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ABSTRACT: Development of high throughput produc-
tion processes for making thermoplastic nanofiber and
nanofiber yarns are urgently needed. PET, PTT, and PBT
nanofibers were prepared from PET/CAB, PTT/CAB,
PBT/CAB immiscible polymer blends by in situ microfi-
brillar formation during the melt extruding process. The
diameter distribution and crystallization properties of PET,
PTT, and PBT nanofibers were analyzed. After removing
the CAB matrix phase, the nanofibers could be collected in
the forms of random or aligned nanofibers and nanofiber
bundles or yarns. To understand the formation mechanism

of the nanofibers, the morphology development of three
different polyesters in the dispersed phase were studied
with samples collected at different zones in a twin-screw
extruder. The morphological development mechanism of
the dispersed phases involved the formation of sheets,
holes and network structures, then the size reduction and
formation of nanofibers. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 124: 28–36, 2012
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INTRODUCTION

Because of specific properties of large surface area,
good biocompatibility, and low fluid resistance,
nanofibers have found applications in many areas,
such as improving filtration efficiency of membrane
devices, increasing protective and comfort perform-
ance of chemical and biological protective clothing,
and enhancing the sensitivity of nanosensors.1 Nano-
fibers collected in nonwoven forms are acceptable in
applications such as composite reinforcements,
membrane-based separation, filters, wound dressing
and tissue scaffolds, and so forth.2–6 However, with
the development of nanotechnologies, nanofibers are
need to be produced in highly ordered structures
such as nanofiber bundles or yarns. Well-aligned
nanofibers and nanofiber yarns provide an attractive
way to process polymeric nanofibers into traditional

textiles, which may have applications beyond tradi-
tional textiles and can be used in the fields of com-
posites, filtration media, gas separation, sensors, and
biomedical engineering.7–9

Poly(ethylene terephthalate) (PET), poly(trimethy-
lene terephthalate) (PTT), and poly(butylene tereph-
thalate) (PBT) are three important engineering ther-
moplastic polyesters, due to their satisfactory
mechanical properties. Surface-modified polyester
nanofiber materials have found applications in blood
vessel engineering, leukocyte removal filters, and tis-
sue scaffolds.10–13 So far, the developed production
methods of nanofibers include electrospinning, melt-
blowing, flash spinning, sea-island spinning, and
segmented pie bicomponent process.14–17 By using
these methods, PET, PBT, and PTT nanofibers have
been prepared successfully.18–25 However, these
methods also have demonstrated issues such as low
fiber production efficiency, harsh selection of sol-
vents, and diameter limitation that at certain level
restrict their broad applications.
In this study, a newly developed process was

used to prepare polyester nanofibers. This method
involves choosing two kinds of immiscible thermo-
plastic polymers, mixing and extruding them from a
corotating twin-screw extruder. After removing the
matrix phase, nanofibers can be obtained at last.26–29

The matrix phase of cellulose acetate butyrate (CAB)
used in this study is a biobased thermoplastic
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polymer and immiscible with most of other thermo-
plastics. It could be removed easily with acetone and
recycled and reused. Based on this method, PET,
PTT, and PBT nanofibers were prepared from PET/
CAB, PTT/CAB, PBT/CAB immiscible blends,
respectively. The primary focus of the present work
was to investigate the formation process of the three
different polyesters and morphological development
of their nanofibers, which is how the nanofibers
formed in the immiscible blends, as well as the
properties of the PET, PTT, PBT nanofibers and
nanofiber bundles or yarns.

EXPERIMENTAL

Materials

CAB, (CAB-171-15; butyryl content 17 wt %, acetyl
content 29.5 wt %, and hydroxyl content 1. 5 wt %,
Eastman Chemicals, USA) with a glass transition
temperature (Tg) at 161

�C and melting point at 230–
240�C, was used as a matrix phase. PET was pro-
vided by Sinopec Yizheng Chemical Fiber Company
(melting point 250–255�C); CORTERRA PTT known
as PTT was provided by the Shell Chemicals Europe
B.V. (melting point 225–228�C Density1.3–1.44 kg/
m3); PBT was provided by Sinopec Yizheng Chemi-
cal Fiber Company with an intrinsic viscosity of 1.30
and melting point at 220–225�C.

Sample preparation

Figure 1 shows the schematic of formation process of
nanofibers prepared from the immiscible polymer
blends. All of the materials were dried in a vacuum
prior to melting and blending. The blends were pre-
pared using a Co-rotating twin-screw extruder
(EUROLAB16, D¼16mm, L/D¼40, Thermo-Haake
Co., Germany). The dimension of the extruded die is 4
mm. In the study of the morphology development of
the dispersed phase, PET, PTT, and PBT were mixed
with CAB at a blend ratio of 20/80 and shear rate of
30 s�1. After extruded from the twin-screw extruder,
the size of composite fibers is nearly about 1 mm.

Then the composite fibers were immersed in acetone
for 24 h, with the solvent changed every 6 h to make
sure that the CAB matrix was completely removed.
The screw configuration of the extruder can be

seen from Figure 1. Three different sampling points
exist in the twin-screw extruder. Different points
provide information for the morphologies with dif-
ferent mixing time. The morphology of samples
taken from SP-1#, SP-2#, and SP-3# provide informa-
tion for the initial, metaphase, and later morphologi-
cal development of the blends, respectively. The
melting behavior and morphological development of
the blends along the extruder were studied with
samples collected at different zones in the extruder.
The samples taken from different sampling points
were immediately cooled in iced water to preserve
the morphology developed in the extruder, and then
put into acetone to remove the CAB matrix phase.
By these means, the dispersed phase retained the
morphology that it exhibited within the blends.

Measurement and characterization

The apparent viscosity of the polymers used in this
study was measured using a Capillary Rheometer
Instron 4467 (Instron Corp., USA). The elastic modu-
lus of the polymers used in this study was deter-
mined by using a dynamical rheometer (ARES-RFS),
with a 25-mm parallel plate. The rheological meas-
urements of PET/CAB system were performed at
265�C, while the PTT/CAB and PBT/CAB were per-
formed at 250�C, as the melting points of PET, PTT,
PBT are different.
The samples taken from different sampling points

and the final nanofibers were observed using a scan-
ning electron microscope (SEM). To observe fracture
surfaces of the composite fibers, the composite fibers
were fractured in liquid nitrogen and were observed
using the SEM.
The crystal properties of PET, PTT, PBT nanofibers

after removal of the matrix were investigated by an
X-ray diffractometer (XRD, D/max-2550 PC X-Ray
Diffractometer, Japan Rigaku Corp.). The X-ray
source (Cu Ka radiation, k ¼ 1.54 E) was generated

Figure 1 Schematic of formation process of nanofibers prepared from immiscible polymer blends.
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using an applied voltage of 40 kV and a filament
current of 200 mA.

The diameter distributions and averages were
obtained by measuring 100 nanofibers in the SEM
viewed areas. The number average diameters were
calculated as eq. (1).

DN ¼
P

NiDiP
Ni

(1)

where DN is the number average diameter, Ni is the
number of nanofibers with a diameter of Di.

RESULTS AND DISCUSSION

Polyester nanofibers

Composite fibers were obtained after the polyester/
CAB blends extruded and collected directly from the
twin-screw extruder. Figure 2 shows the fracture
surfaces of PET/CAB, PTT/CAB, and PBT/CAB
composite fibers. It can be seen from Figure 2 that
CAB and three kinds of polyester were immiscible
completely. The fibrous dispersed phase can be
obtained after removing the CAB matrix. As shown
in Figure 3, well-defined PET, PTT, and PBT nanofib-
ers were obtained from PET/CAB, PTT/CAB, PBT/
CAB immiscible polymer blends after the CAB was
removed. What is more, the nanofibers were disor-
dered; this is because the structure of the original
nanofibers has been disrupted when we took the
SEM samples. Figure 4 shows the diameter distribu-
tion of PET, PTT, and PBT nanofibers. It can be seen
that the diameter distributions of three polyester
nanofibers were quite uniform, ranging in 50–300 nm.

The average diameters of PET, PTT, and PBT nano-
fiber were 179, 145, 137 nm, respectively. The diame-
ters of polyester nanofibers obtained by this method
are smaller than those via electrospinning.19–24

PET, PTT, and PBT are linear aromatic polyesters.
The X-ray diffraction patterns for PET, PTT, and
PBT nanofibers are shown in Figure 5. It can be seen
from Figure 5 that, the PET nanofibers obtained
from the PET/CAB immiscible blends showed peaks
at the scattering angles 2y of 16.7, 17.7, 22.9, 25.8,
and 32.5, corresponding to (0 1 1), (0 1 0), (1 1 0),
(1 0 0), and (1 0 1) scattering planes of PET, respec-
tively. The characteristic X-ray peaks of PTT nanofib-
ers were observed at the scattering angles 2y of 15.6,
16.7, 19.9, 21.8, 23.5, 24.5, and 27.2, corresponding to
the reflection planes of (0 1 0), (0 1 2), (0 1 2), (1 0 2),
(1 0 2), (1 1 3), and (1 0 4), respectively. The PBT
nanofibers showed peaks at the scattering angles 2y
of 15.7, 17.0, 19.9, 23.3, 24.8, and 31.0, corresponding
to the (0 1 1), (0 1 0), (0 1 1), (1 0 0), (1 1 1), and
(1 0 4), respectively.30,31 Three different polyester
nanofibers all exhibited the same diffraction peaks to
their neat polyester fibers. High deformation and
elongation could cause high orientation of polymer
chains in the fibers; thus the crystallinity and orien-
tation of PET, PTT, and PBT nanofibers could be
affected by the mixed process.

Collection of nanofibers or yarns

Polyester nanofibers can be obtained by immersing
the coarse composite fibers in acetone and removing
the matrix. As the nanofibers formed in this study
are an untwisted group of a large number of
short nanofibers with uniaxial alignment, if keeping

Figure 2 SEM images of fracture surface of polyester/CAB (20/80) (a) PET/CAB, (b) PTT/CAB, (c) PBT/CAB.

Figure 3 SEM images of polyester nanofibers prepared from polyester/CAB (20/80) blends (a) PET, (b) PTT, (c) PBT.
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the original morphology of the filament, the nano-
fibers could retain in the form of bundles or yarns.
Figure 6(a) shows the morphology of the remaining
PTT nanofiber bundles or yarns that were
immersed in acetone. Figure 6(b) shows the mor-
phology of nanofiber bundles or yarns after taking

out from the acetone. The form of nanofiber yarns
or bundles makes it controllable for further proc-
essing into desired shapes and patterns. Just as
shown in Figure 6(b), the as-prepared PTT nano-
fiber bundles or yarns could then be knitted and
braided manually to fabricate mesh fabric and

Figure 4 Diameter distribution of PET, PTT, and PBT
nanofibers obtained from polyester/CAB (20/80) blends
after extruding from the extruder, with the same draw ratio.

Figure 5 XRD patterns for PET, PTT, and PBT nanofibers
prepared from PET/CAB, PTT/CAB, PBT/CAB (20/80)
blends, with the same processing conditions.

Figure 6 Preparation and morphology of PTT nannofiber yarns (a) Photograph of orderly nanofibers immersing in
acetone, (b) photograph of nanofiber yarns after taking out from acetone, (c) SEM image of surface morphology of
nanofiber yarns, (d) SEM image of fracture surface of nanofiber yarns.
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rope. The inner structures and the alignment play
key roles in the properties of the nanofiber bundles
or yarns. Figure 6(c,d) reveal the surface and frac-
ture surface morphologies of nanofiber bundles or
yarns. It can be seen from Figure 6(c) that the
nanofiber yarns in this study are an untwisted
group of a large number of short nanofibers with
uniaxial alignment.

However, the CAB matrix is difficult to be
removed clearly if keeping the original structure of
the nanofibers. Therefore, the original structure of
nanofiber yarns should be disrupted in normal condi-
tions, then the nanofibers would be disordered and
exist in acetone in disordered form such as cotton
fibers in water, as shown in Figure 7(a). Figure 7(b)
shows the morphology of nanofibers after taking out

Figure 7 Collection of PTT nanofibers from PTT/CAB composite fibers (a) Photograph of disordered nanofibers immersing
in acetone, (b) photograph of nanofibers after taking out from acetone, (c) SEM image of random orientation nanofibers,
(d) SEM image of aligned nanofibers.

Figure 8 (a) Apparent viscosity and (b) elastic modulus for all polymers as a function of shear rate and frequency.
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from acetone. Normally, the nanofibers become ran-
domly oriented, as shown in Figure 7(c). However, as
shown in Figure 7(d), the nanofibers could be aligned
using external forces. If using a suitable carding
machine, the nanofibers could be carded just like
wool or cotton fibers.

Analysis of the formation of nanofibers

The formation of PET, PTT, and PBT nanosized fibers
in the twin-screw extruder was an overall result of
continuous deformation, elongation, orientation, and
coalescence of dispersed micelles to nanofibers in
CAB matrix. The conditions for fibril formation were
very complicated, viscosity ratio (gd/gm, gd is the
viscosity of the dispersed phase, gm is the viscosity
of the matrix phase) played an important role on the
deformation of the dispersed phase.27 The effect of
viscosity ratio (gd/gm) on the fibril formation of
different polymer blends has been analyzed in
detail.32 Fibrils could form at a viscosity ratio range
of 0.3 < gd/gm < 1.0 for polyethylene/polystyrene
blends, gd/gm > 3.7 for PET/polyamide blends, and
gd/gm < 1 for polypropylene/ethylene-propylene co-
polymer blends.32 He et al. and Plate et al. studied 13
different pairs of polymers and indicated that good
fibrillation can be achieved when the viscosity ratio
was in the range of 0.1 < gd/gm < 10.33,34

For studying the rheological properties of all the
materials used in this study, the apparent viscosity
(g) as a function of shear rate, with PET, CAB at

265�C and PTT, PBT, CAB at 250�C, are shown in
Figure 8(a). The dynamic elastic moduli (G0) of the
polymers are plotted versus frequencies shown in
Figure 8(b). With increasing of the shear rate, the
apparent viscosity decreased continuously, implying
that the PET, PTT, PBT, and CAB were non-Newto-
nian fluids and all followed the shear thinning
behavior. For the system of PET/CAB, PTT/CAB,
PBT/CAB, at the shear rate of 30 s�1, the viscosity
ratio is 1.1, 0.9, 2.0, respectively. Therefore, fibrillar
dispersed phase can be obtained after removing the
matrix phase.
The dispersed phase of PET, PTT, and PBT were

added at room temperature as pellets, while the ma-
trix phase of CAB was added as powder. When the
mixed materials were fed into the twin-screw ex-
truder, a serious deformation will happen,35 making
the dispersed phase transformed from pellets to the
final nanosized fibers. Figure 9 shows the morphol-
ogy development of PET, PTT, and PBT dispersed
phase after the polymer blends were taken from dif-
ferent sampling points in the extruder and removing
the matrix. As the melting of the polymer blends
was a multistage process, the morphologies of the
PBT dispersed phase were very complex in the ini-
tial stage of compounding. Two different representa-
tive SEM images were chosen for each sample, as
shown in Figure 9(a1,a2), to describe the mechanism
of the initial morphological development. Figure
9(b,c) displayed the morphology of metaphase and
later phase development.

Figure 9 Morphological development of PET, PTT, and PBT nanofibers prepared from polyester/CAB immiscible blends,
at the same blend ratio of polyester/CAB ¼ 20/80, and the same shear rate (30 s�1).
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The initial morphological development of PET,
PTT, and PBT shows remarkably similar types of
structures. The quick morphological changes in the
initial stage of blending are caused by the ‘‘sheeting"
mechanism.36,37 This mechanism involves the forma-
tion of sheets or ribbons when a large piece of dis-
persed phase was dragged across the hot surface, as
shown in Figure 9(a1). As a result of the effect of
shear flow and interfacial tension, the sheets were
unstable and began to break down resulting in for-
mation of holes in them; the holes were filled with
the matrix phase. When the holes attained sufficient
size and concentration, they would coalesce and
form network structures, as shown in Figure 9(a2).
Therefore, the initial morphology development
procedure for the dispersed phase of polyester in
the matrix was from pellets to sheets or ribbons,
and then the sheets or ribbons formed holes and net-
work structures.

Figure 9(b) shows the metaphase development of
the PET, PTT, PBT dispersed phase. It can be seen
that microfibers began to form at SP-2#, as an enor-
mous reduction in phase size taking place from SP-1#

to SP-2#. It has been proved that several different
morphologies existed in the samples taken from SP-
1#, as the melting of PBT dispersed pellets was a mul-
tistage process. At SP-2#, however, most of samples
were fibers, because the materials have melted and
deformed mostly, massive fibers formed by breaking
up of the network structures. Therefore, the meta-
phase development of the olyester dispersed phase
can be described as the formation of fibers.
Figure 9(c) displays the later morphological de-

velopment of the PET, PTT, and PBT dispersed
phase. It can be seen that nanofibers were further
developed in the later stage. Table I lists the aver-
age diameters of PET, PTT, and PBT nanofibers
obtained from different processing stages. Compar-
ing the fibers taken from SP-2# with those taken
from SP-3#, the fibers obtained from SP-3# were
smaller than those taken from SP-2#, respectively.
The decline of average diameter from SP-2# to
SP-3# indicates that the later morphological devel-
opment of the polyester dispersed phase is a
reduction in diameter of the fibers. Figure 9 also
reveals that the holistic developmental trends of
PET, PTT, and PBT are nearly the same. Then, the
whole formation process of nanofibers can be con-
firmed and the Schematic diagram given below,
shown in Figure 10.
Previous researches have demonstrated that most

of the particle size reduction occurred in conjunc-
tion with the melting and softening processes,
where an enormous reduction in phase size took
place.38 Once the melting was completed, only
minor changes took place. This phenomenon was
also observed in this study. In the initial and meta-
phase development of the polymer blends, the
mechanism of the deformation of sheets followed

TABLE I
Average Diameters and Standard Deviation (SD) of

Polyester Nanofibers Obtained at Different Processing
Conditions, with the Same Blend Ratio of

Polyester/CAB 5 20/80 and the Same Shear Rate 30 s21

Samples

Viscosity
raito

(gd/gm)

Average
diameter

and SD from
SP-2# (nm)

Average
diameter

and SD from
SP-3# (nm)

Average
diameter

and SD after
extrusion (nm)

PET 1.1 355 (12.19%) 155 (4.39%) 179 (4.83%)
PTT 0.9 737 (16.95%) 109 (2.77%) 145 (4.06%)
PBT 2.0 819 (24.38%) 105 (2.61%) 137 (3.98%)

Figure 10 Schematic diagram of morphology development of the dispersed phase.
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by a break-up and formation of fibers was an effec-
tive way to rapidly decrease the original diameter
of the dispersed phase. In the later development of
the blends, however, under the effects of elongation
effect caused by the shear flow field, a further
reduction in diameter of fibers took place between
SP-2# to SP-3#. Though this reduction was uncon-
spicuous, it is pivotal for the formation of the final
nanofibers. However, as shown in Table I, compar-
ing the samples taken from SP-3# with those after
extrusion, the average diameters of PET, PTT, and
PBT nanofibers become larger after the polymer
blends were extruded. Perhaps it is because that
the interference and coalescence of the dispersed
phase increased when it flows through the exit of
the die and undergoes the elongation flow field.

As the processing parameters used in this study
are unchangeable, the size distribution of three
kinds of polyester nanofibers mainly affected by
the diversity of materials properties, as shown in
Table I. It is well known that in a polymer–poly-
mer blend, both viscosity and elasticity play impor-
tant roles in the droplet break-up process, higher
viscosity and elasticity of the dispersed phase will
resist the breaking up of droplet.39,40 As can be
seen from Figure 8, the average diameter of PET in
the SP-2# was the smallest. It is because that the
materials were not melted and deformed com-
pletely at this period. From SP-1# to SP-2#, there is
a transformative process of the dispersed phase
from pellets to sheets, holes, and network struc-
tures. As the viscosity and elastic modulus of PET
is the smallest, its transformation of the dispersed
phase will be easier than PTT and PBT. Therefore,
the average diameter of PET in the SP-2# was the
smallest.

However, for the samples taken from the SP-3#

and after extrusion, the average diameter of PET
nanofibers was the largest. It is because that the
materials were melted and deformed completely at
this period, massive fibers formed by breaking up
of the network structures. On the one hand, the
number average diameter increased with viscosity
ratio, as high viscosity ratios hamper the droplet
break-up process.41,42 Moreover, much larger drop-
lets were formed at low viscosity ratio due to low
length stretching.43 In this study, though gd/gm

(PTT/CAB) < gd/gm (PET/CAB) < gd/gm (PBT/
CAB), the average diameter of PET nanofibers is
the largest. It is difficult to conclude the direct
relationship between viscosity ratio and the size
distribution of nanofibers. Therefore, in considera-
tion of multifactor effect, the diameter variation
for PET nanofiber may attribute to multiple break-
up patterns, the interference of neighboring fibrils
and the elasticity, coalescence of the dispersed
phase.44

CONCLUSION

Well-defined PET, PTT, and PBT nanofibers were pre-
pared fromPET/CAB, PTT/CAB, PBT/CAB immiscible
blends. The average diameters of the obtained PET, PTT,
and PBT nanofibers are nearly 200 nm. The nanofibers
prepared by this method can be collected in the forms of
random and aligned orientation. Continuous nanofiber
bundles or yarns can be obtained if the originalmorphol-
ogy of the filament retained. The morphology develop-
mental trends of PET, PTT, and PBT dispersed phase,
from initial to metaphase and later phase development,
are nearly the same. The initial morphology develop-
ment process for the dispersed phase was the formation
of pellets to sheets or ribbons, and then dispersed net-
work structures. Themetaphase development of the dis-
persed phase could possibly explain the formation of
fibers. The later phase development of the dispersed
phase mainly involved the reduction in diameter of the
fibers to the nanoscale.
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