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a b s t r a c t

Crystalline/crystalline blends of two polymorphic aryl-polyesters, poly(hexamethylene terephthalate) (PHT)
and poly(heptamethylene terephthalate) (PHepT), were prepared and the crystallization kinetics, poly-
morphism behavior, spherulite morphology, and miscibility in this blend system were probed using
polarized-light optical microscopy (POM), differential scanning calorimetry (DSC), temperature-resolved
wide-angle X-ray diffraction (WAXD), and small angle X-ray scattering (SAXS). The PHT/PHepT blends of all
compositions were proven to be miscible in the melt state or quenched amorphous glassy phase. Miscibility in
PHT/PHepT blend leads to the retardation in the crystallization rate of PHT; however, that of PHepT increases,
being attributed to the nucleation effects of PHT crystals which are produced before the growth of PHepT
crystals. In the miscible blend of polymorphic PHT with polymorphic PHepT, the polymorphism states of both
PHT and PHepT in the blend are influenced by the other component. The fraction of the thermodynamically
stable b-crystal of PHT in the blend increases with increasing PHepTcontent when melt-crystallized at 100 �C.
In addition, when blended with PHT, the crystal stability of PHepT is altered and leads to that the originally
polymorphic PHepT exhibits only the b-crystal when melt-crystallized at all Tc’s. Apart from the noted
polymorphism behavior, miscibility in the blend also shows great influence on the spherulite morphology of
PHT crystallized at 100 �C, in which the dendritic morphology corresponding to the b-crystal of PHT changes
to the ring-banded in the blend with higher than 50 wt% PHepT. In blends of PHT/PHepTone-step crystallized
at 60 �C, PHepT is located in both PHT interlamellar and interfibrillar region analyzed using SAXS, which
further manifests the miscibility between PHT and PHepT.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Miscibility and crystallization behavior in blends comprising
aryl-polyesters have been widely studied, such as poly(ethylene
terephthalate) (PET)/poly(trimethylene terephthalate) (PTT) [1],
poly(butylene terephthalate) (PBT)/PTT [1], PBT/PET [2], poly(hexa-
methylene terephthalate) (PHT)/poly(pentamethylene tere-
phthalate) (PPT) [3] and PPT/poly(heptamethylene terephthalate)
(PHepT) [4]. All blend systems mentioned above are miscible in the
glassy and melt states [1–4]. In addition to the binary blends
mentioned above, a ternary blend of PET/PTT/PBT has also been
proven to be miscible [5]. Note that, these aryl-polyesters are of the
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same functional groups but differ in the number of the methylene
group in the repeating units of main chain. Most commercially
interested aryl-polyesters, such as PET, PBT, PTT, and PPT are mono-
morphic polymers exhibiting only one crystal form in melt crystalli-
zation. In contrast, PHT and PHepT are polymorphic polymers
exhibiting two or three crystal forms under different crystallization
conditions. PHT shows mixed and variable fractions of a- and
b-crystals in melt crystallization at Tc lower than 140 �C and sole
b-crystal at Tc higher than 140 �C [6,7]. The polymorphic behavior in
PHepT depends on Tmax (the maximum melting temperature) and
crystallization temperature (Tc) [8,9]. Aryl-polyesters varying in the
repeat units can assume different crystal cells and some are mono-
morphic (single crystal cell) while others are polymorphic (more than
one cell type). The earlier studies on the miscible PTT/PET, PTT/PBT,
and PET/PTT/PBT blends were monomorphic/monomorphic cases,
whereas the PPT/PHT and PPT/PHepT blends were monomorphic/
polymorphic cases. By contrast, the present study on the PHT/PHepT
blend was a more complex polymorphic/polymorphic system.
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Semicrystalline/semicrystalline blends, especially those with
polymorphic crystal cells, can exhibit a quite complex phase behavior.
At temperatures between the melting points of two components, the
blend is actually a semicrystalline/amorphous system, and the
amorphous component can be incorporated in the interlamellar,
interfibrillar or rejected from the spherulites (interspherulitic).
Interlamellar inclusion or incorporation means that in a miscible
semicrystalline/amorphous blend, the amorphous component is
located between the alternatively arranged lamellar crystals of the
semicrystalline one. Interfibrillar segregation indicates that
the amorphous component is located between the lamellar stacks of
the semicrystalline polymer. In addition, interspherulite segregation
means that the amorphous component is rejected from the spheru-
lites of the semicrystalline polymers and resides between the
spherulites. Penning et al. [10,11] have reported that in the miscible
poly(butylene adipate) (PBA)/poly(vinylidene fluoride) (PVF2) blend,
at temperature between the melting temperatures of PBA and PVF2

(Tm,PBA< T< Tm,PVF2) leading to a semicrystalline/amorphous state,
the PBA component is mainly incorporated in the interlamellar region
for the blends containing less than 50 wt% PBA. However, if the PBA
content is higher than 50 wt%, interlamellar inclusion changes to
interspherulitic segregation judged from the nonlinear spherulite
growth rates of PVF2 in the blends [12]. In miscible poly(ethylene
oxide) (PEO)/poly(ethylene succinate) (PESu), both crystallization
processes via direct cooling to 70 �C (where only PESu is crystallized)
and direct cooling to 40 �C (where two components are crystallized
simultaneously) followed by heating to 68 �C (to melt PEO crystals)
create a high extent of interfibillar segregation coupled with a minor
extent of interlamellar incorporation of amorphous PEO [13]. In the
semicrystalline/amorphous state of PC/PCL blend (above Tm of PCL),
PCL is incorporated in the PC interlamellar region in the PC-rich
blends; however, in the PCL-rich blend, PCL is rejected from the PC
interlamellar region [14]. The transition from interlamellar inclusion
to interlamellar exclusion in the PC/PCL blend is postulated to be
related to the changes in the Tg value of the blends leading to the
changes in the chain diffusivity [14].

Phase behavior and crystalline morphology of blends
comprising two polymorphic semicrystalline aryl-polyesters with
long methylene segments [–(CH2)n– with n¼ 6 or 7] in repeating
units have been less studied. Polymorphism including three
crystal forms in PHT had been earlier disclosed more thoroughly
[15–17], but crystal analyses on polymorphism related to PHePT
were only recently studied and disclosed in a few publications
[8,9,18]. In this study, PHT/PHepT blends were investigated with
two objectives. First, both are crystalline and polymorphous but
with different Tm’s; thus, effect of another species on spherulitic
morphology, crystallization kinetics and polymorphism could be
assessed. Secondly, PHT/PHepT blend samples, one-step crystal-
lized at 60 �C, were prepared for SAXS analysis at 25 �C and
100 �C to reveal the spatial distribution of lamellae in PHepT.
In the PHT/PHepT blend, Tg of the blend changes with composi-
tion only slightly because the glass transition temperatures of PHT
(�6.7 �C) and PHepT (�1.6 �C) are very close. The almost invari-
ability of the PHT/PHepT blend on composition means that the
chain mobility of the blend is not changed significantly. Thus, this
system served as a good model to further study on the spatial
distribution of the low-Tm component (PHepT) in the crystalline/
crystalline blends with closely-spaced Tg.

2. Experimental

2.1. Materials

Poly(hexamethylene terephthalate) (PHT) and Poly(hepta-
methylene terephthalate) (PHepT) were not commercially
available and were synthesized in-house using a catalyst (butyl
titanate) by the method described earlier in the literature [19].
Characterizations showed basic physical data for PHepT, whose
Tg¼�1.6 �C, Tm¼ 96 �C, Mw¼ 37,500 g/mol (GPC), and poly-
dispersity index (PDI)¼ 1.7 (GPC). The basic physical data for
PHT are Tg¼�6.7 �C, Tm¼ 144 �C, Mw¼ 13,800 g/mol, and
PDI¼ 2.0.

PHT and PHepT were first weighed with intended weight
ratios, respectively, and co-dissolved into chloroform solvent
(2 wt%) with continuous stirring with a magnetic bar. Subse-
quently, the polymer solution was poured into a flat aluminum
mold or glass Petri dishes at ambient temperature (25 �C). After
evaporation of solvent at ambient temperature, all blend samples
were later subjected to a vacuum oven at 60 �C for 7 days to
ensure complete removal of residual solvent. The temperature
used to remove the residual solvent (60 �C) in vacuum was not
high and thus possible high temperature-induced reactions
(trans-esterifications, etc) or possible degradation of these two
polyesters was not likely to occur.
2.2. Apparatus

2.2.1. Differential scanning calorimetry (DSC)
DSC measurements were made in a Perkin–Elmer DSC-Diamond

equipped with a mechanical intracooler under nitrogen purge.
Temperature and heat flow calibrations at different heating rates
were done using indium and zinc. Scanning rates of 20 �C/min,
10 �C/min, and �10 �C/min were used whenever needed. For Tg

characterization, all DSC runs were performed on samples that
were heated to melt and then rapidly quenched to liquid nitrogen
to attain amorphous states (with crystallinity suppressed as much
as possible) prior to the DSC scanning.

2.2.2. Polarized optical microscopy (POM)
A Nikon Optiphot-2 polarized-light optical microscope (POM)

equipped with a charge-coupled device (CCD) digital camera and
a Linkam THMS-6000 microscopic heating stage with TP-92
temperature programmer was used to observe the crystal
morphology and the phase behavior of the blend samples. Thin
films of the specimens for the investigations on the phase behavior
of the blends were sandwiched between two glass slides. However,
thin-film specimens for the investigations on the crystalline
morphology were cast onto one glass slide without cover. The melt-
crystallized blend samples were melted at 180 �C for 5 min and
then rapidly cooled to the intended crystallization temperature (Tc)
by replacing the molten sample (on micro glass slide) onto a hot
stage with a preset isothermal temperature.

2.2.3. Temperature-resolved wide-angle X-ray diffraction (WAXD)
A Rigaku X-ray diffraction RINT-TTR III was used for the in-situ

WAXD measurement of the heating process in the blend samples
from the crystallization temperature (100 �C). The X-ray beam used
was CuKa radiation. The X-ray powder patterns were measured in
the 2q ranges of 15�–25�, and the heating rate was 1 �C/min.

2.2.4. Small-angle X-ray scattering (SAXS)
A Rigaku Nanoviewer high brilliant small angle X-ray scattering

system was used for SAXS measurement for blend samples at
ambient temperature (25 �C) and heated at 100 �C and a Rigaku
Dectris detector (Pilatus) was used to record the scattering signals.
The X-ray beam used was CuKa radiation (l¼ 0.1542 nm). X-ray
powder patterns were measured in the small 2q range of 0.15�–1.2�.
The scattering intensity I(q) was transformed to I(q)q2 for the
correction of Lorentz factor, where q is a scattering vector defined
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as q¼ (4p/l) sinq (l is wavelength of incident X-ray beam and 2q is
scattering angle).

3. Results and discussion

3.1. Miscibility in PHT/PHepT blend

First, miscibility in the crystalline/crystalline PHT/PHepT blend
was proven by observing relevant evidence. The crystalline
domains of the blends were examined using POM. Fig. 1 shows
Fig. 1. POM/OM micrographs for PHT/PHepT blends (five compositio
POM/OM micrographs of PHT/PHepT blends in five different
compositions (90/10, 70/30, 50/50, 30/70 and 10/90) (A) as cast at
ambient temperature (25 �C) and (B) heated to melt (180 �C) with
heating rate¼ 2 �C/min. In each composition, POM micrograph
shows small crystals in the as-cast sample, and upon heating to
melt, OM micrograph shows a transparent and homogeneous
phase. Note that, at this temperature (180 �C), trans-reactions or
trans-esterifications between the polyesters were not likely, and
the blend remained as a physically well mixed liquid mixture
system, without any chemical reactions. These blends were later
ns in each of Columns A, B): (A) as-cast and (B) melt at 180 �C.
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heated to as high as 300 �C and the homogeneous phases remained
unchanged at higher temperatures until thermal degradation (not
shown for brevity).

DSC characterization was then performed to get further
evidence of the phase behavior of PHT/PHepT blends of different
compositions using the blend Tg criteria. Fig. 2 shows DSC ther-
mograms of PHT/PHepT blends scanned from �20 �C (amorphous
state) to 180 �C (molten state) with scanning rate¼ 20 �C/min. The
glass transition temperatures of PHT (Tg¼�6.7 �C) and PHepT
(Tg¼�1.6 �C) are considerably close and it is thus difficult to
determine the miscibility of this blend system based on the crite-
rion of single glass transition temperature. However, other thermal
characteristics can support the evidence in determination of the
miscibility in this blend. The cold-crystallization peak (Tc.c.) of neat
PHT is at 10 �C and shifts to higher temperature when blended with
PHepT, which indicates that the crystallization rate of PHT is
depressed due to the intimate mixing between PHT and PHepT.
In contrast to the suppression of the crystallization rate in PHT
when blended with PHepT, that of PHepT is enhanced upon
blending with PHT even with a small fraction of PHT (10 wt%). The
DSC trace of neat PHepT shows only an apparent glass transition
temperature, while the cold-crystallization peak as well as the
melting peak are absent due to the slow crystallization rate of
PHepT. However, when blended with a small fraction of PHT (PHT/
PHepT¼ 10/90 and 30/70), the cold-crystallization peak corre-
sponding to PHepT appears. In PHT/PHepT¼ 30/70, the DSC trace
shows two partially merged exothermic peaks attributed to the
crystallization of PHT and PHepT during scanning. Although precise
correspondence of these two exothermic peaks to lamellae in PHT
or PHepT is not yet known, it is true that the crystallization rate of
PHepT is enhanced by judging from the increased endothermic
enthalpy of the melting peak of PHepT during the same scanning
process. In PHT/PHepT¼ 10/90 blend, the cold-crystallization peak
at 50 �C is attributed to both PHT and PHepT which is clarified by
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Fig. 2. DSC traces for quenched PHT/PHepT blends of different compositions (scanning
rate¼ 20 �C/min).
the nearly equal value of the exothermic enthalpy (DHc¼ 29.6 J/g)
and the total endothermic enthalpy of PHT (DHf, PHT¼ 3.8 J/g) and
PHepT (DHf, PHT¼ 26.3 J/g). Besides, the DSC curves of PHT/
PHepT¼ 10/90 and 30/70, where the cold-crystallization occurs at
around 50 �C and lower than 40 �C, respectively, show different
melting endothermic profile. In PHT/PHepT¼ 10/90, the DSC curve
shows the double melting peaks, while in PHT/PHepT¼ 30/70, only
single melting peak is observed which is because that the melting
behavior of PHepT is temperature-dependent. When Tc.c is higher or
lower than 40 �C, PHepT shows the double and single melting
endothermic peaks, respectively, which is clarified by comparing
with the DSC endotherm of non-isothermal cold crystallized PHepT
at various temperature of which the heating rate from the
quenched amorphous state is 20 �C/min which is same with that
used in DSC scanning shown earlier in Fig. 2. Data are not dupli-
cately shown here for similarity. Consequently, the increase in the
intensity of the cold-crystallization peak of PHepT in the blend
during scanning indicates that when blended with PHT, the crys-
tallization rate of PHepT is enhanced. The melting temperature of
PHT in each blend composition decreases with the increase of
PHepT content because the crystal/lamellar packing of PHT is dis-
rupted upon blending with PHepT leading to a lower thermal
stability and melting temperature of PHT.

3.2. Crystallization and polymorphic behavior in PHT/PHepT blend

In order to fully understand the mutual effect of PHT or PHepT
content on the crystallization rate of the other component (PHepT
or PHT), DSC was applied to analyze the non-isothermal crystalli-
zation process in PHT/PHepT blend cooled from melt
(Tmax¼ 180 �C) to�20 �C at cooling rate¼�10 �C/min. Fig. 3 shows
DSC thermograms of non-isothermal crystallization in PHT/PHepT
blends by cooling from 180 �C to �20 �C (R¼�10 �C/min). The
crystallization exothermic peak during cooling in neat PHT is at
120 �C and shifts to lower temperatures when blended with PHepT.
It further manifests that the crystallization rate of PHT is reduced
due to the intimate mixing between PHT and PHepT. In all blend
compositions, the crystallization of PHT during cooling from melt
occurs at temperature higher than the melting temperature of
PHepT (96 �C), which suggests that when PHT is crystallized, PHepT
remains in the melt state and is well mixed with the amorphous
PHT due to the miscibility between PHT and PHepT. Thus, the
intimate chain mixing between PHT and PHepT leads to the
retarded crystallization rate of PHT. In the DSC trace of neat PHepT,
there is no exothermic peak observed upon scanning from melt to
�20 �C, suggesting that nearly no crystal produced during this
cooling process. However, in PHT/PHepT blends except for PHT/
PHepT¼ 90/10, apart from the exothermic peak of PHT at higher
temperature, another peak at nearly 60 �C is observed in each
composition. In order to investigate the correlation between the
lower exothermic peak at 60 �C and the component in the blend,
the PHT/PHepT blend samples after being cooled from 180 �C to
50 �C were subsequently scanned with 10 �C/min to 180 �C. In all
blend compositions, the heating traces show two melting peaks
corresponding to PHT and PHepT, indicating that the crystallization
peak at 60 �C is attributed to crystalline PHepT species (not shown
for brevity). Thus, when blended with PHT, the crystallization rate
of PHepT is increased. The Tg value of neat PHepT and the blends are
almost of no variance and it is suggested that change of the chain
mobility of PHepT in the blend with PHT is negligible and not the
dominant factor leading to the increase of the crystallization rate of
PHepT. In addition, PHepT in the blend is crystallized in the pres-
ence of PHT crystals. Thus, the increase of the crystallization rate of
PHepT when blended with PHT may be due to the nucleation effect
of PHT crystals produced before the crystallization of PHepT.
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PHT and PHepT are both polymorphous and exhibit multiple
melting behavior in samples melt-crystallized. PHT shows the
mixed a- and b-crystal and sole b-crystal in melt crystallization at Tc

lower and higher than 140 �C, respectively. In addition, PHT shows
as many as five melting peaks, P1, P2, P3, P4 and P5 in melt crystal-
lization at lower Tc (90 and 100 �C) scanned with 10 �C/min. The
multiple melting behavior in melt-crystallized PHT is due to the
polymorphism (mixture of the a- and b-crystal) and melting/
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Fig. 4. DSC thermograms of PHT/PHepT blends melt-crystallized at 100 �C scanned
10 �C/min.
recrystallization/remelting mechanism [6]. Among the melting
peaks, P1 and P3 are attributed to the a-crystal, whereas P2 and P5

are attributed to the b-crystal. Besides, P4 is the melting peak of the
perfect and thickest lamellae packed by the a-crystal and the P4

crystal transforms to the b-crystal through melting/recrystalliza-
tion process and then merges with P5 upon further annealing [6].
The influence of the amorphous PHepT chains on the poly-
morphism and multiple melting behavior of PHT were then char-
acterized using DSC and WAXD.

Fig. 4 shows DSC thermograms of PHT/PHepT blends melt-
crystallized at Tc¼ 100 �C (above the melting temperature of
PHepT) scanned with R¼ 10 �C/min. At this temperature (100 �C),
PHT is crystallizable whereas PHepT is in the molten state and well
mixed with the amorphous PHT chains leading to a two-phase
system (the PHT crystalline phase and homogeneous amorphous
phase). In Fig. 4, neat PHT crystallized at Tc¼ 100 �C shows five
melting peaks (P1, P2, P3, P4 and P5) as scanned with R¼ 10 �C/min.
In PHT/PHepT¼ 90/10, these five melting peaks are distinctly
observed, but the temperatures of all melting peaks shift to lower
temperatures. However, when the PHepT content is higher than
30 wt%, P1 and P3 corresponding to the a-crystal become indistin-
guishable and only P2 and P5 corresponding to the b-crystal are
apparently observed. It is supposed that the crystallization of the a-
crystal of PHT is suppressed when blended with PHepT. Subse-
quently, WAXD characterization was performed to clarify the effect
of the miscibility in the blends on the polymorphism in melt-
crystallized PHT.

Fig. 5 shows WAXD diffractograms of PHT/PHepT blends melt-
crystallized at Tc¼ 100 �C (1 h) measured at 100 �C, at which only
PHT is crystallizable. The WAXD diffractogram of neat PHT at 100 �C
shows both diffraction peaks corresponding to the a-(2q¼ 15.9�,
20.5�, 21.2� and 25.4�) and b-crystal (2q¼ 15.8�, 17.9� and 23.6�).
Besides, the a-crystal is of a higher fraction than b-crystal judged
from the relative intensity of the diffraction peak of the a- and
b-crystal. However, when blended with PHepT, the relative inten-
sity of the diffraction peaks at 2q¼ 17.9� (b-crystal) to that at
2q¼ 21.2� (a-crystal) increases with increasing PHepT content,
which indicates that the crystallization of the a-crystal of PHT is
depressed in the miscible PHT/PHepT blend. Among the different
modifications of a given polymorphic polymer, there is usually
a polymorph which is thermodynamically the most stable, corre-
sponding to the crystal formed under the usual crystallization
conditions. The b-crystal of melt-crystallized PHT is of the higher
melting temperature in comparison to that of the a-crystal and
crystallized at higher crystallization temperatures. Thus, the
b-crystal is of the higher thermodynamic stability and a-crystal is
more kinetically favorable. When blended with PHepT, the fraction
of the more stable b-crystal of PHT increases, due to the blending
effects of PHepT on the thermodynamic and kinetics environment
of PHT crystallization.

PHepT is also a polymorphic polymer exhibiting the a- and
b-crystal depending on Tmax and Tc [8,9]. A lower Tmax¼ 110 �C leads
to a heterogeneous nucleation and crystallization of the a-crystal
due to insufficient melting of the residual a-nuclei at this low Tmax.
By contrast, when heated at a Tmax higher than 150 �C (in this study,
Tmax¼ 180 �C was used), all the residual nuclei are erased and the
polymorphic behavior is dependent on Tc, in which PHepT is packed
into the a-crystal at Tc lower than 25 �C and b-crystal at Tc higher
than 35 �C, respectively. From the results shown in Fig. 3, it is
known that when blended with PHT, PHT plays nucleating roles for
the crystallization of PHepT leading to higher crystallization rates of
PHepT. Thus, it was of interests to investigate the nucleation effect
of PHT crystals on the polymorphism of PHepT.

Fig. 6 shows DSC thermograms in PHT/PHepT blends with the
higher PHepT content (PHT/PHepT¼ 0/100, 10/90, 30/70 and 50/
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50) melt-crystallized at (A) 60 �C and (B) 25 �C scanned with
R¼ 10 �C/min. When heated at a Tmax¼ 180 �C, which is high
enough to erase all crystals or nuclei of PHT and PHepT, and
quenched to these two temperatures, 60 and 25 �C, PHepT contains
only the b- and a-crystal, respectively. In Fig. 6(A), the melting
peaks corresponding to PHepT in all compositions show Pb1 and
Pb2þ Pb3, indicating that the crystal form of PHepT in the PHT/
PHepT blend crystallized at 60 �C remains b-crystal in the presence
of PHT crystals. In Fig. 6(B), neat PHepT shows the melting peak of
the a-crystal at 25 �C and upon blending with PHT, PHepT shows
the melting peaks of the b-crystal. The blend samples upon heating
at 180 �C and quenching to these two Tcs (60 and 25 �C) were also
immediately scanned with a high scanning rate (100 �C/min) up to
melting (data not shown fro brevity). The DSC curve shows only the
melting peaks attributed to PHT, indicating that PHT is crystallized
during the quenching process and thus plays a nucleating role for
PHepT. This can be attributed to that the quenching rate of DSC is as
high as 100 �C/min which may not be fast enough to suppress the
crystallization of the fast-crystallized PHT. In addition, these two
Tc’s (60 and 25 �C) are much lower than the melting temperature of
PHT leading to the great driving force for the crystallization of PHT
during quenching. Consequently, results in this figure suggest that
in the presence of PHT crystals, the b-crystal of PHepT in the
miscible PHT/PHepT blend is preferentially crystallized at all Tc’s.
Thus, it is postulated that PHT crystals act as the nucleating agents
which are preferentially favored by the b-crystal of PHepT.

3.3. Spherulite morphology in PHT/PHepT blend

Fig. 7 shows POM micrographs of the spherulite morphology in
PHT/PHepT blend with various compositions melt-crystallized at
Tc¼ 100 �C, which is higher than the melting temperature of PHepT
(96 �C) and thus PHepT plays as amorphous diluents in the blends
at 100 �C. Neat PHT shows the dual types of spherulites, in which
one is the normal Maltese-cross spherulite attributed to the
a-crystal (labeled as the a-spherulite) and the other is dendrite
attributed to the b-crystal (labeled as the b-dendrite) [6]. In the
blend with 10 wt% PHepT, the a-spherulite and b-dendrite similar
to those in neat PHT are observed. However, with increasing PHepT
content to 30 wt%, different dual types of spherulites are observed,
in which one is irregular ringed and the other is ringless with
Maltese-cross extinction. When blended with 50 or 70 wt% PHepT
(PHT/PHepT¼ 50/50 and 30/70), PHT in the blends shows mixed
ring-banded spherulites with regular ring-band patterns and
normal Maltese-cross ones. In the PHT/PHepT¼ 10/90 blend, only
ill-defined crystals are produced due to the low crystallizable PHT
content in this composition. The insets in the bottom-left and
bottom-right of the POM micrographs for the spherulite
morphology of PHT/PHepT¼ 70/30 and 50/50 are the sketches of
the irregular and regular ringed morphology, respectively, in which
the ringed bands in the irregular spherulite of PHT/PHepT¼ 70/30
are more irregularly curved, while those in the regular ringed
spherulites of PHT/PHepT¼ 50/50 are more regularly arc-like.
When blended with PHepT, the dual types of spherulites in PHT are
significantly altered and dependent on the PHepT content. In order
to understand the original of the dual types of spherulites in PHT/
PHepT blend and effects of the PHepT composition on the spher-
ulite morphology of PHT, two blend compositions, PHT/



Fig. 7. Spherulite morphologies observed under POM in neat PHT and PHT/PHepT blends melt-crystallized at 100 �C.
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PHepT¼ 70/30 and 30/70, were chosen as model blends and
temperature-dependent WAXD and POM techniques were applied
to clarify the correlations between the spherulite morphology and
polymorphism in these two blends.

Fig. 8(A) shows temperature-resolved WAXD patterns in PHT/
PHepT¼ 70/30 crystallized at 100 �C and heated to melt with
heating rate¼ 1 �C/min. At 100 �C, the PHT/PHepT¼ 70/30 blend
contains the mixed a- and b-crystal and upon heating to higher
temperatures, the intensity of the diffraction peaks decreases
gradually due to the melting of PHT crystals. When heated to
148 �C, only the diffraction peaks of the b-crystal (2q¼ 17.9� and
23.6�) remain, indicating that at this temperature, the b-crystal is
unmelted, whereas the a-crystal is melted. With further heating to
150 �C, the WAXD pattern shows a halo, indicating the complete
melting of all crystals. Fig. 8(B) shows POM micrograph in PHT/
PHepT¼ 70/30 melt-crystallized at 100 �C and the normal Maltese-
cross and irregular ringed spherulites are observed. Fig. 8(C) is POM
micrograph of sample-8(B) heated to 148 �C and then cooled back
to 25 �C, which shows that the irregular ringed spherulites remain,
but the normal Maltese-cross spherulites disappear. Besides, small
crystals are produced in the location previously occupied by the
normal Maltese-cross spherulites. It is supposed that upon heating
from Tc to 148 �C to melt the a-crystal, the normal Maltese-cross
spherulites melt and then during the cooling process to Tc, the small
crystals are produced from the space originally occupied by the
normal Maltese-cross spherulites. Consequently, the normal
Maltese-cross spherulites are attributed to the a-crystal and the
irregular ringed spherulites are attributed to the b-crystal.

Fig. 9(A) shows temperature-resolved WAXD patterns in PHT/
PHepT¼ 30/70 crystallized at 100 �C and heated to melt with
heating rate¼ 1 �C/min. At 100 �C, PHT/PHepT¼ 30/70 contains the
mixed a- and b-crystal and when heated to higher temperatures,
the intensity of the diffraction peaks decreases gradually due to the
melting of PHT crystals. When heated to 145 �C, only the diffraction
peaks of the b-crystal (2q¼ 17.9� and 23.6�) remain, indicating that
at this temperature, the b-crystal remains as solid, whereas the a-
crystal is melted. Fig. 9(B) shows POM micrograph in PHT/
PHepT¼ 30/70 melt-crystallized at 100 �C and the mixed normal
Maltese-cross and regular ringed spherulites are observed. Fig. 9(C)
is POM micrograph of sample-9(B) heated to 145 �C and then
cooled to 25 �C, which shows that the regular ringed spherulites
remain, but the normal Maltese-cross spherulites disappear.
Besides, small crystals are produced in the location previously
occupied by the normal Maltese-cross spherulites. When heated to



Fig. 8. (A) Temperature-dependent WAXD patterns of PHT/PHepT¼ 70/30 melt-crystallized at Tc¼ 100 �C and then heated to melt (1 �C/min), (B) POM micrographs in PHT/
PHepT¼ 70/30 melt-crystallized at 100 �C, (C) sample-(B) heated to 148 �C and then cooled to 25 �C.
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145 �C to melt the a-crystal, the normal Maltese-cross spherulites
melt and then the small crystals are produced during the cooling
process to Tc in the space originally occupied by the normal
Maltese-cross spherulites. Consequently, the normal Maltese-cross
spherulites are attributed to the a-crystal and the regular ringed
spherulites are attributed to the b-crystal. To summarize the results
in Figs. 8 and 9, the b-dendrite in neat PHT changes to irregular
ringed and then to regular ringed spherulites with increasing
Fig. 9. (A) Temperature-dependent WAXD patterns of PHT/PHepT¼ 30/70 melt-crystallize
PHepT¼ 30/70 melt-crystallized at 100 �C, and (C) POM micrograph for sample-(B) heated
PHepT content up to 70 wt% in the blends. However, the spherulite
morphology packed of the a-crystal is not significantly influenced
when blended with PHepT.

In miscible polymer blends comprising one semicrystalline
polymer and one amorphous polymer, the effects of the amorphous
component on the spherulite morphology of the other crystallizable
component are interesting and have been studied in many cases
[20–26]. Among aryl-polyesters, PET, PTT and PPT show ringed
d at Tc¼ 100 �C and then heated to melt (1 �C/min), (B) POM micrographs in PHT/
to 145 �C and then cooled to 25 �C.
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spherulites when melt-crystallize at certain temperature ranges.
PTT exhibits ringed spherulites at Tc¼ 150–210 �C, and when
blended with amorphous PEI component, the ring-band spacing of
the ringed spherulites in PTT becomes smaller and the spherulite
texture becomes coarse [20,21]. Neat PPT shows ringed spherulites
at Tc¼ 100–110 �C; however, in its blends with PHepT contents
higher than 30 wt%, the ringed PPT spherulites in blends crystallized
at 100 �C become ringless [4].

Aliphatic polyesters also show interesting changes in spherulite
morphology when blended with amorphous components [22–26].
Poly(3-caprolactone) (PCL) exhibits ringed spherulites at Tc higher
than 50 �C [22]. However in the miscible blend with amorphous
polymers such as poly(vinyl methyl ether) (PVME), poly(phenyl
methacrylate) (PPhMA), poly(benzyl methacrylate) (PBzMA) or
poly(styrene-co-acrylonitrile) (SAN), PCL in these blends show
ringed spherulites with more regular ring-band patterns [22].
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Fig. 11. One–dimensional correlation function of neat PHT homopolymer with L¼ long
period, lc¼ crystalline phase thickness, and la¼ amorphous phase thickness.
In addition, the temperature ranges in the formation of the ringed
spherulites of PCL in the blends shift to lower temperatures
compared to that of neat PCL [22]. In contrast, upon blending
with the bio-resourceful tannic acid (TA), only the normal Maltese-
cross spherulites are observed at all Tc’s in PCL/TA blend [19].
Poly(ethylene oxide) (PEO) shows the normal Maltese-cross
spherulites at all Tc’s, but when blended with strongly-interacted
components, such as TA or poly(vinyl phenol) (PVPh), seaweed-like
or dendritic morphology is observed in the blend of PEO/TA or PEO/
PVPh¼ 70/30 [24,25]. However, if PEO is blended with a weakly-
interacting amorphous component, the normal Maltese-cross
spherulites of PEO in blends remain unchanged [26]. It is first time
observed that the morphology changes from dendrite to ring-
banded as in the PHT/PHepT blend.
3.4. SAXS characterizations on PHT/PHepT blend

In a two-component semicrystalline/semicrystalline blend held
at a Tc or upon cooling, the low-Tm component (PHepT) tends to
solidify later than the high-Tm one. Thus, upon blend crystallization,
the domain to which the low-Tm component can be confined
depends on relative chain mobility of these two components, blend
composition, and other crystallization conditions. For the PHT/
PHepT blend, the chain mobility of PHepT in the blend does not
change significantly due to the closely-spaced Tg values between
these two components. The sole effect of PHepT composition on the
segregation site of PHepT in the blend was analyzed on the one-
step crystallized (60 �C) blend samples using SAXS. Fig. 10 shows
the Lorentz-corrected SAXS profiles in PHT/PHepT blend (A) one-
step crystallized at 60 �C (measured at 25 �C) and (B) sample-(A)
heated to 100 �C (measured at 100 �C). At 60 �C, both PHT and
PHepT are crystallizable and a three-phase system comprising the
crystalline PHT, crystalline PHepT and amorphous phase is created.
Fig. 10(A) shows the scattering peaks of neat PHT and PHepT are at
q¼ 0.55 nm�1 and 0.6 nm�1, respectively. There is only one scat-
tering peak caused by the regular lamellar structure observed in
each blend composition which shifts to the higher q value with
increasing PHepT content. When heated to 100 �C to melt the
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PHepT crystals, the PHT/PHepT blend is in the semicrystalline/
amorphous state. Fig. 10 (B) shows that the scattering peak of the
blend shifts to the lower q value with increasing PHepT content. The
scattering peak of neat PHT measured at 100 �C is at the lower q
value compared to that measured at 25 �C, which may be attributed
to the melting of the crystals with thinner lamellar thickness
produced during secondary crystallization process. In semi-
crystalline polymer exhibiting the lamellar structure, the most
common measurement from SAXS is the so-called long period, and
the scattering signal comes from the difference in the electron
density between the crystalline and amorphous phases. The elec-
tron density difference between the crystalline and amorphous
phase (Dh¼ hc� ha) is correlated with the density difference
between the crystalline and amorphous phase (Dr¼ rc� ra) of the
component according to the equation: (rc� ra)¼ (14/8)(g/mol
electron)(hc� ha) [27]. The density of the crystalline and amor-
phous phase in PHT is 1.59 and 1.40 g/cm3 [28], respectively, which
gives DhPHT¼ 0.108 g/mole electron. Besides, the density of the
crystalline and amorphous phase in PHepT is 1.56 and 1.38 g/cm3

[28], respectively, which gives DhPHepT¼ 0.103 g/mole electron.
Thus, the close-spaced value in Dh of these two components may
cause the indistinguishable detection of the individual scattering
peak corresponding to PHT or PHepT. Thus, only one scattering
peak is observed in each blend composition and the peak shifts to
a higher q value with the addition of the lower-q component
(PHepT). Upon heating to 100 �C, where only the PHT component
remains solid, the down-shift in the q value of the scattering peaks
with increasing PHepT content indicates that the distance between
PHT lamellae increases. To investigate the PHT crystalline
morphology at the lamellar level and the PHepT spatial distribution
in the blend, the long period (L) and thickness of the crystalline
phase (lc) in PHT/PHepT blend crystallized at 60 �C and heated to
100 �C were determined using one–dimensional correlation func-
tion g(z), evaluated from the scattered intensity I(q) by the flowing
equation [12,29,30]:

gðzÞ ¼ 2p2

Q

ZN

0

q2IðqÞcos ðqzÞdq (1)

where z is the correlation distance along the direction from which
the electron density distribution is measured and Q is the scattering
invariant [12,28,29]:

Q ¼ 1
2p2

ZN

0

IðqÞq2dq (2)

Fig. 11 shows the typical correlation function of neat PHT,
demonstrating how the long period (L), thickness of the crystalline
phase (lc), and thickness of the amorphous phase (la¼ L� lc) are
estimated from the correlation function curve. The first maximum
is related to the long period (L) and the first minimum is corre-
sponding to the thickness of crystalline phase (lc) because the linear
crystallinity of PHT is less than 50% [6,31].

Fig. 12 shows the plot of L, lc and la in PHT/PHepT blend (A) one-
step crystallized at 60 �C (measured at 25 �C) and (B) sample-(A)
heated to 100 �C against PHepT content. At 25 �C, where both PHT
and PHepT are crystallizable, L, lc and la slightly decrease with
increasing PHepT content. In contrast, at 100 �C, where PHepT is in
the amorphous molten state, L and la increase with increasing
PHepT content and lc is nearly constant. In addition, L and la
measured at 100 �C are higher than those measured at 25 �C,
indicating that when the PHepT component in the blend melts, the
average distance between PHT crystals increases. It is supposed that
the PHepT component is incorporated in the PHT interlamellar
region. In the blend with 50 wt% PHepT (PHT/PHepT¼ 50/50), the
long period (L) is 11 nm at 25 �C while the long period at 100 �C is
16 nm, which is only 1.45 times larger than that at 25 �C. If PHepT is
fully incorporated in PHT interlamellar region, the long period at
100 �C should be at least 2 times larger than that at 25 �C. Thus, the
PHepT component may be partially excluded from the interlamellar
region. By judging from the volume-filling spherulite morphology
in PHT/PHepT¼ 50/50 melt-crystallized at 60 �C and then heated to
100 �C, the possibility of the interspherulitic region where PHepT
resides is excluded. Consequently, in the PHT/PHepT blend, PHepT
is located in both interlamellar and interfibrillar regions.
4. Conclusion

Crystalline/crystalline PHT/PHepT blend is miscible in the melt
state or quenched amorphous glassy phase. Miscibility in the blend of
two aryl-polyesters (PHT and PHepT) is proven by the homogeneous
phase behavior as evidenced by single Tg and composition depen-
dence of the cold-crystallization temperature (Tc.c.). Effects of misci-
bility on crystal growth kinetics, spherulite morphology, and
polymorphism in the PHT/PHepT blend were analyzed. In the
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miscible blend, the crystallization rates of PHT decrease and the
thermodynamically stable b-crystal instead of the kinetically favor-
able a-crystal becomes dominant at Tc¼ 100 �C. Besides, the dendrite
of neat PHT packed of the b-crystal changes to the ringed spherulites
when blended with PHepT content of higher than 50 wt%. Miscibility
in PHT/PHepT blend also shows significant influence on the poly-
morphism of melt-crystallized PHepT, inwhich neat PHepTshows the
a-crystal and b-crystal at Tc lower than 25 �C and higher than 35 �C,
respectively. However, when blended with PHT, the b-crystal domi-
nates at all Tc’s. In addition, the crystallization rate of PHepT in the
PHT/PHepT blend increases due to the nucleation effect of PHT crys-
tals which are produced prior to the growth of PHepTcrystals. For the
PHT/PHepT blend either in a three-phase (T< Tm,PHepT< Tm,PHT) or
two-phase system (Tm,PHepT< T< Tm,PHT), PHepT is spatially distrib-
uted in both PHT interlamellar and interfibrillar regions, which
further clarifies the fine scales of homogeneity and the miscibility in
this blend.
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