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Abstract: We investigated the structure development and crystallization kinetics in the blends of
poly(trimethylene terephthalate) (PTT) and poly(ethylene terephthalate) (PET) by polarized optical
microscopy and light scattering. The crystallization of the blend was found to be faster and the size of
the spherulites was much smaller than those of the neat component polymers by melt crystallization
at low temperature of 180 ◦C. The discontinuous gap of the crystallization time with temperature
was seen in the blends, suggesting phase transition at the temperature Ttr; e.g., the Ttr of the 60/40
PTT/PET was 215 ◦C. The crystallization was accelerated due to enhancement of the nucleation rate,
and interconnected tiny spherulites were obtained at the temperature below the Ttr. The accelerated
crystallization and the development of the interconnected structure might be attributed to the
liquid-liquid phase separation via spinodal decomposition, due to existence of the upper critical
solution temperature (UCST) type phase boundary.
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1. Introduction

Polymer blend is a mixture of two or more dissimilar polymers to create a new material. Most pairs
of dissimilar polymers with high molecular weights are immiscible and dissimilar polymers are only
miscible when there is favorable specific interaction between them. Miscible polymer blends tend to
phase separate at elevated temperatures. This lower critical solution temperature (LCST) type phase
behavior (Figure 1a) is typical in miscible polymer blends [1–4]. Such phase separation occurs when
Flory-Huggins interaction parameter χ12 becomes larger than the χ12 at critical point χcrit, by decreasing
the negative contribution of the attractive interaction and increasing the positive contribution of the
free volume effect arising from the different thermal expansion coefficients of the two components
with increasing temperature (Figure 1b). On the other hand, some miscible polymer blends exhibit
upper critical solution temperature (UCST) type phase behavior, in which miscible blends tend to
phase separate at lower temperature (Figure 1a). Since the χcrit is smaller with increasing molecular
weight (Mw) and is negligibly small in a blend of polymers with high molecular weight, UCST type
phase behavior occurs only when the χcrit is large in low Mw and the positive contribution of the
repulsive interaction decreases with increasing temperature (Figure 1c). Hence, UCST phase behavior
is expected to be uncommon for a blend of polymers with high molecular weights, and it is observed
in oligomer blends and random copolymer blends [3–9]. UCST type phase behavior is also suggested
in crystalline polymer blends [10–19].

In miscible polymer blends, crystallization rate of the crystalline polymer is drastically delayed and
spherulites thus obtained becomes larger and coarser with increasing the content of partner polymer by
crystallization from the homogeneous melt [20–29]. It is considered that the delay of the crystallization
rate is attributed to the exclusion of partner polymer from the crystallization growth front [24,28].
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When UCST type phase diagram exists below the melting temperature and the blend is crystallized
at the temperature below the UCST phase boundary, the crystallization can be accelerated and
interconnected crystalline structure is developed due to the cooperative progress of the crystallization
and liquid-liquid phase separation via spinodal decomposition, as reported in PVDF/PMMA [11,17]
and polycarbonate/PEO blends [15]. Accelerated crystallization and connected crystalline structure are
also observed in polyolefin blend such as poly(ethylene-co-hexene) (PEH)/poly(ethylene-co-butene)
(PEB) one in which UCST type phase boundary exists above the melting temperature [18,19], and the
accelerated crystallization is suggested to be caused by the crystal nucleation enhanced at the diffuse
interface between two immiscible polymers [30–32].

Poly(trimethylene terephthalate) (PTT) is a crystalline aromatic polyester which exhibits large
spherulite with high birefringence [33,34]. Due to its high elastic recovery, PTT is used for fiber in carpet
and textile industry, for instance. However, PTT is difficult to use for film application because large
shrinkage occurs after elongation in film processing and it is brittle due to large spherulite obtained
during melt-cooling process owing to the slow crystallization rate. To prevent the shrinkage and
control the crystallization rate, polymer blend method is promising for wide application of PTT. PTT is
known to be miscible with crystalline polyester of poly(ethylene terephthalate) (PET) in melt state at
the temperature above the melting temperature of PET at entire blend composition [35–39]. Recently,
we found that the crystallization of PTT was accelerated at lower temperature by blending PET. In
this study, to understand the accelerated crystallization of the PTT/PET blends, we investigated the
crystallization kinetics and structure development by light scattering method and optical microscopic
observation. The results are discussed in terms of the liquid-liquid phase separation by existence of
the phase boundary.

Figure 1. Schematic illustration of phase diagrams and temperature dependence of χ12.: (a) LCST and
UCST phase diagrams, (b) χ12 for LCST type phase behavior and (c) χ12 for UCST type phase behavior.

2. Materials and Methods

PTT (intrinsic viscosity IV = 1.7 dl/g) was supplied by Asahi Chemical, Inc. (Tokyo, Japan) and
PET (IV = 0.45 dl/g) was supplied by Teijin, Inc. (Tokyo, Japan). Melting temperatures of the PET and
PTT were 258 ◦C and 228 ◦C, respectively. The PET and PTT were dried in vacuum oven at 100 ◦C
for 1 day before melt mixing, to prevent transesterification reaction during the mixing. The PTT and
PET were melt-mixed at a temperature of 300 ◦C and at rotor speed of 200 rpm for 5 min in a mixing
chamber of a miniature mixing machine (Imoto IMC-18D7, Kyoto, Japan). The blend specimens thus
obtained were compression-molded between two metal plates at 300 ◦C for 1 min to obtain a film
specimen with a thickness of about 100 µm, which was then quenched into ice water.

The film specimen thus prepared was melted at 300 ◦C for 1 min in a hot stage, then was rapidly
transferred into another hot stage set on the light scattering stage and annealed at Ta. A polarized
He–Ne laser with a wavelength of 632.8 nm was applied vertically to the film specimen. The scattered
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light was passed through the analyzer and then onto a highly sensitive charge-coupled device (CCD)
camera with 800 × 600 pixels (Tokyo Instruments pco.1600, Tokyo, Japan). We employed Hv and
Vv geometries in which the optical axis of the analyzer was vertical to that of the polarizer and was
horizontal to that of the polarizer, respectively. The input data from the CCD camera were stored in a
personal computer for further analysis.

Crystalline morphologies and phase structure of the specimens were observed both under an
unpolarized optical microscope and a polarized optical microscope (Olympus BX53, Tokyo, Japan),
each equipped with a CCD camera (Olympus DP73, Tokyo, Japan). The structure under the polarized
optical microscope was observed by the optical microscope equipped with a sensitive tint plate,
with an optical path difference of 530 nm under crossed polarizers. The development of the crystalline
morphologies and phase structure during the annealing was observed under optical microscope
equipped with a hot stage set at annealed temperature Ta after rapid transfer from another hot stage
set at 300 ◦C. The melting behavior during the heating was also observed under polarized optical
microscope equipped with a hot stage.

3. Results and Discussion

No structure appeared by annealing at the temperature above the melting temperature of
poly(ethylene terephthalate) (PET), suggesting that poly(trimethylene terephthalate) (PTT) and PET
are miscible and liquid-liquid phase separation does not occur at the temperature above the melting
temperatures of PET, as reported in the references [35–39]. By temperature-drop from the homogeneous
melt state, crystallization occurred by isothermal annealing at the temperature below the melting
temperature of PET. Figure 2 shows the polarized optical micrographs of neat PTT, neat PET and
PTT/PET blends obtained by melt crystallization at 180 ◦C. Large spherulites were obtained in the neat
PTT and neat PET (Figure 2a,f). On the other hand, tiny, distorted crystals were formed and were
connected each other in the blends (Figure 2b–e). The size of the spherulite was much smaller than
those of the neat component polymers, suggesting nucleation agent effect by blending. This result
is different from that usually observed in the crystalline morphology of miscible polymer blends in
which the spherulite of the blend is much larger than those of the neat component polymers [20–29].

Figure 3 shows the Hv light scattering patterns of 60/40 PTT/PET and the neat component polymers
obtained by melt crystallization at 180 ◦C, in which the crystalline morphologies are shown in Figure 2.
Here the pattern was shown at same scattering angle region for comparison. Four-leaf clover type
pattern was seen in the neat PET and the blend, which is characteristic of spherulite with radial
arrangement of the crystallites [40], while the pattern of the neat PTT was too small to see at the same
scattering angle region. Thus, the clover pattern of the blend was much larger than those of the neat
component polymers. Since the size of the clover pattern is larger as the size of the spherulite is
smaller [40], the results support the polarized optical microscopic observation shown in Figure 2 that
the size of the spherulites of the blend was much smaller than those of the neat component polymers.

The Hv scattering is attributed to the optical anisotropy of the crystallites. The crystallization
kinetics can be discussed by the integrated scattering intensity, i.e., the invariant Q defined by

Q =

∫
∞

0
I(q)q2dq (1)

where q is the scattering vector, q = (4π/λ) sin(θ/2), λ and θ being the wavelength and scattering
angle, respectively, and I(q) is the intensity of the scattered light at q. As shown in Figure 3, the Hv
scattering pattern from the crystallized specimen was a four-leaf clover type, suggesting the scattering
from spherulites. In this case, the invariant in Hv mode QHv is described by the mean square optical
anisotropy <δ2>

QHv ∝ 〈δ〉
2 = φs (αr − αt)

2 (2)
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where φs is the volume fraction of spherulite and αr and αt are the radial and tangential polarizabilities
of the spherulite, respectively [15,41,42].

Figure 2. Polarized optical micrographs of (a) neat PTT, (b) 80/20 PTT/PET, (c) 60/40 PTT/PET, (d) 50/50
PTT/PET, (e) 20/80 PTT/PET and (f) neat PET obtained by isothermal annealing at 180 ◦C from the melt
state at 300 ◦C.

Figure 4 shows the time variation of the invariant in Hv mode QHv in the 60/40 PTT/PET and
neat component polymers during annealing at 180 ◦C after temperature drop from 300 ◦C. The QHv

increased with time and leveled off as expected from Equation (2), i.e., φs increases and attains a
maximum when spherulites fill the whole space and crystallization completes. The QHv of the neat
PTT was large due to large polarizability difference αr−αt owing to high birefringence in the spherulite.
The crystallization of the blend started to occur at around 2 s and completed at 10 s. On the other
hands, crystallization of the neat PTT and neat PET started to occur at 1 s and 4 s, respectively, and
completed at 34 s and 38 s, respectively. These results indicate that the crystallization rate of the blend
is much faster than those of the component polymers. Thus, crystallization of PTT and PET were
accelerated at the temperature of 180 ◦C by blending. It is opposite to the delay of crystallization
generally observed in miscible polymer blends [20–29]. The accelerated crystallization and the tiny,
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interconnected crystals by nucleation agent effect shown in Figure 2 might be attributed to the up-hill
diffusion of the liquid-liquid phase separation via spinodal decomposition.

Figure 3. Hv light scattering patterns of (a) neat PTT, (b) 60/40 PTT/PET and (c) neat PET obtained by
isothermal annealing at 180 ◦C.

Figure 4. Time variation of invariant QHv for 60/40 PTT/PET and neat component polymers during
isothermal annealing at 180 ◦C.

In order to estimate the crystallization rate, crystallization time was obtained by subtracting the
start time from the completion time of the increase of the QHv in Figure 4. As the crystallization time is
shorter, crystallization rate is faster. Figure 5 shows the crystallization time of the 60/40 PTT/PET and the
neat component polymers at various crystallization temperatures. The crystallization time increased
continuously with temperature and it increased steeply at high temperature close to the melting
temperature in the neat component polymers (Figure 5a,c). On the other hand, the discontinuous gap
was seen at around 215 ◦C in the blend, i.e., it increased steeply at around 215 ◦C after the gradual
increase with temperature and then increased gradually (Figure 5b). This is similar to that observed
in first-order transition The discontinuous gap of the crystallization time might be attributed to the
phase transition at the temperature Ttr= 215 ◦C and accelerated crystallization is suggested at the
temperature below the Ttr.

The interesting result here is that the temperature Ttr for the discontinuous gap shown in Figure 5
corresponds to that for the change of the crystalline structure, as shown in Figure 6. Large spherulites
were obtained by symmetric growth at higher temperature of 220 ◦C (Figure 6a). On the other hand,
highly interconnected tiny spherulites were obtained at lower temperature of 210 ◦C (Figure 6b).
Such structure change at narrow temperature region did not occur in the neat component polymers,
but it was characteristic of the blends. The interconnected structure developed at lower temperature
region is one of the hallmarks of liquid-liquid phase separation via spinodal decomposition, while
large spherulite developed at high temperature is generally observed in the crystallization of miscible
polymer blends. Thus, the results suggest existence of upper critical solution temperature (UCST)
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phase boundary in which miscible blend tends to phase separate at lower temperature Tcr. To discuss
the existence of the UCST phase boundary and the effect on the crystallization, the results of the light
scattering measurements are presented in the following.

Figure 5. Crystallization time of (a) neat PTT, (b) 60/40 PTT/PET and (c) neat PET at various
annealing temperatures.

The Vv light scattering is attributed to both the optical anisotropy and the density fluctuation.
The invariant in the Vv mode QVv is ascribed to both mean square optical anisotropy <δ2> and the
mean-square density fluctuation <η2>. The <η2> in a neat crystalline polymer system is given by〈

η
〉2 = ΦS(1−ΦS)(αc − αa)

2 (3)

where αc is the average polarizability is the average polarizability of the spherulites and αa is the
polarizability of an amorphous matrix. In a phase-separated blend of polymers A and B, the <η2> is
similarly described by 〈

η
〉2 = ΦA(1−ΦA)(αA − αB)

2 (4)
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where φA is the volume fraction of A-rich phase and αA is the polarizability of the A-rich phase [41].
Thus, Vv light scattering intensity is highest when the volume fraction of A-rich phase is 50%.

Figure 6. Crystalline morphology of 60/40 PTT/PET at different annealing temperatures: (a) Ta = 220 ◦C
and (b) Ta = 210 ◦C.

Figure 7 shows the time variation of the invariants QHv and QVv for the 60/40 PTT/PET during
isothermal annealing at 230 ◦C and 210 ◦C. Both QHv and QVv started to increase at the same time and
gradually increased with annealing time at 230 ◦C (Figure 7a), indicating that the density fluctuation
and optical anisotropy starts to increase at the same time. Such time variation is typical for the
crystallization of polymers. In contrast, QHv and QVv did not start to increase at the same time, but the
QVv increased first and then the QHv started to increase after the time lag (Figure 7b). The result
suggests that liquid-liquid phase separation occurs before crystallization starts to occur due to the
crystallization in the two-phase region below the UCST phase boundary.

Figure 7. Time variation of invariant QHv and QVv for 60/40 PTT/PET during isothermal annealing at
different temperatures: (a) 230 ◦C, (b) 210 ◦C.

Figures 8 and 9 show the structure development for the interconnected crystalline structure of
the 60/40 PTT/PET observed by optical microscopy and polarized optical microscopy, respectively.
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Initially, spherical domains having a size of several micrometers appeared (Figure 8a), while no
anisotropic structure was seen (Figure 9a). This result indicates that the spinodal decomposition
precedes and the crystallization follows as suggested by light scattering measurement shown in
Figure 7. The spherical domains grew asymmetrically, and their shape became distorted (Figure 8a).
The distorted domains became longer over time and the neighboring domains impinged on each other
along the long continuous phase (Figure 8c). The contrast of the two-phase structure became higher
during the structure development. Such structure change might be attributed to the liquid-liquid
phase separation via spinodal decomposition. Due to the liquid-liquid phase separation via spinodal
decomposition, spherical crystal domains impinged on each other along the long continuous phase,
and interconnected spherulites were obtained (Figure 9b,c). The crystallization occurs during the
development of the spinodal decomposition. Owing to the up-hill diffusion by spinodal decomposition,
PTT chain are forced to move from the PET-rich region to the PTT-rich region and PET chains are from
the PTT-rich region to the PET-rich region. Then the nucleation of PTT and PET crystallites are induced
simultaneously. This means that the crystallizable chains are supplied to the crystallites under the
thermodynamic driving force for the liquid-liquid phase separation. Due to the induction of each
crystallite, the crystallization rate of the blend is accelerated, as shown in Figures 4 and 5.

Figure 8. Structure development of 60/40 PTT/PET during the crystallization at 210 ◦C after (a) 35 s,
(b) 50 s, (c) 65 s and (d) 80 s observed by optical microscope.

There are two causes for the accelerated crystallization in the blend, i.e., fast nucleation rate and an
increase in crystal growth rate. To clarify the causes of the accelerated crystallization, the development
of the crystal growth of the neat PTT in Figure 10 for comparison with that of the blend shown in
Figures 8 and 9. The crystal growth of the blend was faster than that of the blend; e.g., the crystal size
of the blend was 3.3 µm and 5.4 µm while that of the neat PTT was 6.1 µm and 17.6 µm at 35 s and 65 s,
respectively. Thus the accelerated crystallization in the PTT/PET is attributed to the enhancement of
the nucleation rate as reported in the PEH/PEB blends [18,19]. The dynamic Monte Carlo simulation
for liquid-liquid phase separation and crystallization suggest that crystal nucleation is enhanced at the
diffuse interface between two immiscible polymers [30–32].
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Figure 9. Structure development of 60/40 PTT/PET during the crystallization at 210 ◦C after (a) 35 s,
(b) 50 s, (c) 65 s and (d) 80 s observed polarized optical microscope.

Figure 10. Structure development of neat PTT during the crystallization at 210 ◦C after (a) 35 s, (b) 50 s,
(c) 65 s and (d) 80 s observed by optical microscope.

Figure 11 shows the melting behavior of the 60/40 PTT/PET with interconnected crystalline structure
obtained at 180 ◦C. Due to the melting of the PTT crystallites during the heating, non-crystalline
region colored by purplish-red became wider, but interconnected structure colored by blue and yellow
remained, though higher content of PTT (60 wt%) melted at around the melting temperature of the
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PTT (228 ◦C). The result suggests that both PET and PTT phase exists due to the liquid -liquid phase
separation via spinodal decomposition.

Figure 11. Polarized optical micrograph for the melting behavior during the heating of 60/40 PTT/PET
obtained by annealing at 180 ◦C: (a) 180 ◦C, (b) 234 ◦C, (c) 238 ◦C and (d) 242 ◦C.

As shown in Figure 12, discontinuous gap of the crystallization time was also seen at the
temperature Ttr in the blend at the PET composition below 50 wt%, and the structure development was
different with temperature at the boundary of the Ttr. At the PET composition above 50 wt%, difference
of the structure development was observed at around 210 ◦C in the 30/70 PTT/PET, for instance,
but discontinuous gap of the crystallization time was unclear because the crystallization rate was too
fast to observe the gap.

Figure 13 shows the phase diagram of the PTT/PET blends. As shown in Figures 6 and 12,
large spherulites were obtained by symmetrical growth at higher temperature region. This is indicated
by the crosses. On the other hand, interconnected tiny spherulites were obtained by liquid-liquid
phase separation at lower temperature region. This is indicated by the open circles. On the basis
of these observations, the UCST line was drawn at the boundary for the difference of the structure
development. The temperature for the discontinuous gap of the crystallization rate obtained from
Figures 5 and 12 was indicated by the blue filled circles. These blue circles located at around the
UCST line. These results suggest that accelerated crystallization is caused by the liquid-liquid phase
separation via spinodal decomposition at the temperature below the UCST phase boundary.
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Figure 12. Crystallization rate at various crystallization temperatures and the crystalline morphology
at around the Ttr of PTT/PET blends at various blend compositions: (a) 80/20, (b) 70/30, (c) 50/50 and
(d) 30/70 PTT/PET.
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Figure 13. Phase diagram of the PTT/PET blends.

4. Conclusions

The UCST type phase boundary below the melting temperature was determined in the PTT/PET
blends by the discontinuous gap of the crystallization time and the difference of the structure
development. Interconnected tiny spherulites were obtained by the liquid-liquid phase separation via
spinodal decomposition at the temperature below the UCST phase boundary Ttr, while large spherulites
were obtained by symmetric growth at the temperature above the Ttr. The crystallization of the blends
was accelerated due to the enhancement of the nucleation rate when the crystallization occurred at the
temperature below the Ttr, due to the liquid-liquid phase separation via spinodal decomposition.

Author Contributions: Conceptualization, K.S., S.K. and H.S.; methodology, K.S. and S.K; validation, K.S. and
H.S.; formal analysis, K.S.; investigation, K.S. and S.K.; writing—original draft preparation, K.S. and H.S.;
writing—review and editing, H.S.; supervision, H.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by JSPS KAKENHI for Scientific Research on Innovative Areas “MFS Materials
Science” Grant Number JP 18H05482 and JSPS KAKENHI Grant Number JP 18K05231.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Olabis, O.; Robeson, L.M.; Shaw, M.T. Polymer-Polymer Miscibility, 1st ed.; Elsevier: New York, NY, USA, 1979.
2. Paul, D.R.; Newman, S. Polymer Blends; Elsevier: New York, NY, USA, 1978; Volume 1.
3. Utracki, L.A.; Wilkie, C.A. Polymer Blends Handbook, 2nd ed.; Springer: Dordrecht, The Netherlands, 2014.
4. Thomas, S.; Grohens, Y.; Jyotishkumar, P. Characterization of Polymer Blends: Miscibility, Morphology and

Interfaces; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2015.
5. Ougizawa, T.; Inoue, T.; Kammer, H.W. UCST and LCST behavior in polymer blends. Macromolecules 1985,

18, 2089–2092. [CrossRef]
6. Ougizawa, T.; Inoue, T. UCST and LCST behavior in polymer blends and its thermodynamic interpretation.

Polym. J. 1986, 18, 521–527. [CrossRef]
7. Kawahara, S.; Akiyama, S. UCST phase behavior and the miscibility valley in blends of poly (vinyl

ethylene-co-1, 4-butadiene) and hydrogenated terpene resin. Macromolecules 1993, 26, 2428–2432. [CrossRef]
8. Sato, T.; Endo, M.; Shiomi, T.; Imai, K. UCST behaviour for high-molecular-weight polymer blends and

estimation of segmental χ parameters from their miscibility. Polymer 1996, 37, 2131–2136. [CrossRef]

http://dx.doi.org/10.1021/ma00152a052
http://dx.doi.org/10.1295/polymj.18.521
http://dx.doi.org/10.1021/ma00062a006
http://dx.doi.org/10.1016/0032-3861(96)85858-7


Polymers 2020, 12, 2730 13 of 14

9. Yang, Q.; Mao, Y.; Li, G.; Huang, Y.; Tang, P.; Lei, C. Study on the UCST behavior of polystyrene/poly
(styrene-co-acrylonitrile) blend. Mater. Lett. 2004, 58, 3939–3944. [CrossRef]

10. Saito, H.; Fujita, Y.; Inoue, T. Upper Critical Solution Temperature Behavior in Poly(vinylidene
fluoride)/Poly(methyl methacrylate) Blends. Polym. J. 1987, 19, 405–412. [CrossRef]

11. Tomura, H.; Saito, H.; Inoue, T. Light Scattering Analysis of Upper Critical Solution Temperature Behavio in
a Poly(vinylidene fluoride/Poly(methyl methacrylate) Blend. Macromolecules 1992, 25, 1611–1614. [CrossRef]

12. Lee, C.; Saito, H.; Goizueta, G.; Inoue, T. An immiscibility loop in isotactic polypropylene/partially
hydrogenated oligo(styrene-co-indene) blend. Macromolecules 1996, 29, 4274–4277. [CrossRef]

13. Chen, H.-L.; Hwang, J.C.; Chen, C.-C.; Wang, R.-C.; Fang, D.-M.; Tsai, M.-J. Phase behaviour of amorphous
and semicrystalline blends of poly (butylene terephthalate) and poly (ether imide). Polymer 1997, 38,
2747–2752. [CrossRef]

14. Chen, H.-L.; Hwang, J.C.; Yang, J.-M.; Wang, R.-C. Simultaneous liquid–liquid demixing and crystallization
and its effect on the spherulite growth in poly (ethylene terephthalate)/poly (ether imide) blends. Polymer
1998, 39, 6983–6989. [CrossRef]

15. Tsuburaya, M.; Saito, H. Crystallization of polycarbonate induced by spinodal decomposition in polymer
blends. Polymer 2004, 45, 1027–1032. [CrossRef]

16. Woo, E.M.; Cheng, K.Y.; Chen, Y.-F.; Su, C. Experimental verification on UCST phase diagrams and miscibility
in binary blends of isotactic, syndiotactic, and atactic polypropylenes. Polymer 2007, 48, 5753–5766. [CrossRef]

17. Nurkhamidah, S.; Woo, E.M. Phase Separation and Lamellae Assembly below UCST in Poly (l-lactic acid)/Poly
(1, 4-butylene adipate) Blend Induced by Crystallization. Macromolecules 2012, 45, 3094–3103. [CrossRef]

18. Zhang, X.; Wang, Z.; Muthukumar, M.; Han, C.C. Fluctuation-assisted crystallization: In a simultaneous
phase separation and crystallization polyolefin blend system. Macromol. Rapid Commun. 2005, 26, 1285–1288.
[CrossRef]

19. Zhang, X.; Wang, Z.; Dong, X.; Wang, D.; Han, C.C. Interplay between two phase transitions: Crystallization
and liquid-liquid phase separation in a polyolefin blend. J. Chem. Phys. 2006, 125, 024907. [CrossRef]

20. Ong, C.; Price, F. Blends of poly (ε-Caprolactone) with poly (vinyl chloride). II. Crystallization kinetics.
J. Polym. Sci. Part C Polym. Symp. 1978, 63, 59–75.

21. Alfonso, G.; Russell, T. Kinetics of crystallization in semicrystalline/amorphous polymer mixtures.
Macromolecules 1986, 19, 1143–1152. [CrossRef]

22. Briber, R.M.; Khoury, F. The phase diagram and morphology of blends of poly (vinylidene fluoride) and poly
(ethyl acrylate). Polymer 1987, 28, 38–46. [CrossRef]

23. Chow, T. Miscible blends and block copolymers. Crystallization, melting, and interaction. Macromolecules
1990, 23, 333–337. [CrossRef]

24. Saito, H.; Okada, T.; Hamane, T.; Inoue, T. Crystallization kinetics in Mixtures of poly(vinylidene fluoride) and
poly(methyl methacrylate): Two-step diffusion mechanism. Macromolecules 1991, 24, 4446–4449. [CrossRef]

25. Penning, J.; St. John Manley, R. Miscible blends of two crystalline polymers. 2. Crystallization kinetics and
morphology in blends of poly (vinylidene fluoride) and poly (1, 4-butylene adipate). Macromolecules 1996, 29,
84–90. [CrossRef]

26. Chen, H.-L.; Li, L.-J.; Lin, T.-L. Formation of segregation morphology in crystalline/amorphous polymer
blends: Molecular weight effect. Macromolecules 1998, 31, 2255–2264. [CrossRef]

27. Zhang, L.; Goh, S.; Lee, S.; Hee, G. Miscibility, melting and crystallization behavior of two bacterial
polyester/poly (epichlorohydrin-co-ethylene oxide) blend systems. Polymer 2000, 41, 1429–1439. [CrossRef]

28. Okabe, Y.; Murakami, H.; Osaka, N.; Saito, H.; Inoue, T. Morphology development and exclusion of
noncrystalline polymer during crystallization in PVDF/PMMA blends. Polymer 2010, 51, 1494–1500.
[CrossRef]

29. Papageorgiou, G.Z.; Bikiaris, D.N.; Panayiotou, C.G. Novel miscible poly(ethylene sebacate)/poly(4-vinyl
phenol) blends: Miscibility, melting behavior and crystallization study. Polymer 2011, 52, 4553–4561.
[CrossRef]

30. Ma, Y.; Zha, L.; Hu, W.; Reiter, G.; Han, C.C. Crystal nucleation enhanced at the diffuse interface of immiscible
polymer blends. Phys. Rev. E 2008, 77, 061801. [CrossRef]

31. Hu, W. Interplay of Liquid-Liquid Demixing and Polymer Crystallization. In Understanding Soft Condensed
Matter via Modeling and Computation; Hu, W., Shi, A.-C., Eds.; World Scientific: Singapore, 2011; Volume 3.

32. Hu, W. Polymer Physics: A Molecular Approach; Springer-Verlag: Wien, Austria, 2013.

http://dx.doi.org/10.1016/j.matlet.2004.08.024
http://dx.doi.org/10.1295/polymj.19.405
http://dx.doi.org/10.1021/ma00031a038
http://dx.doi.org/10.1021/ma951617h
http://dx.doi.org/10.1016/S0032-3861(97)85610-8
http://dx.doi.org/10.1016/S0032-3861(98)00178-5
http://dx.doi.org/10.1016/j.polymer.2003.11.026
http://dx.doi.org/10.1016/j.polymer.2007.07.015
http://dx.doi.org/10.1021/ma300288v
http://dx.doi.org/10.1002/marc.200500304
http://dx.doi.org/10.1063/1.2208997
http://dx.doi.org/10.1021/ma00158a036
http://dx.doi.org/10.1016/0032-3861(87)90316-8
http://dx.doi.org/10.1021/ma00203a057
http://dx.doi.org/10.1021/ma00015a031
http://dx.doi.org/10.1021/ma950652l
http://dx.doi.org/10.1021/ma9715740
http://dx.doi.org/10.1016/S0032-3861(99)00320-1
http://dx.doi.org/10.1016/j.polymer.2010.01.055
http://dx.doi.org/10.1016/j.polymer.2011.07.050
http://dx.doi.org/10.1103/PhysRevE.77.061801


Polymers 2020, 12, 2730 14 of 14

33. Hong, P.-D.; Chung, W.-T.; Hsu, C.-F. Crystallization kinetics and morphology of poly (trimethylene
terephthalate). Polymer 2002, 43, 3335–3343. [CrossRef]

34. Chuang, W.-T.; Hong, P.-D.; Chuah, H.H. Effects of crystallization behavior on morphological change in poly
(trimethylene terephthalate) spherulites. Polymer 2004, 45, 2413–2425. [CrossRef]

35. Supaphol, P.; Dangseeyun, N.; Thanomkiat, P.; Nithitanakul, M. Thermal, crystallization, mechanical, and
rheological characteristics of poly (trimethylene terephthalate)/poly (ethylene terephthalate) blends. J. Polym.
Sci. Part B: Polym. Phys. 2004, 42, 676–686. [CrossRef]

36. Kuo, Y.-H.; Woo, E.M. Miscibility in two blend systems of homologous semicrystalline aryl polyesters
involving poly (trimethylene terephthalate). Polym. J. 2003, 35, 236–244. [CrossRef]

37. Castellano, M.; Turturro, A.; Valenti, B.; Avagliano, A.; Costa, G. Reactive Blending of Aromatic Polyesters:
Thermal Behaviour of Co-precipitated Mixtures PTT/PET. Macromol. Chem. Phys. 2006, 207, 242–251.
[CrossRef]

38. Run, M.; Hao, Y.; Yao, C. Melt-crystallization behavior and isothermal crystallization kinetics of
crystalline/crystalline blends of poly (ethylene terephthalate)/poly (trimethylene terephthalate). Thermochim.
Acta 2009, 495, 51–56. [CrossRef]

39. Kim, G.S.; Son, J.M.; Lee, J.K.; Lee, K.H. Morphology development and crystallization behavior of poly
(ethylene terephthalate)/poly (trimethylene terephthalate) blends. Eur. Polym. J. 2010, 46, 1696–1704.
[CrossRef]

40. Stein, R.S.; Rhodes, M.B. Photographic light scattering by polyethylene films. J. Appl. Phys. 1960, 31,
1873–1884. [CrossRef]

41. Lee, C.H.; Saito, H.; Inoue, T. Time-resolved light scattering studies on the early stage of crystallization in
poly(ethylene terephthalate). Macromolecules 1993, 26, 6566–6569. [CrossRef]

42. Koberstein, J.; Russell, T.; Stein, R. Total integrated light-scattering intensity from polymeric solids. J. Polym.
Sci. Polym. Phys. Ed. 1979, 17, 1719–1730. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0032-3861(02)00163-5
http://dx.doi.org/10.1016/j.polymer.2004.01.048
http://dx.doi.org/10.1002/polb.10767
http://dx.doi.org/10.1295/polymj.35.236
http://dx.doi.org/10.1002/macp.200500276
http://dx.doi.org/10.1016/j.tca.2009.05.018
http://dx.doi.org/10.1016/j.eurpolymj.2010.06.003
http://dx.doi.org/10.1063/1.1735468
http://dx.doi.org/10.1021/ma00076a039
http://dx.doi.org/10.1002/pol.1979.180171008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

