochro-
mator. The wavelength of the X-ray beam is 4 =
0.1181 nm. The sample-to-detector distance is 1571
mm in length, and the beam stop is a round molybde-
num disk of 4mm in diameter. A one-dimensional
position-sensitive detector (PSD) was used for collect-
ing SAXS data, and the sensitivity of PSD was cali-
brated by using a > Fe source before data collection.
The calibration of the detector channels in terms of
scattering vector was made by linear regression over
the positions of numerous orders of the long spacing
of silver behenate as the standard, with q,,,, = 1.076
nm~!. The intensity profiles were output as plots of
scattering intensity (/) vs. scattering vector, q (q =
(4/A)*sin(6/2), where O is the scattering angle).
The standard polyethylene (PE) was used to correct
SAXS data to gain the absolute intensity after subtrac-
tion of background (air scattering). All SAXS meas-
urements were carried out at either ambient or at var-
ious higher temperatures in the hot-stage under a dry
nitrogen atmosphere. The specimens of polymers or
blends were placed in the sample-cell sealed by two
pieces of Kapton, wherever needed. Before measuring
the SAXS profile at a given temperature, 0.5 min was
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allowed after attaining the given temperature to ensure
equilibrium. Then, the intensity distribution was accu-
mulated for 2 min. The morphological parameters in-
cluding long period (L), crystal lamellar thickness
(Ic) and amorphous layer (I,) were obtained from the
one-dimensional correlation function according to
the standard procedures reported in the literature.*

RESULTS AND DISCUSSION

Effects influencing polymorphism in PHT

PHT samples were melt-crystallized at 110°C for
2 h to develop initial maximum crystallinity, and then
heated/annealed in DSC to different intermediate
temperatures (140°C), with temperature equilibrated
briefly, then quickly quenched back to 110°C. More
direct evidence for lamellar/crystal information is
discussed in conjunction with wide-angle and small-
angle X-ray results (WAXD and SAXS). WAXD
was intended to reveal crystal units in PHT before
or after thermal treatments. However, relationships
between the melting peaks and lamellar morphology
are yet to be exemplified for PHT. SAXS was per-
formed to compare the lamellar morphology changes
in PHT crystallized at 110 °C versus the 110 °C-crys-
tallized PHT that was further heated 140°C then
quenched back to 110°C. Thus, a figure of three sets
of results is presented. Figure 1 shows (A) DSC
traces, (B) WAXD, and (C) SAXS results of neat
PHT subjected to two different thermal schemes (a
and b). DSC result in Figure 1(A) is first discussed.
Two sets of samples were prepared: (a) melt-crystal-
lized PHT [110°C, 2h], and (b) 110 °C-crystallized
PHT further scanned to 140°C. For DSC analysis,
these two set of samples were then all scanned (at
identical rate of 10°C/min) from 110 to 180°C, in
order to probe re-organization between different crys-
tal species in PHT in relation to complex multiple
melting peaks. Trace-(a) is scan for 110 °C-crystal-
lized PHT (110°C for 2h), which exhibits a total
sum of melting enthalpy of P;, P,, P3, and P, =
49.5]J/g. Note that the highest peak (P4) in neat
PHT is actually an overlapped sum of dual peaks P4 +
Ps (or P4ys), which is revealed only when PHT is
scanned at lower rates (5 °C/min or lower). The origin
of overlapped dual peaks (P44 Ps5) is beyond the
scope of this article and will not be discussed here.
For the scanning rate (10 °C/min) used in this study,
only a single peak (P4) was revealed. For practical
reason the highest peak is simply referred as P4 (rather
than P4 5). In previous work, melt-crystallized PHT is
already known to exhibit complex melting peaks with
various states of polymorphism depending on T..28-30
Here, the objective in this study was to further clarify
whether post-crystallization thermal annealing/scan-
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(A) (a) PHT melt-crystallized at 110°C for 2h
(b) sample (a) heated to 140°C and then quenched to 110°C
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Figure 1. (A) DSC traces, (B) WAXD patterns, and
(C) SAXS curves for: (a) PHT melt-crystallized at 110 °C for 2 h;
(b) Sample-a annealed at 140 °C, then quenched back 110°C.

ning at temperatures higher than the original T, might
induce polymorphism transition or lamellar thicken-
ing. Earlier work?®? has discussed and concluded
that melting of P; leads to immediate re-packing into
P, (or later P3,4). Only a merged P54 peak is seen
with melting/re-crystallization of P3 at 140 °C, whose
total enthalpy of melting (48J/g) does not change
much in comparison to un-annealed PHT (DSC
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Trace-a). Apparently, the melted species of P3; can
readily re-pack into new crystal/lamellar species of
higher melting P3;4 at a normal scanning rate of
10°C/min. The DSC results show that the heating
scan in DSC induces almost immediate re-packing
of melted species into new lamellar crystals, and
scan-induced thickening of lamellae takes place in
multiple (as many as four) steps for PHT within a
narrow temperature range. It would be of interest to
compare the melting peak of a 140 °C-melt-crystal-
lized PHT*® with that of 110°C-melt-crystallized
PHT then post-scanned to 140°C, as shown in DSC
Trace-b of this figure. DSC melting peaks of the
former (140 °C-melt crystallized PHT) is sharper and
narrower’® than the latter (110 °C-melt-crystallized
then heat-scanned to 140 °C). Thus, the DSC result
seems to suggest that post-scanning or annealing (up
to 140°C) on the 110°C-crystallized PHT sample
does not completely and uniformly transform all thin
lamella into thick lamella.

Figure 1(B) (curves-a and b) shows the correspond-
ing WAXD patterns: (a) PHT melt-crystallized at
110°C for 2h; (b) Sample-a annealed at 132 °C then
quenched back to 110°C; (c¢) Sample-a annealed at
136°C, then quench back 110°C; (d) Sample-a an-
nealed at 140 °C, then quenched back 110°C. The re-
sult shows the same diffraction peaks, indicating that
these PHT samples, having been subjected to different
annealing schemes, all contain the same o and S crys-
tal forms regardless of melting and re-organization
of Py, P, or P34. New lamellar species of P34 is
formed via re-organization upon melting of initial
Py, P,, or P34 crystals, but the crystal cells are similar
in containing both « and g cells. Post-scanning (or an-
nealing) to 140°C on the 110°C-crystallized PHT
sample only diminished the fraction of «-crystal, by
judging from the relative peak intensity; but did not
completely transform all initial «-crystal to g-crystal.
Note that if PHT is directly melt-crystallized at the
high T, = 140°C (for up to 24 h), the B crystal would
be the sole crystal species in PHT and at this tem-
perature it tends to pack into large dendritic spheru-
lites instead of regular Maltese-cross spherulites.*
Furthermore, changes in lamellar thickness were
characterized using SAXS. Figure 1(C) (Curves-a, b)
shows SAXS curves for (a) PHT crystallized at T, =
110°C, and (b) PHT crystallized at T, = 110°C (2h),
heated to 140°C, then quenched to 110°C. Result
is summarized as following: (a) q,, = 0.448nm~!,
long period = 14.0nm; (b) q,,,, = 0.364nm~!, long
period = 17.2 nm, where qm.x is defined as the q value
which corresponded to the highest intensity of the
peak and the higher intensity might be due to the fluc-
tuation not related to the spacing of the lamellae and
amorphous. Here, we only intend to compare the peak
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positions and not absolute scale of intensity; therefore,
curves are plotted in offset scale. The relationship be-
tween the long period and lamellar thickness can be
described by I, = L*¢.'"™ by similar treatments as de-
scribed in a previous work,** where . is the lamellar
thickness, L is the long period and ¢, is linear crys-
tallinity. Besides, ¢.'"" is defined as the ratio of ¢/¢*,
in which ¢. is the bulk crystallinity obtained from
DSC or WAXD and ¢* is the volume fraction filled
with the lamellar stacks which can be obtained from
POM observation of the fraction of the spherulites.
If there is no domain between the spherulites, ¢° can
be taken as 1. In this study, ¢° was taken as 1.0 for
both PHT samples were densely and fully filled with
spherulites. Thus, the lamellar thickness is proportion-
al to the product of bulk crystallinity and long period.
Moreover, the bulk crystallinity can be calculated
from the ratio of AH¢/AH;°, in which AH¢° for these
two samples is equal and the values of AH; are almost
same. Thus, it can be concluded that thickening of
lamella takes place in the PHT sample crystallized at
T, = 110°C (2h), scan-heated to 140°C (in DSC at
10°C/min) then quickly quenched back to 110°C.
The SAXS result further proves that the multiple melt-
ing peaks are attributed to melting/re-crystallization/
re-melting to thicker lamella, and not to polymor-
phism of PHT. Both SAXS curves possess a distribu-
tion, but the distribution is relatively narrower for
the PHT with post-scanning to 140°C. In addition,
the SAXS curve for the PHT with post-scanning to
140°C clearly shifts to a lower q value, and the frac-
tions with lower q values are apparently greater, indi-
cating that lamellar species are thickened.

For PHT, it was of interest to clarify whether Ty,
(temperature for melting the crystals) might influence
the polymorphism. Some crystalline polymers with
polymorphism, such as syndiotactic polystyrene
(sPS), is known to exhibit a specific preference for
crystal cells sensitive to Tp,x from which the melt is
kept prior to being quenched to a designated T, for
crystallization. Ty« between 180 to 220 °C were se-
lected in this study since dependence of the lamellar
thickness on AT in « form may be different from g
form. Influence of Tp,x on polymorphic nature and
crystal cells in PHT was also investigated. PHT crys-
tallized between 90, 120, and 130 °C has been known
to display polymorphism of « and g form crystals.
Figure 2 shows WAXD diffractograms of PHT sam-
ples crystallized at various temperatures (90, 120,
130°C) by quenching from the melt at Ty = 180
or 200°C. The characteristic peak of o form (i.e.,
26 = 15.9°, 20.5°, 21.2°, 25.4°) and B form (i.e.,
260 = 17.9°, 23.6°) are clearly observed regardless of
Thax- By quenching from the melt at either Ty, =
180 or 200°C, PHT displays the same « and $ form
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Figure 2. WAXD patterns of PHT melt-crystallized at 90,
120, 130°C, respectively, after quenching from Tp,x = 180°C
or 200°C.
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Figure 3. WAXD patterns of PHT melt-crystallized at 110°C,
after quenching from Ty = 220°C.

crystals. Effect of higher Tp,x was also analyzed.
Figure 3 shows WAXD result of PHT crystallized at
110°C (1h) after quenching from Tp,x = 220°C
(5min). The WAXD diffractogram shows dual cells
in crystal packing similar to the polymorphism in
PHT subjected to lower Ty,,x, indicating that Ty, (be-
tween 180-220°C) had virtually no effects on alter-
nating the polymorphic crystal cells. By increasing
Thax to this higher temperature (220 °C), the WAXD
analysis apparently reveals the same result as those
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Figure 4. DSC traces (scan rate: 10°C/min) for PHT crystal-
lized at 90, 120, or 130 °C, after quenching from melt at Ty,,x =
180 or 200°C.

for lower Tp,.x imposed on PHT. This result of poly-
morphism independent of Ty, for PHT is quite differ-
ent from that found for other polymorphic polymer,
e.g., syndiotactic polystyrene. For syndiotactic poly-
styrene (sPS), the maximum temperature (Tp,,x) from
which the polymer is quenched to melt-crystallization
has been found to be a critical factor in determining
the crystal cell types and polymorphism.33-3

In addition, DSC characterization was performed to
evaluate effects of T, on the thermal behavior and
lamellar crystal species in PHT. For direct compari-
sons, the thermal schemes on the DSC samples corre-
sponded exactly to those on the samples used in
WAXD characterization.

Figure 4 shows DSC traces of PHT samples crystal-
lized at various temperatures (90, 120, and 130 °C, re-
spectively) by quenching from the melt held 5 min at
Tmax = 180 or 200 °C, respectively. The DSC result
shows that the melting behavior of PHT crystallized
from melt at either high-Ty.x (200°C) low-Tpax
(180°C) is almost identical, suggesting that Tp,,x has
no influence on the crystalline lamellae and their relat-
ed thermal transitions in PHT. Note that minor differ-
ence in DSC melting curves for blends at T, = 120°C
is seen, which might have been caused by minor
thermal history difference in the samples (one being
quenched from Tp,,x = 200°C while the other from
Tmax = 180°C.) But overall, this minor difference in
DSC curves does not negate the broader observation
that Tp.x has no influence on polymorphism, which
has been extracted from evidence in bother X-ray
analysis and DSC curves.
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Figure 5. POM graphs of PHT/PPT blends (10/90 and 50/
50) below or above melting point.

Miscibility in PHT/PPT blend

Effect of amorphous-phase miscibility on crystal
polymorphism in PHT was also probed. Miscibility
of the PHT/PPT blends was investigated by OM
and DSC characterizations. Figure 5 shows OM mi-
crographs for the PHT/PPT blends, which clearly re-
veal that all blends are homogeneous in the melt, with
one-phase morphology and free of any discernible
phase domains. Thermal analysis was also performed.
Figure 6 shows the DSC curves (20°C/min) for the
PHT/PPT blends of various PPT contents. All blend
samples were heated to melt and rapidly quenched
to —30°C to an amorphous state prior to initiation
of DSC scanning. Although the proximity of T,’s of
PHT and PPT makes it difficult to discern, there is
clearly only one single and composition-dependent
T, (marked with arrow) for each of the blend compo-
sitions. Note that for the PHT/PPT (50/50) blend,
there are two apparent cold crystallization endotherm
peaks, with the first one being associated with PHT
and the second one with PPT species. The fact indi-
cates that each of two crystallizing species in the
blends crystallizes into distinct and separate crystal-
line domains. The DSC traces show that, for most
other blend compositions, there is only one cold-crys-
tallization endotherm, whose peak temperature varies
with the composition. The cold-crystallization temper-
ature of PHT apparently increases with increasing
PPT contents, which suggests that the PHT polymer
chain mobility in the blends is influenced by its inter-
actions with PPT. The higher-T, PPT species, through
interactions with PHT chains, makes PHT slightly
more rigid than neat PHT at the same T.; thus, at
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PHT/PPT blends
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Figure 6. DSC curves showing single T, for PHT/PPT blends
of different compositions.

increasing PPT contents in the PHT /PPT blends, T, at
which PHT cold crystallization (during scanning) oc-
curs at increasingly higher temperatures and merges
with the cold crystallization of PPT. Besides, for the
PHT-rich blend (PHT/PPT = 80/20) there was only
one cold-crystallization peak, because the crystalliza-
tion rate of PHT is higher than PPT and the amount of
PPT was relatively low, thus the cold-crystallization
of PPT might be suppressed.

In addition to the change of the cold-crystalliza-
tion temperatures (T..) as discussed, shift of glass
transition temperatures and melting temperatures of
two components in blends with respect to PHT con-
tent were determined and the results were plotted.
Figure 7(A) and (B) shows (A) variation of T, of
blend, and (B) depression of Ty,’s of PHT and PPT
in blends. Figure 7(A) shows the composition depend-
ence of T,. Apparently, Ty’s of blends vary with re-
spect to composition; hoween, owing to proximity
of Ty of PHT and PPT, scattering of data is superim-
posed on the variation trend. Figure 7(B) shows the
depression of the melting temperature of PHT and
PPT with respect to the increase of PHT constituent.
For both PTT and PHT in blends, depression of Ty,
of one constituent in presence of the other is quite ap-
parent. All thermal and morphology evidence as dis-
cussed above clearly shows that the PHT/PPT blend
is a truly miscible binary blend system (in melt state
or amorphous phase).

Effect of blend miscibility in PHT/PPT on crystal
forms in PHT was evaluated. Figure 8 shows the
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Figure 7. Composition dependence of (A) T, (onset) and
(B) Ty, of PPT and PHT in PHT/PPT blends.

DSC curves of neat PHT, neat PPT, and PHT/PPT
blends (compositions: 2/8, 5/5, 8§/2 in wt. ratio) sub-
jected to crystallization at 120 °C for 30 min from the
melt. The temperature of T, = 120°C was selected
since it was close to the melting temperature of PPT
(e.g. 127°C), at which PPT crystallization was retard-
ed and the PPT constituent in the blend remained
amorphous within 30min of time after quenching
from melt to 120°C. The DSC traces in this figure
show that the PHT/PPT blends exhibit similar multi-
ple melting peaks as those seen in neat PHT. Previous
work has demonstrated assignments of four multiple
melting peaks in neat PHT.3® For comparison, the
DSC trace showing four melting peaks (i.e. Py, P,
Ps, P,) is shown again for the neat PHT melt-crystal-
lized at 120°C for 30 min. All four melting peaks in
neat PHT are clearly and well resolved. The DSC
traces for the PHT/PPT blend, however, show three
peaks, which are Py, P,, and an overlapped P; + P4
peak. For the blend, P; and P, peaks can be partially
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Figure 8. DSC traces showing multiple melting peaks in
PHT/PPT blends (compositions: 2/8, 5/5, §/2) in comparison
with those in neat PHT, all crystallized at 120 °C for 30 min from
melt.

overlapped, too. Apparently, presence of the miscible
PPT (remaining amorphous/liquid) constituent in the
blend influences to different degrees the lamellar spe-
cies of P; ~ P4 in PHT. The lamellar species of P; in
PHT seems to be the most disturbed with increasing
PPT in the blends. Note that the PPT constituent in
blends, as well as the neat PPT, remains amorphous
upon crystallization at 120°C for 30 min; thus, the
only crystallizing species in the blends is only the
PHT constituent under the crystallization condition.
All melting peaks for the blends are related to the
lamellar crystals of the PHT component.

WAXD was performed on the blend samples corre-
sponding to those in Figure 8 in order to correlate
crystal forms with the thermal behavior in PPT/PHT
blends. Figure 9 shows WAXD patterns for PHT/
PPT blends (compositions: 2/8, 5/5, 8/2 in wt. ratio)
subjected to crystallization at 120 °C for 30 min after
quenching from melt. Note that PPT in the blend is
and remains amorphous at 120 °C when held in-situ
in DSC cell. However, the WAXD experiments on
PHT or PHT/PPT blend were not performed in situ
at 120°C. All WAXD samples were thermally treated
as described, but then quenched back to ambient, re-
moved from DSC cell, then placed on WAXD sample
holder to X-ray analysis. Thus, PPT at ambient tem-
perature can develop some crystallinity, which is seen
in the diffractogram for PPT. This difference does not
influence intended analysis. The WAXD result shows
that dual « and g crystal forms characteristic of PHT
are present in the PHT/PPT blends. For the blends
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Figure 9. WAXD patterns for neat PHT in comparison with
PHT/PPT blends (compositions: 2/8, 5/5, 8/2 in wt. ratios) crys-
tallized at 120 °C for 30 min after quenching from melt.

with high PPT contents, the PHT and PPT constituents
both are capable of forming individual crystal species.
Marks are indicated for identifying some of the unit-
cell diffraction planes for the «-form crystal in the
neat PPT.3! Apparently, a few peaks of unit-cell dif-
fraction planes in the PPT constituent may be overlap-
ping with those from PHT in blends, but other distinct
and separate diffraction peaks in the PPT constituent
also present to distinguish from those of PHT. Thus,
the polymorphism of the PHT constituent in the mis-
cible blend state is almost identical to that of the neat
PHT, except that the blends also display additional
characteristic diffraction peaks of the PPT component.
Thus, the WAXD data prove that separate PHT and
PPT crystal cells exist independently, rather than co-
crystallize into a new common crystal unit, in the
PHT/PPT blends. Addition of PPT in the blend does
not interfere with the formation of « or g crystal forms
in PHT; vise versa, PHT does not interfere with the o-
crystal forms in PPT. The crystal forms (unit cells)
and spherulites in the PPT/PHT blends are not affect-
ed by the presence of the other species. However, dis-
crete/separate unit crystal cells do not necessarily
mean that the lamellae or spherulites are separate in
the PHT/PPT blends. The PPT and PHT lamellae,
each being packed with different unit cells, can still
grow jointly within a same spherulite. Thus, it cannot

Polym. J., Vol. 39, No. 9, 2007



Amorphous-Phase Miscibility and Crystal Phases in Blends

25um

Figure 10. POM micrographs of PHT/PPT blends: (A) neat PHT, and blend compositions of: (B) 8/2, (C) 5/5, and (D) 2/8. Samples

crystallized at 120°C for 30 min after quenching from melt.

be ruled out that lamellae of both types might still in-
tegrate into common bundles that grow simultaneous-
ly and pack in a same spherulite.

Figure 10 shows spherulitic patterns in neat PHT
and PHT/PPT blends. The spherulitic morphology
of the PHT/PPT blends with high PHT contents is
almost identical to that of neat PHT. Incorporation
of PPT in PHT tends to decrease the crystallization
rate, size of spherulites, and crystallinity of PHT in
blends. The spherulites in the PPT/PHT blends are
not affected by the presence of the other species.
The sizes and patterns of spherulites in the PHT/
PPT blends bear similarity with those in neat PHT
or PPT, indicating that the PHT or PPT species each
crystallizes individually from a homogeneous liquid
mixture of PHT/PPT blend. The crystallinity in the
blend is lower than that in neat PHT crystallized in
similar conditions, and the PHT /PPT blends with high
PPT contents (80% PPT) are not readily crystallizable
when kept at 120 °C for 30 min. Neat PPT by itself
possesses lower crystallizability; therefore, the crys-
tallizability of the PPT constituent in PHT/PPT
blends is even more depressed, owing to blend misci-
bility and interactions between PHT and PPT.

CONCLUSION

DSC result shows that post-scanning or annealing
(up to 140°C) on 110°C-crystallized PHT sample
does not completely and uniformly transform all thin
lamella into thick lamella. The WAXD result shows
that post-scanning or annealing (up to 140°C) does
not completely and uniformly transform all thin la-
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mella into thick lamella, nor does it completely trans-
form all original « + B crystal cells into sole S-cell
species. Lamellar thickening during scanning is pro-
ven for PHT by comparing SAXS data for one being
crystallized only at T, = 110°C (2h) with the other
being crystallized at T, = 110°C then scan-heated
to 140°C (in DSC at 10°C/min) and quickly
quenched back to 110°C. Both SAXS curves possess
a distribution, but the distribution is relatively narrow-
er for the PHT with post-scanning to 140 °C. In addi-
tion, the SAXS curve for the PHT with post-scanning
to 140°C clearly shifts to a lower q value, and the
fractions with lower q values are apparently greater,
indicating that lamellar species are thickened. Melt
kept at Ty (within a range of 180 to 220°C) does
not influence the polymorphism or multiple melting
peaks in PHT. The significant factor that influences
the polymorphism in PHT is the temperature, but
not the crystallization time. Crystallization modes
from a quenched glass or liquid melt does not seem
to alter the polymorphism in PHT either. That is,
kinetic factors are not influential on the polymorphism
in PHT.

The PHT/PPT blend is proven to be a miscible
crystalline/crystalline blend (in the melt state or
quenched amorphous phase). Effect of blend miscibil-
ity on complex crystal forms and melting peaks in
PHT was further evaluated. The miscibility, via weak
intermolecular interactions, in the amorphous phase of
the PHT/PPT blends exerts only limited influence on
the crystalline domains. Most crystalline characteris-
tics of either component (PHT and PPT) in blends re-
main unchanged. Polymorphism and multiple melting
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behavior of PHT in blends are similar to neat PHT.
PPT does not interfere with the formation of « or
crystal forms in PHT, and vise versa, PHT does not in-
terfere with the a-crystal forms in PPT. The crystal-
line phases in the crystalline/crystalline PHT/PPT
blend are distinct with separate crystals of PHT and
PPT, respectively, and no evidence shows co-crystal-
lization of both PHT and PPT chains in a common
unit cell.
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