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ABSTRACT: Electrospinning experiments for solutions of
two polymers with different crystallization rates, polylatic
acid (PLA), and nylon 6 solutions have been carried out.
Hexafluoroisopropanol (HFIP) was used as a common sol-
vent to dissolve both PLA and nylon 6. Using the fact that
nylon 6 has the faster crystallization rate than PLA, the
effect of thermal annealing conditions on the crystal struc-
tures of two electrospun fibers has mainly been studied via
thermal and mechanical analysis. First, optimal conditions
for the formation of uniform nanofibers have been deter-
mined by observing their morphology and rheological prop-
erties. Thermal analysis revealed that PLA as-spun fiber
exhibits cold crystallization due to insufficient crystal

growth in spinline. Also, the effect of thermal annealing on
the structural change of nylon 6 fibers including the degree
of flow-induced crystallization is totally different from that
of PLA fibers. Finally, tensile measurements of annealed
fibers show that the ultimate tensile strength and Young’s
modulus gradually increases with increasing annealing
time for both PLA and nylon 6 mats, resulting from the fur-
ther growth of crystal structures. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 120: 752–758, 2011
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INTRODUCTION

Electrospinning technique, incorporating high-elec-
tric field for the strong extensional deformation of a
spinline jet, has been widely used to produce sub-
micron fibers with high-surface area for its simplic-
ity and versatile application fields such as filtration
devices, solar cells, nonwetting textile surfaces,
wound dressings, tissue scaffolds, and so on.1–4

Theoretical analyses on modeling with viscoelastic
nature5–7 and stability related with axisymmetric
instability and whipping (or chaotic bending insta-
bility)8–11 in this process have been scrutinized for
last two decades. Also, experimental observations on
morphology and physical properties of as-spun
fibers using solution12–19 or melt20,21 electrospinning
processes have been so far extensively explored by
many researchers in both academia and industry.

To uniformly manufacture electrospun fibers with
high quality, it is crucial to keenly understand the rela-
tionship between process conditions and properties of
polymeric materials to be spun. Final physical proper-
ties and structure of electrospun fibers have been pro-
foundly affected by dynamical behavior in spinline
governed by strong elongational deformation and crys-
tallization kinetics triggered by its flow strength.22–24

In this study, we compare crystal structures of two
sub-micron fibers with different crystallization rates
via solution electrospinning by altering the thermal
annealing time. For example, two polymers adopted
here are polylactic acid (PLA) with slow crystalliza-
tion rate and fast crystallizable nylon 6.25,26 The for-
mer is well-known as one of environmental-friendly
biodegradable polymers which is newly emerging in
many application fields15,16 and the latter is a com-
mercial polymer with superior thermal resistance and
mechanical properties in comparison with polyole-
fins.27,28 PLA possesses a thermodynamically stable a
with lamellar-folded chain and meta-stable b crystal
with fibril structure which can be formed under
highly oriented processing conditions.21,22,29 As for
nylon 6, several crystal structures, e.g., meta-stable c
and mesomorphic b forms which are frequently gen-
erated through drawing processing,30,31 as well as a
stable a one, can be observed. Although there have
been many reports dealing with the structures inside
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electrospun fibers, it is uncommon to study the effect
of annealing on their structural evolution. Therefore,
we have tried to elucidate how the crystal structures
of PLA and nylon 6 electrospun fibers develop with
annealing time, by comparing their thermal, struc-
tural, and mechanical properties.

EXPERIMENTAL

Materials

Polymers used in this study are polylactic acid
(PLA, Natureworks 4032D, Mw: 220,000, Tg: 60�C,
Tm: 169.5�C) and nylon 6 (Hyosung, Mw: 22,910,
Tg: 47

�C, Tm: 224.1
�C). Before dissolving in the sol-

vent, they were sufficiently dried in vacuum oven
(4 and 8 h at 80�C for PLA and nylon 6, respec-
tively). As a common solvent, HFIP (1,1,1,3,3,3,-
hexafluora-2-propanol; Aldrich) was selected for
easy dissolution of both polymers and its fast
evaporation in spinline. Two 13 wt % polymer sol-
utions were finally stirred for 12 h before electro-
spinning experiment.

Electrospinning apparatus

Electrospinning apparatus consists of three parts as
introduced in many other reports: High voltage
(up to 30 kV) for using electric field between nee-
dle and collector, syringe pump (PHD 22-2000,
Harvard Apparatus), and aluminum plate collector
for receiving as-spun fibers (Fig. 1). Experiment
was performed at about 25�C and 41.5% relative
humidity. By changing applied voltage, spinline
length, and flow rate, optimal processing condi-
tions for uniform fibers have been determined. All
as-spun fibers were directly kept in vacuum oven
at room temperature for 24 h to minimize the pos-
sibility of residual solvent within fibers and per-
form ensuing experimental tests.

Annealing

Electrospun fibers were thermally annealed at 80�C
for PLA and 180�C for nylon 6 between their glass
transition and melting temperatures for 1, 3, and 6 h
in vacuum oven, respectively, considering their ther-
mal degradation and mobility. It is noted that a little
shrinkage of PLA fibers is observed after 6-h anneal-
ing. Nylon 6 as-spun fibers showed insignificant
effect of annealing on the change of crystal structure
under 160�C for 6 h and also a little thermal degra-
dation after 6-h annealing at 205�C.30

Characterization

Various properties of as-spun annealed fibers were
measured as follows. Rheological properties of two
polymer solutions such as shear viscosity and stor-
age/loss moduli were acquired from rate-sweep and
frequency-sweep modes of AR2000. Morphologies of
electrospun fibers have been captured from FE-SEM
(field emission scanning electron microscope; Hitachi
S-4300). Their thermal properties have been obtained
from DSC (Perkin-Elmer Differential Scanning Calo-
rimeter7) with heating rate 10�C/min. XRD (Rigaku
Co., D/Max-2500/PC) has been incorporated to
observe the crystal structural properties of the sam-
ples under 40 mA and 200 kV conditions, using Cu
target. The scanning rate was 0.3�/min in 20–40�

range of 2y. Finally, according to the ASTM D638,
the uniaxial tensile strength of 20 mm � 20 mm rec-
tangular nonwoven mats has been recorded with 10
mm/min cross-head speed of a universal testing
machine (Instron 5566).

RESULTS AND DISCUSSION

Rheological properties of polymer solutions

Both PLA and nylon 6 polymer in HFIP solutions
basically exhibit Newtonian behavior. The viscosity
of PLA solution was higher than that of nylon 6
solution as displayed in Figure 2(a). Also, elastic
(G0) and viscous (G00) moduli of PLA solution are
greater than those of nylon 6 case [Fig. 2(b)]. From
the G0 and G00 data, the single relaxation times of
PLA and nylon 6 solutions are found to 0.004 s
and 0.0028 s, respectively, implying that PLA solu-
tion is slightly more viscoelastic in comparison
with nylon 6 case. Although the extensional viscos-
ity of electrospinning solutions have been meas-
ured previously using conventional extensional
rheometer such as capillary breakup extensional
rheometer (CaBER), measuring extensional rheolog-
ical properties of current polymer solutions will be
extremely difficult because of the fast evaporation
rate of HFIP solvent.32

Figure 1 Schematic diagram of electrospinning apparatus.
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Fabrication of PLA and nylon 6 electrospun fibers

One possible standard process condition for produc-
ing uniform fibers with less than 2 lm diameter
from both PLA and nylon 6 solutions has been cho-
sen as follows by observing their morphology: elec-
tric voltage (15 kV), flow rate (1.5 mL/h), spinline
distance (23 cm), and needle or spinneret diameter
(417 lm). Above condition set has been applied to
thoroughly compare their structural variations along
with the annealing time. It has been found that the
fiber morphology is almost same over 15 cm spinline
length [Fig. 3(a,b)] enough to almost evaporate HFIP
solvent in spinline under the given conditions (We
adjusted the spinline distance to somewhat lengthy
23 cm for guaranteeing the PLA and nylon 6 fibers
with little or no solvent despite the fast evaporating
characteristic of HFIP, and carefully kept and dried
them in vacuum oven at room temperature.). It can
be also substantiated that high voltage to be applied

makes the fiber diameter a little larger [Fig. 3(c)],
inducing shorter residence time to be deformed in
spinline and not severe whipping phenomenon in
comparison with the standard case, even though it
can alter the deformation rate in spinline. Thus, it
has proved that aforementioned process condition is
suitable for manufacturing uniform electrospun PLA
and nylon 6 fibers from the comparative observation
of fiber morphology. It is worth noting that nylon 6
fiber was thinner than PLA one due to the low-vis-
cous nature of nylon 6 solutions [Fig. 3(d)].

Thermal analysis of annealed PLA
and nylon 6 fibers

Figure 4 shows DSC thermograms of PLA bulk resin
and fibers annealed at 80�C. Interestingly, cold crys-
tallization peak is observed in as-spun and shortly
annealed fibers, as reported in Zhou et al.,21 repre-
senting that the crystallization in these cases is fur-
ther developed at initial heating stage through DSC
analysis. This phenomenon is caused by the insuffi-
cient crystal growth inside PLA as-spun fibers with
short residence time and relatively slow crystalliza-
tion rate in uniaxial spinning flow regime. As the
annealing time thenceforth increases, in other words,
as adequate heat energy is supplied into as-spun
fibers before DSC measurement, cold crystallization
peak disappears and both melting temperature and
crystallinity in fibers are raised (Table I). It is noticed
that new b crystal is found in electrospun fibers
with increasing annealing time [Fig. 4(b)], as will
also be explained in the following section.
On the other hand, nylon 6 as-spun fiber does not

exhibit cold crystallization due to its fast crystalliza-
tion characteristic in contrast to PLA (Fig. 5). How-
ever, Liu et al.18 reported cold crystallization behav-
ior of as-spun fibers from their DSC measurement. It
is thought that this discrepancy might be ascribed
by moderately different process conditions. Also, it
can be observed that two distinct melting peaks in
as-spun fibers near the melting temperature region,
not showing in the bulk resin, are steadily broaden-
ing with the evolution of annealing time, judging
from that c crystal structure in fibers dominantly
grows during the annealing. Degree of crystalliza-
tion predicted from this analysis is surely raised
with annealing time, as similarly in the PLA case.
However, melting temperature of nylon 6 is some-
what decreased as annealing time rises, affected by
dominant c form in electrospun fibers.30,33

Structural analysis of annealed PLA
and nylon 6 fibers

XRD peaks of annealed PLA fibers have been com-
pared, including that of the bulk resin in Figure 6(a).

Figure 2 (a) Shear viscosities and (b) storage and loss
moduli of PLA and nylon 6 in HFIP solutions.
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From the XRD peak of PLA as-spun fiber, it has been
corroborated that the amorphous phase is dominant
in it because there is not enough time for the crystal
growth in spinline. However, the crystal structure has
been developed by annealing treatment, offering suf-
ficient heat energy for the crystal growth. For
instance, thermodynamically stable a crystal form can
be noticeably observed at 16.33� with sharp and nar-
row peak. d-Spacing calculated from Bragg equation,
nk ¼ 2d sin y, is about 0.54 nm at this point. This form
also exists at 18.6� of 2y with 0.48 nm of d-spacing. b
crystal structure resulting from the high-extensional
deformation in spinline is also generated at 26.50� and
27.88� with 0.34 nm and 0.32 nm of d-spacing, respec-
tively. As illustrated in Figure 6(b), relative ratios of
amorphous and crystalline phases at some dominant
peaks have been estimated from XRD data for PLA
bulk resin and annealed fibers. As the annealing time
rises, two leading a crystalline phases have grown
from the incipient amorphous-dominant phase in as-

spun fibers, and finally approached toward values of
the resin state.
In the case of nylon 6 as-spun fibers [Fig. 7(a)], there

exists some portion of crystal structure in as-spun
fiber due to its fast crystallization feature and also
flow-induced crystallization effect acting on the spin-
line24 in contrast to PLA case, albeit it was not
annealed. As the annealing time increases at 180�C,
the crystal structure in nylon 6 fibers is of course fur-
ther grown. a structures are mainly found at 20.00�

with 0.44 nm and 25.05� with 0.36 nm. Also, the c and
b structures are observed at 21.19� with 0.42 nm and
37.2� with 0.24 nm, respectively.17,34 Especially, c
crystal is strikingly developed with increasing anneal-
ing time [Fig. 7(b)], demonstrating the distinct differ-
ence from the PLA case. The crystal structure of nylon
6 as-spun fiber is restored into its resin state with
dominant portion of a crystal, when both bulk resin
and as-spun fibers are melted over melting tempera-
ture, as revealed in Figure 7(c), convincing that the

Figure 3 Morphology of PLA as-spun fiber at (a) 15 cm and (b) 23 cm spinline distance (15 kV, 1.5 mL/h), and at (c) 25 kV
applied voltage (23 cm, 1.5 mL/h). (d) Morphology of nylon 6 as-spun fiber at 23 cm spinline distance (15 kV, 1.5 mL/h).
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growth of c crystal in nylon 6 fibers under as-spun or
annealed state, not a form in the conventional bulk
resin state, is attributed to highly oriented extensional
deformation imposed in spinline.

Mechanical analysis of annealed PLA and
nylon 6 mats

The averaged Young’s modulus and ultimate tensile
strength for annealed PLA and nylon 6 mats

entangled with nonwoven fibers have been finally
measured using UTM (Fig. 8). As annealing time
rises, the ultimate tensile strength and Young’s

Figure 4 (a) DSC thermograms of PLA bulk resin and as-
spun fiber annealed at 80�C and (b) magnification of crys-
talline melting peaks.

TABLE I
Crystallinity and Melting Temperature of Annealed PLA
and Nylon 6 As-Spun Fibers from DSC Measurement

Annealing time (h) of
electrospun fibers

0 1 3 6

Degree of
crystallinity (%)

PLA 20.7 27.5 35.6 36.1
Nylon 6 30.0 35.8 36.7 36.4

Tm (�C) PLA 167.9 167.7 167.7 168.1
Nylon 6 221.7 219.7 219.5 218.5

Figure 5 DSC thermograms of nylon 6 bulk resin and as-
spun fiber annealed at 180�C.

Figure 6 (a) XRD peaks and (b) relative crystallinity or
amorphous state ratio of PLA bulk resin and as-spun fiber
annealed at 80�C.
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modulus gradually rises for both PLA35 and nylon
628,36 mats, resulting from the further growth of
crystal structures. It has been recognized from the

data that ultimate tensile strength for annealed ny-
lon 6 fibers is higher than that for PLA case, but
Young’s modulus for nylon 6 is lower than that
for PLA.

CONCLUSIONS

Properties and structures of PLA and nylon 6 fibers
via solution electrospinning process have been
experimentally investigated by changing annealing
time. Morphological, thermal, structural, and me-
chanical analyses have been incorporated to exhibit
the evolution of the crystal structures in both electro-
spun fibers with annealing, considering ambivalent
aspects of the spinline regime for the crystal forma-
tion, i.e., crystallization kinetics induced by the high-
extensional deformation in spinline and residence
time for a fluid jet to travel the spinline. It has been

Figure 7 (a) XRD peaks, (b) relative crystallinity or amor-
phous state ratio of nylon 6 bulk resin and as-spun fiber
annealed at 180�C, and (c) XRD peaks of nylon 6 bulk
resin and as-spun fiber melted at 240�C for 10 min.

Figure 8 (a) Ultimate tensile strength and (b) Young’s
modulus of PLA and nylon 6 electrospun mats.
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revealed that PLA as-spun fiber with slow crystalli-
zation rate shows cold crystallization in DSC ther-
mograms and its large portion of amorphous phase
further evolves toward the original crystalline phase
of PLA bulk resin as annealing time rises. Mean-
while, in the nylon 6 case with fast crystallization
rate, c crystal structure, which is a distinct flow-
induced crystal in spinline, is formed in as-spun
fibers and also this increasingly grows as annealing
time increases, not toward the resin state.
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