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Abstract Interfacial crystallization of polyoxymethylene/poly(butylene succinate) blends induced by the polyamide 6 (PA6) fiber was
investigated. Due to strong heterogeneous nucleating ability, dense nuclei were generated on the surface of the PA6 fiber, which compelled the
growth of twisted lamellae perpendicular to the PAG6 fiber. As a result, unique interfacial banded transcrystallization was formed, which is rarely
found before. Crystallization temperature was dominant in determining the nucleation activity of the PA6 fiber, further affecting the architecture
of banded transcrystallization. With the increase of crystallization temperature, the nucleation density decreased to give more growth space for
the twisted lamellae around the fiber. The wave-like banded stripes were transformed into fan-like stripes. Accordingly, band spacing and
eccentricity respectively showed positive and negative correlation with crystallization temperature. These meaningful results shed light on
regulating the architecture of banded crystals in polymer composites.
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INTRODUCTION

Banded spherulites are special spherulites that show not only
Maltese black cross extinction but also periodic alternating
bands of light and dark.[" The types of banding are diverse, such
as circular ring bands, radial-stripe bands, etc!>¥ It is
controversial whether a universal mechanism accounts for the
diversity of banding morphology.”’ The banding may come
from the thickness-related periodic height changes,® periodic
variations in composition,” and lamellar twisting.l”? Despite
some debating issues, lamellar twisting has been regarded as a
primary cause® Lotz and Cheng®™ concluded that the
occurrence of lamellar twisting was mainly derived from
unbalanced surface stresses from structural features. Apart from
the study of banding mechanisms, large efforts are being
devoted to regulating the morphology of banded crystals.!'*-'?
For example, Li et all'® found the single ring-banded
poly(ethylene adipate) spherulite was generated via controlled
stepwise evaporative crystallization. Nagarajan et al'¥ synthe-
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sized an aryl polyester and a camellia-flower-like bands
morphology was observed at the crystallization temperature
of 110-125 °C. These interesting morphologies bring new
opportunities and challenges to the study of ring banded
spherulites.

Apart from manufacturing high performance polymer ma-
terials,'>16! blending has also been considered as a stimulat-
ing route to create distintive types of banded morphologies
due to various combinations depending on the crystalline/
amorphous feature and miscibility of the components.['7-19
Ye et al.2% found that the banded morphology of polyoxy-
methylene (POM) transformed from concentric ring to single
spiral when blending with poly(lactic acid) (PLA). It was due to
the formation of a continuous phase by excluded PLA. Toda
et all2W reported that poly(vinyl butyral) enabled poly(e-
caprolactone) (PCL) to form large banded spherulites, which
did not occur for neat PCL. Generally, the band spacing is re-
duced by extra surface stresses caused by miscible blends.[22
But the band spacing became larger for poly(3-hydroxybutyr-
ate)231 and poly(butylene succinate) (PBS)[2425] after blending
with a miscible polymer. It was probably because the re-
duced melting temperature of blends promoted lamellar
thickening to hinder deformation.[26]

Fiber reinforcement has attracted tremendous attention
over decades due to the advantages of high feasibility and
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economy.27-29 The efficiency of mechanical enhancement is
strongly dependent on interfacial adhesion, which bridges
the fiber and the matrix to ensure stress transfer.l30-33 There-
into, interfacial crystallization is regarded as one of the de-
sired approaches to improving interfacial bonding.34351 Fu
et al.136 reported that interfacial shear strength between PBS
and a surface-modified ramie fiber was increased by 95.6%.
They attributed the interfacial mechanical enhancement to
the formation of transcrystalline structure induced by the
dopamine coating on the surface of the ramie fiber. Li et al.37]
reported that both polyethyleneimine-modified carbon nan-
otube fiber and polyethyleneimine-modified graphene oxide
fiber readily induced the transcrystallization of polypropyl-
ene. The interfacial shear strength accessed by the micro-
droplet test showed 39.5% and 34.5% increasement, respect-
ively. Our previous work found that the cylindrites of stereo-
complex PLA induced by interfacial shear not only improved
the interfacial bonding but also enhanced solvent
resistance.38!

Till now, researches on banded crystals mainly concen-
trated on the influence of chain structure, components, and
blending ratios on the banded morphology.l39-42 Consider-
ing the significant role of interfacial crystallization, it is of
great significance to ascertain how heterogeneous fibers af-
fect or alter banded morphology. In this work, we investi-
gated interfacial crystallization of banded crystals by imbed-
ding a single polyamide 6 (PA6) fiber in POM/PBS blends. The
heterogeneous nucleation efficacy of the PA6 fiber as a func-
tion of crystallization temperature (T.) was evaluated. The
morphology evolution of banded crystals induced by the PA
fiber was tracked by in situ polarized light microscopy (PLM).
Detailed crystalline structure was observed by scanning elec-
tron microscopy (SEM) and two-dimensional wide-angle X-ray
diffractometer (2D-WAXD). It is very interesting to discover
that unique banded transcrystallization was developed on
the surface of the PAG6 fiber. The relationship of featured crys-
talline structure (i.e., band spacing, eccentricity of elliptical
bands, and crystal growth rate) with T. was obtained. These
findings are of great significance to tailor banded crystalline
morphology in polymer composites.

EXPERIMENTAL

Materials

Polyoxymethylene (POM, MC90) with M,, of 1.74x10° g/mol
and M,,/M, of 2.19 was obtained from Shenhua Co., China.
Poly(butylene succinate) (PBS) with M, of 6x10* g/mol was
offered by SHOWA Highpolymer Co., Japan. Polyamide 6 (PA6)
fibers were obtained from Guangzhou Xinhui Meida Co., Ltd.
The diameter of a single PA6 fiber was 15.7 ym (Fig. S1a in
the electronic supplementary information, ESI) and the cor-
responding 2D-WAXD pattern was shown in Fig. S1(b) (in ESI).

Sample Preparation

POM/PBS (1 g, W/W=20/80) blend was completely dissolved in
15 mL of hexafluoroisopropanol under vigorous stirring at
ambient temperature. The mixed solution was coated onto a
glass substrate drop by drop to obtain ~25 ym thin films and
dried in vacuum at 80 °C for 12 h to remove any residual solvent.
The as-prepared films were kept in a dryer before use.

Polarized Light Microscopy (PLM) Observation

A single PA6 fiber was sandwiched between two thin films and
interfacial crystallization was observed using a BX51 PLM
(Olympus Co., Tokyo, Japan) equipped with a Linkam CSS450
hot stage. The thermal procedure was described as follows
and depicted in Fig. S2 (in ESI): (1) Heat to 200 °C at a rate of
30 °C/min and maintain for 3 min to remove previous thermal
history; (2) Cool to the crystallization temperature (T.=145, 148,
150, 152, 155, 158, and 160 °C) at the rate of 30 °C/min; (3) Keep
for 60 min when the temperature reached T, and micrographs
were taken per minute using a computer-controlled digital
camera.

Scanning Electronic Microscopy (SEM) Observation
Interfacial crystalline morphology of POM/PBS blends induced
by a single PA6 fiber was observed by a Nova NanoSEM450
field-emission SEM (FEI, USA). The accelerating voltage was 5 kV.
All the film specimens were sputtered with a thin golden layer
before observation.

Scanning Microbeam Two-dimensional Wide-angle
X-ray Diffraction (2D-WAXD) Measurement
High-resolution scanning microbeam 2D-WAXD measurement
was conducted at the beamline BL15U1, Shanghai Synchrotron
Radiation Facility (SSRF, Shanghai, China) with an SX165 X-ray
CCD detector (Rayonix Co., Ltd. USA). The X-ray beam had a
wavelength of 0.124 nm and was concentrated in a region of
3 um x 2.7 uym (length x width). The distance from the sample
to the detector was 158.9 mm. The schematic diagram of micro-
focus scanning was illustrated in Fig. S3 (in ESI). The step size
was 5 uym and the arrow indicated the scanning direction.

RESULTS AND DISCUSSION

Interfacial Crystalline Morphology Induced by the
PAG6 Fiber

Fig. 1 shows the crystalline morphology evolution of POM/PBS
blends induced by a single PA6 fiber at different T.. A large
number of nuclei congregate along the fiber surface, while
sporadic nuclei are randomly distributed in the region away
from the fiber (Figs. 1a;—1d,). It verifies that the PAG6 fiber has a
strong heterogeneous nucleation ability for POM/PBS blends.
Considering the T, in this work is higher than the melting point
of the PBS phase (113.1 °C), the nuclei and subsequent
crystallization are only relevant to the POM phase. DSC results
also support the time-resolved PLM observation (Fig. S4 in ESI).
During non-isothermal crystallization, the initial crystallization
temperature rises significantly with the increase of PA6 fiber
content (Fig. S4a in ESI). Accordingly, the exothermic peak
becomes sharper and shifts to a higher temperature, indicating
that the non-isothermal crystallization is advanced. During
isothermal crystallization, the onset crystallization time goes
forward and the total period is shortened with the fiber content
(Fig. S4b in ESI). These results powerfully demonstrate that the
PA6 fiber promotes the nucleation and crystallization of
POM/PBS blends effectively.

Due to the exceeding heterogeneous nucleation activity of
the PA6 fiber, the nuclei density on the interface is high
enough to hinder the multi-direction development of POM
crystals (Fig. 1a;). As a result, crystallization is forced to devel-
op perpendicularly to the axial direction of the fiber. It is inter-
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Fig. 1 PLM images showing the banded morphology evolution of POM/PBS blends induced by a single PA6 fiber as a function of time
at T of (a;—a3) 145 °C, (b;—bs) 148 °C, (c;—c3) 150 °C, (d;—d;) 152 °C, (e;—e3) 155 °C, (f;—f3) 158 °C, and (g,—93) 160 °C.

esting to note that periodic extinction occurs along the radial
direction. As a result, unique banded transcrystallization of
POM/PBS blends is cultivated on the PA6 fiber (Fig. 1a,). As
the crystallization time prolongs, the interfacial banded trans-
crystallization and banded spherulites grow larger until they
impinge against each other (Fig. 1a5).

T, has a profound influence on crystalline growth and res-
ultant morphology since nucleation and crystal growth
rates of the polymer strongly depend on the temperatu-
re.l84344 When T_ increases from 145 °C to 152 °C, the nucle-
ation and crystallization growth are remarkably prolonged
(Figs. 1b;—1d,). It is because the nucleation is limited by a
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high nucleation energy barrier at a lower supercooling de-
gree, which retards the formation of nuclei. Even so, the nuc-
lei density at the interface is predominant (Figs. 1b,—1d,). In
addition, the width of transcrystallization thickens with T,
(Figs. 1Tb3—1d;) due to the reduced lamellar growth rate.

As the T_ increases to 155 °C, the density of crystal nuclei

397

decreases significantly, which hardly covers the entire surface
of the PAG6 fiber (Fig. 1e;). Prior studies suggested that the
essence of transcrystallization was an accumulation of
squeezed spherulites along a specific direction.[*546] The de-
crease of the nuclei density makes the lateral extension of
spherulites easier. Thus, the development of banded lamellae
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Fig.2 Schematic showing (a) the measurement of band spacing and elliptical eccentricity from the HSI-converted PLM image; (b) The
intensity variation of the band as a function of distance from the central PA6 axis to the outside; The relationship between (c) band
spacing, (d) elliptical eccentricity, and (e) crystal growth rate of banded transcrystallization with T..
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enables the banded transcrystallization in a fan-like shape
(Fig. 1e,). When further rising T, to 158 °C, the spherulite is
barely formed in bulk, a nucleation-controlled crystallization
occurs, where nucleation is predominately induced by the
PA6 fiber. Consequently, the sparse nuclei generate semi-
circle-shaped transcrystallization (Fig. 1f;—1f;). At the T. of
160 °C, the density of nuclei is too low to hinder spatial exten-
sion of lamellae. A shish-calabash-like interfacial banded tran-
scrystallization is formed (Figs. 1g;—1g3).

Quantitative Data Analysis of Banded Transcrystalline
Morphology

To establish a quantitative relationship between transcrystalline
microstructure and T, the PLM images were transformed using
the hue-saturation-intensity (HSI) model (Fig. 2a). The featured
structural parameters of interfacial banded transcrystallization,
such as band spacing and eccentricity of elliptical bands, were
measured from the converted digital images. Fig. 2(b) plots the
change of intensity in the HSI model along the radial direction
of banded transcrystallization at different T.. The sinusoidal
profile corresponds to periodic alternating bands of light and
dark. By measuring the distance between the neighboring
sinusoidal peaks (or valleys), the band spacing was acquired.
Interestingly, the band spacing increases linearly with T,
(Fig. 2¢). This is because the dense nuclei on the interface give
birth to additional interfacial instability and aggrandize the
unbalanced surface stress for lamellar twisting. However, as the
T. drives up, the nuclei density on the fiber surface decreases,
which contributes to the alleviation of torsional stress. Besides,
lamellar thickening at low undercooling impedes lamellar
twisting.

It can be seen that the fronting of the banded transcry-
stallization grows into an elliptical shape along the fiber
axis. The eccentricity defined as c/a in Fig. 2(a) is a way of
measuring how much an orbit deviates from a perfect circle.
Herein, the eccentricity of the elliptical bands was used to

evaluate the band deformation, where a higher eccentricity
means a larger deformation of the circular bands. The eccent-
ricity shows a negative correlation with T, indicating less
band deformation (Fig. 2d). The crystalline growth rate at di-
fferent T_s is obtained by measuring the width of banded
transcrystallization as a function of crystallization time. The
low supercooling aggravates the chain detachment with the
rise of T.. As a result, the growth rate decelerates linearly with
T. (Fig. 2e).

Microscopic Morphology of Banded Crystals Induced
by the PA6 Fiber

Figs. 3(a;)—3(c;) displays enlarged PLM images of interfacial
banded transcrystallization. It can be seen that the banded
pattern varies at different Ts. To observe the detailed lamellar
morphology, SEM observation was performed. At T. of 148 °C,
the banded stripes develop like parallel waves from the fiber
surface (Fig. 3a,). At higher magnification, rich nuclei localize the
PAG fiber surface at T, of 148 °C. The lateral extension of lamellae
is confined by a spatial hindrance, forcing the growth of
lamellae nearly perpendicular to the fiber axis (Fig. 3a;). As the
T.increases to 155 and 158 °C, the banded stripes transform into
a fan-like shape (Figs. 3b, and 3c,). It manifests that the
transformation of banded stripes is defined by the density of
nuclei along the surface of the PA6 fiber. The reduced
nucleation density at high T. provides more available space
for lamellae to grow in a multi-direction manner (Figs. 3b; and
3¢3). It explains the formation of shish-calabash-like banded
transcrystallization.

Crystalline Structure of Banded Transcrystallization
Induced by the PA6 Fiber

The crystalline structure of banded transcrystallization induced
by PA6 fibers at different T.s was studied by micro-focus 2D-
WAXD. Fig. 4 shows the 2D-WAXD patterns of banded crystals
scanned radially from the center of the fiber at 5 ym steps. The

10}_1_m

Fig. 3 PLM (a;—c;) and SEM (a,—c3) images of detailed crystalline morphology of banded transcrystallization induced by the PA6 fiber
at T, of (a) 148 °C, (b) 155 °C, and (c) 158 °C after isothermal crystallization for 60 min.
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high anisotropic diffraction signal in the center is attributed to
the strong orientation of the PA6 fiber itself, consistent with the
result shown in Fig. S1(a) (in ESI). The asymmetrical spots are
derived from the title angle between the PAG6 fiber and the X-ray
direction, since the micro-focus scanning has a very small-size
light spot and the PA fiber is curly with a small diameter. This
phenomenon sometimes occurs for the microfocus WAXD
technique.*” The two weak diffraction signals in the middle are
(021) and (020) crystal planes of the PBS phase, respectively.
And the strongest diffraction is the overlap of (110) crystal plane
of the PBS phase and (100) plane of the POM phase 8->

The 1D-WAXD curves at different T.s were resolved from
2D-WAXD patterns, as shown in Figs. 5(a)—5(f). The diffraction
peaks for (110) crystal plane of PBS and (100) crystal plane of
POM are very close at 26=~18.4°, making it hard to distin-
guish each other. While the other two weak peaks at 26=15.8°
and 17.9° belong to the (020) and (021) crystal planes of PBS,
respectively. The peak position does not change and no new

10 ym

4

-

diffraction peak appears, indicating the T, does not affect the
modification of POM and PBS, but it is worth noting that the
peak intensities of both POM and PBS crystals fluctuate from
the inside out. It reveals the spatial distribution of the lamel-
lae along the radius of transcrystallization. More explicit res-
ults can be found in Fig. 6. The crystallinity of PBS changes
periodically as a function of the distance away from the fiber.
The variation period increases with T, which is in accordance
with the band spacing as measured from PLM images (Fig.
2¢). In fact, the fluctuation of PBS crystals results from the fluc-
tuation of POM crystals, since both of them constitute a thin
film. The rhythmic growth is reported as another mechanism
for banded crystals, but it usually matches the sample with a
very thin thickness (less than several pm). In this work, the
sandwiched film has a thickness of ~50 um. Thus, lamellar
twisting is suggested to dominate the generation of banded
transcrystallization.

s 4

S

Fig.4 Selected scanning microbeam 2D-WAXD patterns away form the central fiber at T.s of (a) 148 °C, (b) 150 °C, (c) 152 °C, (d) 155 °C,

(e) 158 °C, and (f) 160 °C.
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Given the above results, the evolution of nucleation and \\\\

morphology/structure of banded crystals induced by the PA6
fiber is schematically depicted in Fig. 7. T_ is a substantial factor
to determine the number of nucleation sites of the PA6 fiber. At
low T, the nucleation ability of the PA6 fiber is strong enough to
induce dense row-nuclei on the interface. Due to spatial
obstruction, the lamellae are forced to grow perpendicular to
the fiber axis. When the torsional stress caused by the growth
and branch of lamellae exceeds a threshold value, lamellae
twisting occurs to evolve a periodic banded structure. Finally,
unique interfacial banded transcrystallization is formed (Fig. 7a).
The increase of T. weakens the nucleation on the fiber surface.
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Fig. 7 Schematic for the formation of interfacial banded
transcrystallization induced by the PAG6 fiber: (a) wave-like interfacial
banded transcrystallization at low T, (b) fan-like interfacial banded
transcrystallization at medium T, and (c) shish-calabash-like banded
transcrystallization at high T..
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More available space is reserved for lamellar growth, allowing
the formation of a fan-like banded transcrystallization (Fig. 7b).
As T_ increases further, only sparse nuclei appear on the fiber
surface. Under this circumstance, the lamellae develop
divergently without hindrance to form a shish-calabash-like
banded transcrystallization (Fig. 7c).

CONCLUSIONS

Interfacial banded transcrystallization of POM/PBS blends was
induced by the PA6 fiber, which acted as a strong hetero-
geneous nucleating template to facilitate twisted lamellae
grown perpendicular to the fiber axis. Crystallization tempe-
rature plays a pivotal role in determining the heterogeneous
nucleation efficacy of the PA6 fiber. With increasing crystal-
lization temperature, the nucleation density on the interface
showed a decreased trend. Correspondingly, the wave-like
banded stripes transformed into a fan-like shape, and diverse
interfacial banded transcrystallization was obtained. The band
spacing increased, associated with a linear descent of the
eccentricity with crystallization temperature. It was mainly due
to the alleviated steric hindrance by decreased nucleation
density. The current effort enriches the means to regulate the
architecture of banded crystals in polymer composites.

NOTES

The authors declare no competing financial interest.

é Electronic Supplementary Information

Electronic supplementary information (ESI) is available free of
charge in the online version of this article at http://doi.org/
10.1007/510118-022-2684-6.

ACKNOWLEDGMENTS

This work was financially supported by the National Key R&D
Program of China (No. 2018YFB0704200) and the National
Natural Science Foundation of China (Nos. 52022061, 51803192,
52033005 and 51803139). We would like to express sincere
thanks to the Program of the CAS Interdisciplinary Innovation
Team and BL15U1 of the Shanghai Synchrotron Radiation
Facility (SSRF, Shanghai, China) for the kind help with WAXD.

REFERENCES

1 Keller, A. The spherulitic structure of crystalline polymers. Part I.
Investigations with the POLARIZING MICRoscope. J. Polym. Sci.
1955, 17,291-308.

2 Lugito, G,; Woo, E. M. Three types of banded structures in highly
birefringent poly(trimethylene terephthalate) spherulites. J.
Polym. Sci., Part B: Polym. Phys. 2016, 54, 1207—-1216.

3  Xu, J; Ye, H; Zhang, S.; Guo, B. Organization of twisting lamellar
crystals in birefringent banded polymer spherulites: a mini-
review. Crystals 2017, 7, 241-259.

4  Woo, E. M,; Lugito, G. Origins of periodic bands in polymer
spherulites. Eur. Polym. J. 2015, 71, 27-60.

5 Nurkhamidah, S.; Woo, E. M. Unconventional non-birefringent or

10

11

12

13

14

16

17

18

19

20

21

22

23

birefringent concentric ring-banded spherulites in poly(L-lactic
acid) thin films. Macromol. Chem. Phys. 2013, 214, 673—680.

Lee, L. T.; Woo, E. M,; Hsieh, Y. T. Macro- and micro-lamellar
assembly and mechanisms for unusual large-pitch banding in
poly(L-lactic acid). Polymer 2012, 53, 5313-5319.

Lovinger, A. J. Twisted crystals and the origin of banding in
spherulites of semicrystalline polymers. Macromolecules 2020,
53,741-745.

Li, L; Zhang, S.; Xue, M,; Sun, X;; Ren, Z,; Li, H,; Huang, Q.; Yan, S.
Band spacing in poly(3-hydroxybutyrate) and its blends with
poly(propylene carbonate): dependence on thermal processing.
Langmuir 2019, 35, 11167-11174.

Lotz, B,; Cheng, S. Z. D. A critical assessment of unbalanced
surface stresses as the mechanical origin of twisting and scrolling
of polymer crystals. Polymer 2005, 46, 577—-610.

Li, Y., Wang, Z; He, T. Morphological control of polymer
spherulites via manipulating radial lamellar organization upon
evaporative crystallization: a mini review. Crystals 2017, 7,
115-135.

Wang, T.; Li, H.; Wang, F.; Schultz, J. M,; Yan, S. Morphologies and
deformation behavior of poly(vinylidene fluoride)/poly(butylene
succinate) blends with variety of blend ratios and under different
preparation conditions. Polym. Chem. 2011, 2, 1688—1698.

Woo, E. M;; Yen, K. C; Yeh, Y. T, Wang, L. Y. Biomimetically
structured lamellae assembly in periodic banding of
poly(ethylene adipate) crystals. Macromolecules 2018, 51,
3845-3854.

Fang, B,; Wei, J.; Qiu, S.; Zhu, J.; Wu, L,; Li, Y. Unusually negative,
single ring-banded spherulites of poly(ethylene adipate) formed
via controlled stepwise evaporative crystallization. J. Cryst.
Growth 2021, 575, 126372.

Yang, C. E;; Woo, E. M.; Nagarajan, S. Epicycloid extinction-band
assembly in poly(decamethylene terephthalate) confined in thin
films and crystallized at high temperatures. Polymer 2021, 212,
123256.

Chow, W. S; Mohd Ishak, Z. A. Polyamide blend-based
nanocomposites: a review. Express Polym. Lett. 2015, 9,211-232.
Yeo, J. C. C,; Lin, T. T,; Koh, J. J.; Low, L. W.; Tan, B. H,; Li, Z.; He, C.
Insights into the nucleation and crystallization analysis of PHB-
rubber toughened PLA biocomposites. Compos. Commun. 2021,
27,100894.

Su, C. C; Woo, E. M; Hsieh, Y. T. Perpendicularly oriented lamellae
in poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) blended
with an amorphous polymer: ultra-thin to thick films. Phys. Chem.
Chem. Phys. 2013, 15, 2495-2506.

Woo, E. M, Lugito, G.; Tsai, J.-H.; Mdller, A. J. Hierarchically
diminishing chirality effects on lamellar assembly in spherulites
comprising chiral polymers. Macromolecules 2016, 49,
2698-2708.

Ye, L. J.; Shen, J. Q. Xie, K. Y.; Li, Z. X;; Li, Y. J. Replicated banded
spherulite: microscopic lamellar-assembly of poly(L-lactic acid)
crystals in the poly(oxymethylene) crystal framework. Chinese J.
Polym. Sci. 2018, 36, 385—390.

Ye, L; Shi, X; Ye, C; Chen, Z; Zeng, M. You, J; Li, Y.
Crystallization-modulated nanoporous polymeric materials with
hierarchical patterned surfaces and 3D interpenetrated internal
channels. ACS Appl. Mater. Interfaces 2015, 7, 6946—6954.

Toda, A,; Taguchi, K;; Kajioka, H. Growth of banded spherulites of
poly(e-caprolactone) from the blends: an examination of the
modeling of spherulitic growth. Polymer 2012, 53, 1765-1771.
Woo, E. M, Lee, S. C. Relationships between ringed spherulitic
morphology and miscibility in blends of poly(e-caprolactone)
with poly(benzyl methacrylate) versus poly(phenyl
methacrylate). Colloid Polym. Sci. 2000, 278, 1032—1042.

You, J. W.; Chiu, H. J; Don, T. M. Spherulitic morphology and

https://doi.org/10.1007/510118-022-2684-6


https://doi.org/10.1007/s10118-022-2684-6
https://doi.org/10.1007/s10118-022-2684-6
http://dx.doi.org/10.1002/pol.1955.120178414
http://dx.doi.org/10.1002/polb.24037
http://dx.doi.org/10.1002/polb.24037
http://dx.doi.org/10.3390/cryst7080241
http://dx.doi.org/10.1016/j.eurpolymj.2015.07.045
http://dx.doi.org/10.1002/macp.201200673
http://dx.doi.org/10.1016/j.polymer.2012.09.024
http://dx.doi.org/10.1021/acs.macromol.9b01567
http://dx.doi.org/10.1021/acs.langmuir.9b01814
http://dx.doi.org/10.1016/j.polymer.2004.07.042
http://dx.doi.org/10.3390/cryst7040115
http://dx.doi.org/10.1039/c1py00134e
http://dx.doi.org/10.1021/acs.macromol.8b00549
http://dx.doi.org/10.1016/j.jcrysgro.2021.126372
http://dx.doi.org/10.1016/j.jcrysgro.2021.126372
http://dx.doi.org/10.1016/j.polymer.2020.123256
http://dx.doi.org/10.3144/expresspolymlett.2015.22
http://dx.doi.org/10.1016/j.coco.2021.100894
http://dx.doi.org/10.1039/c2cp43523c
http://dx.doi.org/10.1039/c2cp43523c
http://dx.doi.org/10.1021/acs.macromol.6b00350
http://dx.doi.org/10.1007/s10118-018-2085-z
http://dx.doi.org/10.1007/s10118-018-2085-z
http://dx.doi.org/10.1021/acsami.5b00848
http://dx.doi.org/10.1016/j.polymer.2012.02.030
http://dx.doi.org/10.1007/s003960000355
https://doi.org/10.1007/s10118-022-2684-6
https://doi.org/10.1007/s10118-022-2684-6
http://dx.doi.org/10.1002/pol.1955.120178414
http://dx.doi.org/10.1002/polb.24037
http://dx.doi.org/10.1002/polb.24037
http://dx.doi.org/10.3390/cryst7080241
http://dx.doi.org/10.1016/j.eurpolymj.2015.07.045
http://dx.doi.org/10.1002/macp.201200673
http://dx.doi.org/10.1016/j.polymer.2012.09.024
http://dx.doi.org/10.1021/acs.macromol.9b01567
http://dx.doi.org/10.1021/acs.langmuir.9b01814
http://dx.doi.org/10.1016/j.polymer.2004.07.042
http://dx.doi.org/10.3390/cryst7040115
http://dx.doi.org/10.1039/c1py00134e
http://dx.doi.org/10.1021/acs.macromol.8b00549
http://dx.doi.org/10.1016/j.jcrysgro.2021.126372
http://dx.doi.org/10.1016/j.jcrysgro.2021.126372
http://dx.doi.org/10.1016/j.polymer.2020.123256
http://dx.doi.org/10.3144/expresspolymlett.2015.22
http://dx.doi.org/10.1016/j.coco.2021.100894
http://dx.doi.org/10.1039/c2cp43523c
http://dx.doi.org/10.1039/c2cp43523c
http://dx.doi.org/10.1021/acs.macromol.6b00350
http://dx.doi.org/10.1007/s10118-018-2085-z
http://dx.doi.org/10.1007/s10118-018-2085-z
http://dx.doi.org/10.1021/acsami.5b00848
http://dx.doi.org/10.1016/j.polymer.2012.02.030
http://dx.doi.org/10.1007/s003960000355
https://doi.org/10.1007/s10118-022-2684-6

402

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Zheng, Z. L. et al./ Chinese J. Polym. Sci. 2022, 40, 394-402

crystallization  kinetics of melt-miscible blends of poly(3-
hydroxybutyrate) with low molecular weight poly(ethylene
oxide). Polymer 2003, 44, 4355-4362.

Wang, T.; Wang, H.; Li, H,; Gan, Z; Yan, S. Banded spherulitic
structures of poly(ethylene adipate), poly(butylene succinate)
and in their blends. Phys. Chem. Chem. Phys. 2009, 11,
1619-1627.

Zheng, Y.; Tian, G.; Xue, J; Zhou, J; Huo, H.; Li, L. Effects of
isomorphic poly(butylene succinate-co-butylene fumarate) on
the nucleation of poly(butylene succinate) and the formation of
poly(butylene succinate) ring-banded spherulites.
CrysttngComm 2018, 20, 1573-1587.

Crist, B.; Schultz, J. M. Polymer spherulites: a critical review. Prog.
Polym. Sci. 2016, 56, 1-63.

llyas, R. A.; Sapuan, S. M.; Sanyang, M. L.; Ishak, M. R.; Zainudin, E.
S. Nanocrystalline cellulose as reinforcement for polymeric
matrix nanocomposites and its potential applications: a review.
Curr. Anal. Chem. 2018, 14, 203—-225.

Hosseinnezhad, R.; Vozniak, |; Morawiec, J.; Galeski, A.
Nanofibrillar green composites of polylactide/polyamide
produced in situ due to shear induced crystallization. Compos.
Commun. 2020, 22, 100512.

Sathishkumar, T.; Satheeshkumar, S.; Naveen, J. Glass fiber-
reinforced polymer composites—a review. J. Reinf. Plast. Compos.
2014, 33, 1258-1275.

Yao, S. S.; Jin, F. L,; Rhee, K. Y.; Hui, D.; Park, S. J. Recent advances
in carbon-fiber-reinforced thermoplastic composites: a review.
Compos. Part B Eng. 2018, 142, 241-250.

Feng, P.F.; Song, G.J,; Zhang, W.J.; Zheng, H,; Li, B. W.; Zhou, S. F.;
Liu, Y. Q,; Wu, G. S.; Ma, L. C. Interfacial improvement of carbon
fiber/epoxy composites by incorporating superior and versatile
multiscale gradient modulus intermediate layer with rigid-
flexible hierarchical structure. Chinese J. Polym. Sci. 2021, 39,
896-905.

Yang, X. L, Li, K; Xu, M. Z; Liu, X. B. Designing a
phthalonitrile/benzoxazine blend for the advanced gfrp
composite materials. Chinese J. Polym. Sci. 2018, 36, 106—112.
Han, S.; Ren, K; Geng, C.; Wang, K.; Zhang, Q.; Chen, F,; Fu, Q.
Enhanced interfacial adhesion via interfacial crystallization
between sisal fiber and isotactic polypropylene: direct evidence
from single-fiber fragmentation testing. Polym. Int. 2014, 63,
646-651.

Liang, Y. Y.; Xu, J. Z; Li, Y,; Zhong, G. J; Wang, R; Li, Z. M.
Promoting interfacial transcrystallization in polylactide/ramie
fiber composites by utilizing stereocomplex crystals. ACS Sustain.
Chem. Eng. 2017, 5,7128-7136.

Xu, J. Z; Zhong, G. J.; Hsiao, B. S.; Fu, Q.; Li, Z. M. Low-dimensional
carbonaceous nanofiller induced polymer crystallization. Prog.
Polym. Sci. 2014, 39, 555-593.

Zhou, M. Li, Y.; He, C,; lJin, T, Wang, K; Fu, Q. Interfacial
crystallization enhanced interfacial interaction of poly(butylene
succinate)/ramie fiber biocomposites using dopamine as a
modifier. Compos. Sci. Technol. 2014, 91, 22-29.

Fang, J; Zhang, L; Li, C. Largely enhanced transcrystalline

38

39

40

41

42

43

44

45

46

47

48

49

50

formation and properties of polypropylene on the surface of
glass fiber as induced by PEI-CNT and PEI-GO modification.
Polymer 2020, 186, 122025.

Shao, J,; Xiang, S.; Bian, X,; Sun, J.; Li, G,; Chen, X. Remarkable
melting behavior of PLA stereocomplex in linear PLLA/PDLA
blends. Ind. Eng. Chem. Res. 2015, 54, 2246—-2253.

Wei, J; Wu, L; Zhu, H; Li, Y, Wang, Z. Formation of well-
organized, concentric-ringed spherulites of four-arm star
symmetric PEO-b-PCL via confined evaporative crystallization.
CrysttngComm 2020, 22, 7016—7024.

Wang, M., Vantasin, S,; Wang, J.; Sato, H,; Zhang, J.; Ozaki, Y.
Distribution of polymorphic crystals in the ring-banded
spherulites of poly(butylene adipate) studied using high-
resolution raman imaging. Macromolecules 2017, 50, 3377—-3387.
Safari, M,; Martinez de llarduya, A.; Mugica, A, Zubitur, M,
Munoz-Guerra, S.; Miller, A. J. Tuning the thermal properties and
morphology of isodimorphic poly[(butylene succinate)-ran-(e-
caprolactone)] copolyesters by changing composition, molecular
weight, and thermal history. Macromolecules 2018, 51,
9589-9601.

Han, W.; Liao, X, Yang, Q. Li, G,; He, B; Zhu, W.; Hao, Z.
Crystallization and morphological transition of poly(L-lactide)-
poly(e-caprolactone) diblock copolymers with different block
length ratios. RSC Adv. 2017, 7, 22515-22523.

Lugito, G.; Woo, E. M.; Chuang, W. T. Interior lamellar assembly
and optical birefringence in poly(trimethylene terephthalate)
spherulites: mechanisms from past to present. Crystals 2017, 7,
56-74.

Mamun, A. Detailed thermal analysis of crystallization kinetics
and band morphology for future blending of absorbable poly(p-
dioxanone) monofilament surgical suture with poly(e-
caprolactone). Polym. Int. 2021, 70, 648—655.

Huang, J; Xu, C; Wu, D, Lv, Q. Transcrystallization of
polypropylene in the presence of polyester/cellulose nanocrystal
composite fibers. Carbohydr. Polym. 2017, 167, 105—-114.

Wang, W.; Wang, B.; Tercjak, A.; Muller, A. J.; Ma, Z,; Cavallo, D.
Origin of transcrystallinity and nucleation kinetics in polybutene-
1/fiber composites. Macromolecules 2020, 53, 8940—8950.

Yang, X,; Tuinea-Bobe, C.; Whiteside, B.; Coates, P.; Lu, Y.; Men, Y.
Molecular weight dependency of 8 phase formation in injection-
molded isotactic polypropylene. J. Appl. Polym. Sci. 2020, 137,
48555.

Xie, X. L; Li, Y; Xu, J. Z; Yan, Z; Zhong, G. J,; Li, Z. M. Largely
enhanced mechanical performance of poly(butylene succinate)
multiple system via shear stress-induced orientation of the
hierarchical structure. J. Mater. Chem. A 2018, 6, 13373—13385.
Liu, G.; Zheng, L,; Zhang, X, Li, C,; Jiang, S.; Wang, D. Reversible
lamellar thickening induced by crystal transition in poly(butylene
succinate). Macromolecules 2012, 45, 5487—-5493.

Liu, G; Zheng, L; Zhang, X, Li, C; Wang, D. Critical stress for
crystal transition in poly(butylene succinate)-based crystalline-
amorphous multiblock copolymers. Macromolecules 2014, 47,
7533-7539.

https://doi.org/10.1007/510118-022-2684-6


http://dx.doi.org/10.1016/S0032-3861(03)00348-3
http://dx.doi.org/10.1039/b817597g
http://dx.doi.org/10.1039/C7CE02124K
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.2174/1573411013666171003155624
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1177/0731684414530790
http://dx.doi.org/10.1016/j.compositesb.2017.12.007
http://dx.doi.org/10.1007/s10118-021-2549-4
http://dx.doi.org/10.1007/s10118-018-2033-y
http://dx.doi.org/10.1002/pi.4551
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.compscitech.2013.11.019
http://dx.doi.org/10.1016/j.polymer.2019.122025
http://dx.doi.org/10.1021/ie504484b
http://dx.doi.org/10.1039/D0CE01183E
http://dx.doi.org/10.1021/acs.macromol.7b00139
http://dx.doi.org/10.1021/acs.macromol.8b01742
http://dx.doi.org/10.1039/C7RA03496B
http://dx.doi.org/10.3390/cryst7020056
http://dx.doi.org/10.1002/pi.6150
http://dx.doi.org/10.1016/j.carbpol.2017.03.046
http://dx.doi.org/10.1021/acs.macromol.0c02038
http://dx.doi.org/10.1002/app.48555
http://dx.doi.org/10.1039/C8TA03778G
http://dx.doi.org/10.1021/ma300530a
http://dx.doi.org/10.1021/ma501832z
http://dx.doi.org/10.1016/S0032-3861(03)00348-3
http://dx.doi.org/10.1039/b817597g
http://dx.doi.org/10.1039/C7CE02124K
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.2174/1573411013666171003155624
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1177/0731684414530790
http://dx.doi.org/10.1016/j.compositesb.2017.12.007
http://dx.doi.org/10.1007/s10118-021-2549-4
http://dx.doi.org/10.1007/s10118-018-2033-y
http://dx.doi.org/10.1002/pi.4551
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.compscitech.2013.11.019
http://dx.doi.org/10.1016/j.polymer.2019.122025
http://dx.doi.org/10.1021/ie504484b
http://dx.doi.org/10.1039/D0CE01183E
http://dx.doi.org/10.1021/acs.macromol.7b00139
http://dx.doi.org/10.1021/acs.macromol.8b01742
http://dx.doi.org/10.1039/C7RA03496B
http://dx.doi.org/10.3390/cryst7020056
http://dx.doi.org/10.1002/pi.6150
http://dx.doi.org/10.1016/j.carbpol.2017.03.046
http://dx.doi.org/10.1021/acs.macromol.0c02038
http://dx.doi.org/10.1002/app.48555
http://dx.doi.org/10.1039/C8TA03778G
http://dx.doi.org/10.1021/ma300530a
http://dx.doi.org/10.1021/ma501832z
http://dx.doi.org/10.1016/S0032-3861(03)00348-3
http://dx.doi.org/10.1039/b817597g
http://dx.doi.org/10.1039/C7CE02124K
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.2174/1573411013666171003155624
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1177/0731684414530790
http://dx.doi.org/10.1016/j.compositesb.2017.12.007
http://dx.doi.org/10.1007/s10118-021-2549-4
http://dx.doi.org/10.1007/s10118-018-2033-y
http://dx.doi.org/10.1002/pi.4551
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.compscitech.2013.11.019
http://dx.doi.org/10.1016/S0032-3861(03)00348-3
http://dx.doi.org/10.1039/b817597g
http://dx.doi.org/10.1039/C7CE02124K
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.1016/j.progpolymsci.2015.11.006
http://dx.doi.org/10.2174/1573411013666171003155624
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1016/j.coco.2020.100512
http://dx.doi.org/10.1177/0731684414530790
http://dx.doi.org/10.1016/j.compositesb.2017.12.007
http://dx.doi.org/10.1007/s10118-021-2549-4
http://dx.doi.org/10.1007/s10118-018-2033-y
http://dx.doi.org/10.1002/pi.4551
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1021/acssuschemeng.7b01317
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.progpolymsci.2013.06.005
http://dx.doi.org/10.1016/j.compscitech.2013.11.019
http://dx.doi.org/10.1016/j.polymer.2019.122025
http://dx.doi.org/10.1021/ie504484b
http://dx.doi.org/10.1039/D0CE01183E
http://dx.doi.org/10.1021/acs.macromol.7b00139
http://dx.doi.org/10.1021/acs.macromol.8b01742
http://dx.doi.org/10.1039/C7RA03496B
http://dx.doi.org/10.3390/cryst7020056
http://dx.doi.org/10.1002/pi.6150
http://dx.doi.org/10.1016/j.carbpol.2017.03.046
http://dx.doi.org/10.1021/acs.macromol.0c02038
http://dx.doi.org/10.1002/app.48555
http://dx.doi.org/10.1039/C8TA03778G
http://dx.doi.org/10.1021/ma300530a
http://dx.doi.org/10.1021/ma501832z
http://dx.doi.org/10.1016/j.polymer.2019.122025
http://dx.doi.org/10.1021/ie504484b
http://dx.doi.org/10.1039/D0CE01183E
http://dx.doi.org/10.1021/acs.macromol.7b00139
http://dx.doi.org/10.1021/acs.macromol.8b01742
http://dx.doi.org/10.1039/C7RA03496B
http://dx.doi.org/10.3390/cryst7020056
http://dx.doi.org/10.1002/pi.6150
http://dx.doi.org/10.1016/j.carbpol.2017.03.046
http://dx.doi.org/10.1021/acs.macromol.0c02038
http://dx.doi.org/10.1002/app.48555
http://dx.doi.org/10.1039/C8TA03778G
http://dx.doi.org/10.1021/ma300530a
http://dx.doi.org/10.1021/ma501832z
https://doi.org/10.1007/s10118-022-2684-6

