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ABSTRACT: The electrospinning ability of PLA/PEG system at the melt state was investigated through the viscoelastic parameters
obtained from dynamic shear and extensional rheometers. PLA and PEG were melt-blended at various composition ratios. Effect of
PEG concentration on the PLA thermal behavior was studied by the differential scanning calorimetry (DSC). According to DSC and
wide-angle X-ray diffraction, the PLA crystallinity increased and the crystalline structure became more completed (a-crystal form) in
the presence of PEG. Viscoelastic parameters such as zero-shear viscosity and relaxation time as an indication of elasticity were obtained.
The results revealed enhanced polymer chain mobility and disentanglement ought to plasticizing effect of PEG. The critical content of
PEG about 20-30 wt % at which the solid-liquid phase separation occurred was in good agreement with the viscoelastic properties.
Hence, more than 20% PEG the elasticity diminished and the melt strength became zero. The interfacial tension of the PLA and PEG
estimated through the rheological and morphological parameters evidenced the good miscibility of PLA/PEG system at the melt electro-
spinnig temperature. While the high viscose samples (n, > 1800 Pa/s) PLA and PLA/PEG (95/5) were not spinnable at the spinning tem-
perature of 180°C, blends containing 10-30% PEG were easily spun. The finest and continuous fiber mats were obtained by
electrospinning of PLA/PEG (80/20) blend (dy= 4.8 = 0.8 um). More than the critical concentration of PEG (® > 30%), lacking the elas-

ticity suppressed the melt electro-spinnability of PLA/PEG. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44120.
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INTRODUCTION

Among the biocompatible aliphatic polyesters, polylactic acid
(PLA) is one of the most promising thermoplastic finding
applications going from drug-carriers and implants to packag-
ing and textiles. High molecular weight PLA for the industrial
applications is generally prepared by ring-opening polymeriza-
tion of lactide as a cyclic dimer obtained from renewable sugar-
based materials such as starch or cellulose." Because of the chi-
ral nature of lactic acid monomer, there are three stereoisomeric
types of PLA as PLLA, PDLA, which are both semicrystalline
with the same physiochemical properties, and P(D,L)LA as the
commercially available PLA grade. The high melting tempera-
ture and superior processability compared with other biopoly-
mers caused PLA to be easily processed through extrusion and
cast through injection, film-blowing, thermoforming, and fiber
spinning.” However, like other polyesters, some drawbacks
including mechanical brittleness, low crystallization rate, hydro-
phobicity, and high cost, restrict the PLA practical uses. In addi-
tion, involvement of D- and L-units in the sequences of PLLA
and PDLA during the polymerization deteriorates the thermal
and mechanical properties, too. For example, 1% D-unit
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content in the PLLA leads to approximately 5°C reduction in
melting temperature, and about 45% increment in the crystalli-
zation half-time.> In order to compensate the PLA deficiencies,
blending with a second polymer and/or a low molecular weight
plasticizer is a convenient and economic method.”> With this
respect, researches have succeeded in the modification of PLA
via blending with polyethylene glycol (PEG) with different
molecular weight ranges from 200 to 200,000 g/mol.>™"*

PEG as a hydrophilic, semi-crystalline biodegradable polymer
with excellent solubility in both aqueous and organic media,
belongs to the family of polyethers.'® Biological non-toxic
behavior of PEG introduces it as a reference polymer for a wide
range of biomedical, biotechnological, and pharmaceutical
applications. As an effective plasticizer for PLA, PEG modifies
the toughness, chain mobility, crystallization rate, hydrophobici-
ty, cell affinity, and degradation rate of PLA, insures both con-
sumer and biomedical applications.>**™'* Adding small amount
of PEG develops the shish-kebab crystalline structure of PLA
under the intense shear flow filed,!” enhances the stereocomplex
crystallization of PLLA/PDLA,'"®' homocrystallization rate of
PLLA/PDLA blend under a high cooling rate,® aids the
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transcrystallization of PLLA on the natural fiber surfaces,”' etc.
However, the amelioration of PLA properties requires the misci-
bility with PEG.

To date, some studies were conducted on the phase behavior of
PLA/PEG blends. Younes and Cohn reported that PLA/PEG
blends, representing one glass transition temperature (Tj), are
miscible at the amorphous/melt state.*® The enhanced crystalli-
zation of PEG components through increasing the PEG chain
length and concentration was considered as a driving force for
microphase segregation at the solid state. Thus, observing the
ring spherulite crystalline structure of PLA film with promoted
spherulite growth rate and reduced nucleation density by blend-
ing with PEG,>* or interphase diffusion of PEG from PEG-
PLA layer-by-layer film** were assessed due to partial miscibility
of two components. Others tried to examine PLA/PEG miscibil-
ity thermodynamically through depression of equilibrium melt-
ing point and found a negative Flory—Huggins interaction
parameter.”” Hu et al>*®*” studied the effect of aging at ambi-
ent temperature on glass transition (T,) and obtained an Upper
critical solution temperature (UCST) type phase behavior at
solid state. Contemplating the solid-liquid phase separation for
PLA/PEG blend, they did not investigate the blend properties
after aging at temperatures higher than the melting points of
PEG or PLA, unfortunately. Although the closeness of solubility
parameters of PLA and PEG, 10.1 and 9.9, respectively, indicate
good compatibly,”® the large dynamic asymmetry between PLA
and PEG (big difference in T,) may proceed the phase immisci-
bility. In this line, Xu et al.?® introduced the liquid-liquid phase
separation (LLPS) for PLA/PEG with upper critical temperature
of 160-165°C and PEG critical concentration of 30 wt %.

Recently, melt electrospinning process have has gained consider-
able attentions as an eco-friendly micro/nanofiber spinning.>*~2
It has been opening the doors for three-dimensional (3D) direct
writing of biopolymers in tissue engineering.”>> Due to high
viscosity, low surface charge density and fast solidification,
nano-sized fibers could be hardly obtained through the electro-
spinning of the melt. However, residual solvent embedded in
the fiber mats menaces the cell-viability in the solvent-based
electrospun scaffolds.”® Thus, melt electrospinning can be a ver-
satile method for the fiber spinning of PLA as a more consider-
able biopolymer which dissolves in toxic solvents.

Extensibility of polymer melts for fiber spinning can be assessed
with the Rheotens test which is widely used in industry.””™*° In
the Rheotens, melt strength of the extruded strand is measured
under the action of a tensile force and extensional deformation.
Being a nonhomogeneous and nonisothermal stretching process,
Rheotens resembles the actual melt spinning process. Extension-
al behavior is a sensitive indicator of properties concerning the
molecular structure such as polydispersity, long-chain branch-
ing, and entanglement density.*’

Performance of polymer solution or melt in the electrospinning
process is closely related to the viscoelasticity of the material.
However, to the best of our knowledge, this issue has not yet
been studied in the melt electrospinning comprehensively. Here,
attempts were made to provide deep insight into the relation-
ships between the linear/nonlinear viscoelastic characteristics
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Figure 1. Complex viscosity versus frequency for neat PLA and PEG at
180°C. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

and the spinning ability of PLA/PEG blend system. In line with
this, the crystallization, shear rheology and melt strength of the
PLA/PEG blends, prepared by melt mixing with various blend-
ing ratios, were studied. The critical content of PEG for the sol-
id-liquid phase separation and viscoelastisity dilution were
estimated. Besides, the interfacial interaction of PLA and PEG
components was evaluated through the linear dynamic rheologi-
cal measurements and relaxation time of interface. Then, the
blends were melt electrospun with the objective of relating the
PEG content on the fiber morphology and melt electro-
spinnability.

EXPERIMENTAL

Materials

The polylactic acid (PLA) (6350D), as an amorphous thermo-
plastic spunbond-grade, was obtained from NatureWorks LLC
with a molecular weight at around M, = 116,000 g/mol and
polydispersity of 1.9. Polyethylene glycol (PEG), molecular
weight approximately 6000 g/mol, was purchased from Kimia-
garan Emrooz Co. of Iran. Figure 1 exhibited the viscosity dif-
ference of the ingredients. Irganox 1010 (Ciba Specialty
Chemicals Inc., Basel, Switzerland) was applied to thermally sta-
bilize the prepared samples.

Preparation

PLA granules were dried in oven at the temperature of 50°C
overnight prior to compounding. PLA and PEG with composi-
tion ratios of 100/0, 95/5, 90/10, 80/20, 70/30, 50/50, and 30/70
wt/wt were melt blended in a 50 cc batch counter rotating mix-
er (Brabender PL2200, Germany) at 160°C, rotor speed of
60 rpm. Since the shear effects in the batch mixer dwindled by
adding highly viscose, low molecular weight PEG portion dur-
ing the mixing, PLA and 0.03 wt % Irganox 1010 were firstly
fed into the mixing chamber. After observation of PLA melting,
PEG was fed and mixing continued for 7 min.
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Characterization

Differential scanning calorimetry (DSC) was performed with a
Mettler-Toledo DSCI calorimeter in order to evaluate the non-
isothermal behavior of crystalline/crystalline polymer blends of
PLA/PEG. About 4-7 mg of samples were placed into a sealed
40 pL aluminum pan and heated up to 180 °C at heating rate of
20°C/min and kept at that temperature for 2 min to erase any
thermal history. Then, cooled to 0°C at 10°C/min and heated
up again to 180°C (10°C/min) under the nitrogen gas purge
with a flux of 80 mL/min. Crystallinity percentage (% X, was
calculated using heats of fusion of 197.7 and 93.6 J/g for PEG*'
and PLA?” 100% crystals, respectively. Thermal properties of the
samples after the melt electrospinning were also obtained during
a heating scan at the rate of 10 °C/min.

The crystalline structures of samples were probed by the Wide-angle
X-ray diffractometer of EQuniox 3000, Intel, with the Cu K, radia-
tion (A =0.15418 nm). Data were obtained at step size of 0.032°,
26 = 5°-80°, and a scanning speed of 0.1°/s at room temperature.

Rheological measurements were performed using a parallel plate
Paar- Physica rheometer (MCR 301, diameter of 25 mm). The
gap size was adjusted at approximately 800 um for all trails.
Sample sheets for the rheological measurement were obtained
by compression molding of the prepared blends into about
1 mm thick sheets at 150°C for 3 min to avoid any thermo-
oxidative degradation. Isothermal dynamic frequency sweep
experiments in the range of 0.1-600 rad/s were carried out
under the strain amplitude of 1%, falling well within the linear
viscoelastic region, and temperature of 180 °C.

The bulk morphology of blends was observed by a Philips XL30
scanning electron microscopy (SEM) after being cryo-fractured
and coated with gold. To remove the PEG domains, samples
were etched by ethanol and washed with water. The number-
averaged (R,) and volume-averaged radii (R,) of domains was
determined according to the following relations:

Rn:Z”iRi/Z”i (1)
R=YmR! /> R )

where #; is the number of the dispersed domains with radii R;
counted from the SEM images.

The stretching of PLA and PLA/PEG melts were performed with
a Gottfert Rheotens 71.97 melt strength tester combined with a
capillary rheometer (Rheograph 6000). A die geometry (L/D) of
30/2 (dimensions in mm) and the die temperature of 160°C
was used for all experiments. The polymer melt strand was tak-
en up by two wheels counter-rotating at a continuously increas-
ing speed with the acceleration of 12 mm/s”. The tensile force
experienced by the strand during stretching was obtained as a
function of velocity of the rollers. The force and velocity, at
which the polymer melts break, are defined as the “melt
strength” and “drawability,” respectively. At least three replicates
for each formulation were undertaken to ensure repeatability.

For the melt electrospinning experiments, a custom-designed
apparatus was used (Scheme 1) which is described elsewhere in
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Scheme 1. Melt electrospinning setup. (1) syringe pump; (2) temperature
controller; (3) electric heating elements; (4) metallic barrel (ID=1 cm);
(5) ceramic plate; (6) nozzle (ID=0.2 mm); (7) wooden columns; (8)
adjustable distance (1-6 cm); (9) metallic collector; (10) high voltage sup-
ply max. +75 kV. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

detail.** Granulated sample were dried in oven at the tempera-
ture of 50°C and about 5 g of them fed into the barrel. After
melting and equilibrating for at least 3 min at the spinning
temperature (7, =180°C) and flow rate of 0.5 cc/h, the high
voltage power supply was turned on. The applied voltage and
nozzle to collector distance set at 40 kV and 10 c¢m, correspond-
ingly. The fibers were collected on an aluminum plate through-
out 5 min and investigated structurally with FESEM (Mira 3-
XMU, TESCAN).

RESULTS AND DISCUSSION

Thermal and Crystallization Behavior

Differential scanning calorimetry (DSC) is a crucial method to
study melting and crystallization behavior of a polymer blend
which both constituent are semi-crystalline like PLA/PEG. The
thermal transitions of PLA/PEG blends during the cooling and
second heating scans as DSC thermograms are shown in
Figure 2. The important thermal characteristic data are summa-
rized in Table I. The neat PLA displayed a T at 59°C, an slight
exothermic peak of melt-recrystallization at 127°C and an
endothermic melting peak centered at 148.6°C at the second
heating process. At 5 wt % PEG concentration, the T, decreased
considerably to 45°C. The 90/10 and 80/20 blends showed the
broaden glass transitions centered at 38.7 and 16 °C, respective-
ly. Lowering the T, values is attributed to the increasing of PLA
chain segmental mobility in the presence of short length PEG
chains which is known as an effective plasticizer for PLA.” For
blend compositions higher than 30 wt % concentration of PEG,
the T, could not be observed by this DSC method.

According to Figure 2(a), no discernible crystallization peak of
PLA and PEG was observed upon cooling up to 20% PEG con-
tent. At the 30, 50 and 70% PEG, obvious crystallization of
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Figure 2. DSC thermograms recorded during (a) cooling and (b) second

heating at the rate of 10°C/min for PLA, PEG, and PLA/PEG Blends.

Thermograms are shifted along vertical axis. [Color figure can be viewed
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PEG and PLA phases happened at T, ~ 22-40°C and 70-80°C,
respectively. At 50/50 composition, the crystalline peak of PLA
is strongest which can be attributed to the morphological
effects. By increasing the PEG or decreasing the PLA content, T,
of PEG increased. Actually, the microstructure of 70/30 and 50/
50 blend are matrix-droplet [see Figure 7] and co-continuous
(not shown here), respectively. At the amorphous region (inter-
lamellar, inter-spherulitic) or melt state, PLA and PEG are mis-
cible. During the formation of PLA crystals some molecules of
PEG could be trapped in the intra-spherulitic region of PLA
and led to hindering the crystallization of both PLA and PEG
in 70/30 blend and decreasing the T.. When the PEG domains
are interconnected, PEG chains easily find a way to go out of
the PLA crystalline domains. Therefore, the crystallization
capacity of PLA and PEG at 50/50 blend was improved.*>**

Observing the separate crystallization or melting peak, Figure
2(b), for PEG domains indicated that the phase segregation of
PEG occurred.”?> Sheth et al.® and Lai et al> have reported the
solid-liquid phase separation emanated from crystallization of
PEG domains at 30 wt %. According to literature, phase separa-
tion of PEG domains may happen at lower concentration of
about 10-15% by increasing the PEG molecular weight
(MW)'22,43—45

At subsequent heating, cold crystallization temperature (T,.)
and enthalpy (AH,.) of PLA were monotonically depressed up
to 30 wt % of PEG content and finally disappeared at 50/50
and 30/70 blends. Incomplete crystallization of PLA at cooling
stage would cause cold crystallization due to rearrangement of
polymer chains at heating stage before melting. %'
Increasing the amount of PEG shifted T.. and T, to lower tem-
perature owing to facilitating of the chain ability for rearrange-
ment. This leads to easily crystallization and increasing the
crystallinity percentage (X.) of PLA. Enhancing the crystallinity
or decreasing the amount of the amorphous phase could be
inferred from broadening of the glass transition for the crystal-
lized plasticized PLA, too.* However, at 5 wt % PEG, the cold
crystallization enthalpy (AH,), 25 J/g, was very close to the
melting enthalpy (AH,, = 25.7 J/g), evidencing that the sample
was amorphous (X.pra= 0.7%). Therefore, improving the chain

Table I. Results from DSC for the PLA/PEG Blends at Scan Rate of 10 °C/min

PEG phase PLA phase

Te T AHp, Xe Tg Tee Te T AHce AH,, Xe
Sample (°C) (°C) (Jig) (%) (C) (C) (°C) (C) (Jig) (J/g) (%)
PLA = = = = 59 = = 148.6 2.6 5.2 2.8
95/5 — — — — 45 111 — 144.6,149.2 25 25.7 0.7
90/10 = = = = 38.7 Sok5 = 141,149.5 25.7 28.9 9.9
80/20 — — — — 16 82.3 — 137,150 191 27.5 11.2
70/30 22.6 55.9 19.7 g3 = 83.9 70 149.5 52 25.9 31.6
50/50 33 58.9 97.8 98 — — 80.6 151 — 25 534
30/70 38.9 61.3 127.7 92 = = 7% 150.7 = 12.8 A5 5
PEG 40.8 60.5 197.3 100 — — — 60.5 — — —

XepLa (%) = é—zﬁg%gg% %100, Xepeg (%) = Wﬂ?ﬁ x100
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Figure 3. Wide-angle X-ray diffraction (WAXD) spectrograms of pure

PLA and PLA/PEG blends. [Color figure can be viewed in the online
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motion would affect the state of the crystals perfection or crys-
tallite sizes at this content of PEG which can be discussed more
through melting peaks.

On the thermogram, the neat PLA showed the one melting
peak with a negligible enthalpy (5.2 J/g). In the PLA/PEG (95/
5) blend broaden melting transition with two shoulder appeared
at 144.6 and 149.5°C. By adding 10 wt % PEG, more
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pronounced double peak with shifting the lower peak tempera-
ture to 141°C were observed. While the other one at about
150°C, as the main peak, was not affected. For all blends, the
main melting temperature was approximately unchanged at
150°C and the shoulder peak disappeared for higher PEG con-
tent, more than 20 wt %. Multiple melting behavior of neat
PLA, PLLA and their blends with PEG at different M,, (500—
8000 g/mol) up to 30 wt % PEG have been reported,
recently,¥14274748

Generally, multiple melting indicates (i) the melting of different
crystalline structure (polymorphism) or thickness, and (ii)
melt-recrystallization or crystal phase transition process. They
result in the endotherm and exotherm in the DSC curve, corre-
spondingly. Recently, polymorphous crystallization and multiple
melting behavior of PLA depending on the crystallization tem-
perature have been investigated.””*® Accordingly, a and o (dis-
ordered a) crystalline structures form at high (7,.>120°C) and
low (T,<100°C) crystallization temperature, respectively.
Between the range of above mentioned temperatures, T, = 100—
120°C, the « and o crystals coexist. Difficulties for the chain
mobility and diffusion at lower T.s, creates the incomplete and
unstable o’ crystals. They incline to change the phase to a and
become more stable with losing the excess energy. So, at the sec-
ond heating scan, the slight exothermic peak joined to melting
of neat PLA indicates the presence of incomplete crystalline or
o structures.”” Double melting peak of 95/5, 90/10, and 80/20
blends is due to coexistence of both a and o'-forms. At 30-50
wt % PEG loaded blends, PLA crystallization might be perfect.*’
Consequently, increasing the PEG content, improves the both
crystallinity and crystal structures.

Figure 3 shows the WAXD spectrum of PLA/PEG samples. The
typical reflections of a-form crystal at 26 = 15.1°, 16.9°, 19.2°,
and 22.5° corresponding to lattice planes (010), (200)/(110),
(203), and (015), respectively, can be observed for crystalline
PLA phase.'”” These lattice planes are shifted to lower 26
degrees up to 20 wt % PEG, emanated from incomplete crystal-
lization or o phase with lower packing density. In addition, by
perfection of crystalline structure, other lattice planes of (115)
and (016) appear at higher PEG loading. The X-ray diffraction
pattern supports the DSC results about the presence of o crys-
tal phase of PLA up to 20 wt %.

Rheological and Interfacial Properties

To elucidate the plasticizing effect of PEG and phase morpholo-
gy of PLA/PEG blends, melt rheological properties were investi-
gated under the shear flow. Figure 4 represents the frequency
dependence of dynamic viscosity at various PEG concentrations
at 180°C. Neat PLA shows a non-Newtonian behavior, a New-
tonian Plateau at low oscillation frequency with the zero-shear

Table II. Zero-Shear Viscosity (1) and Relaxation Time (t,) at 180 °C for Neat PLA and PLA/PEG Blends

sample PLA 95/5 90/10 80/20 70/30 50/50 30/70
Mg (Pa's) 3485 1893.2 857.2 56.6 29.8 5.4 2.38
0 (s) 0.1 0.07 0.03 0.06 0.08 45x10°° 1.1 x10°4
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viscosities according to mixing rule. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

rate viscosity around 3500 Pa s and a slight shear thinning
behavior at high oscillation frequency (~® > 2 rad/s).

By varying the PEG content in all PLA/PEG blends, a more pro-
nounced Newtonian response with an extended Newtonian pla-
teau compared with pure PLA is observable. Increasing the PEG
concentrations causes the great viscosity reduction in the
blends."**** This could confirm the disentanglement and
increasing the segmental mobility of PLA chain due to plasticiz-
ing effect of PEG.

Using the loss (G”) and storage modulus (G') versus frequency
curves, Figure 6, at terminal frequencies zero-shear viscosity
(my) and longest relaxation time (ty) are provided by the fol-
lowing relations”":
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Table III. Calculated Interfacial Tension for PLA and PEG at 180°C

Equation v (mN/m)
Palierne 0.0434
G-M 0.0956
Geometric-mean 0.79
Mo= éijga (3)
/
e @

The obtained values are summarized in Table II. The semi-log graph
of m, versus volume fraction of PEG (®) and the calculated viscosi-
ty according to the mixing rule, given in the following form:

log m = ¢ log Mpp + (1—@)log Mpr4 (5)
are plotted at Figure 5. The slope of my—¢ up to 20% PEG
(Inm ~ —0.194¢) is different from the 30 to 100% PEG
(Inm ~ —0.058¢) confirming the plasticizer saturation point
could be reached at ¢, ~ 20-30%.° Reminiscing the separate
crystallization/melting behavior of PEG domains at the concen-
tration range more than 20% (Figure 2), this rheological obser-
vations verify the critical content of PEG obtained by DSC. On
the other hand, all PLA/PEG blends display a negative deviation
from the mixing rule. However, they are at the homogenous
state.”” Decreasing the viscosity of a polymer blend at the phase
miscible state and also, the negative divergence of the low
molecular weight ones without the chain entanglement have
been reported by Vlassopoulos et al>*> Since the molecular
weight of PEG chains are around the average molecular weight
between entanglements for polymer chains, M, ~ 6000 g/mol,
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Figure 6. (a) Storage (G) and (b) loss modulus (G”) versus frequency for PLA and PLA/PEG blends at 180 °C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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they are disentangled. Having the good thermodynamically
interaction with PLA chains, raising the PEG amount extremely
reduces the entanglement density. Therefore, increasing the free
volume between the PLA chains brings about the abrupt reduc-
tion in m, and negative deviation from the mixing rule.

Figure 6(a,b) demonstrate the corresponding storage and loss
modulus of PLA/PEG blends. As expected, the dynamic modu-
lus of PLA decreased with increasing the plasticizer loading at
all frequencies. The pronounced, three order of magnitude
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reductions of the storage modulus and in-range decrements of
loss modulus for 50/50 and 30/70 blends emphasis the more
viscose-like behavior of low molecular weight PEG ingredient.
Moreover, the values of relaxation time for these blends are
near zero (tg < 107%) according to Table II, confirming Newto-
nian behavior. A typical scaling laws of G ~ ®* and G’ ~ o at
low frequencies in the terminal region for a well-homogeneous
polymer blend are obtained up to 30% PEG. While for 50/50
and 30/70 blend, the terminal slope of both G' and G” is about
1. For these two blends the structure might be co-continuous,
phase-inverted or inhomogeneous.*’

At low frequencies, G'(®) of blends exhibited a relaxation shoul-
der which moved toward medium frequencies at 20 and 30%
PEG and became more pronounced. This behavior is attributed
to the shape relaxation of ellipsoidal deformed droplets back to
spheres.”*° It is considered as a typical linear viscoelastic perfor-
mance of a dilute polymer blends with the matrix-dispersed mor-
phology which is certified from SEM analysis of sample 70/30
after cryo-fracturing and etching the PEG droplets, Figure 7. At
Terminal zone, the modulus of a mixture is dominated by the
dynamics of interface which is depended on interfacial tension
and droplet shape deformation.”” Using some theoretical emul-
sion models like Palierne®® and Gramespacher and Meissner (G-
M),>® it is possible to calculate the interfacial tension ().
According to Palierne, when the dispersion of droplet sizes are
narrow, R, /R, < 2.3, the longest relaxation time (Ap) can be cal-
culated as follows:

o Rm,, (19k+16)[2k+3—20(k—1)]

D= ——

4y 10(k+1)—2¢(5k+2)

(6)

where 1, is the matrix viscosity, k, the zero-shear viscosity ratio
of dispersed to matrix (1;/7,,), and @, the volume fraction of
the dispersed component. Knowing the droplet radius and relaxa-
tion time of interface Ap [shown in Figure 6(a)], it’s possible to
estimate the interfacial tension through rheological parameters.

Also, according to G-M model, interface relaxation can be esti-
mated as following equation:

e (5) Py el | @

For 70/30 PLA/PEG sample with the average R, and R, about 5.6
pm and 4.69 um (R,/R,=1.2), respectively, the characteristic
relaxation time is A='/732=136 s from Figure 6(a). Applying
the m,,, = 3485 Pa.s, and m,;= 0.5 Pa s, interfacial tension was cal-
culated from egs. (6) and (7) at 180 °C, summarized at Table III.
To verify the obtained value, interfacial tension (vy,,) can be esti-
mated through the geometric-mean equation, too:

Table IV. Melt Strength (F), Drawability (V), and Melt Electrospun Fiber Diameter (dy) for PLA and PLA/PEG Blends

Sample PLA 95/5 90/10 80/20 70/30 50/50 30/70
F (cN) 475 3.45 1.22 0.21 ~0 0 0

V (mm/s) 994 988 978 537 ~0 0 0

dr (um) No jet No jet 30+3 48=+0.8 52=+1 No fiber No fiber
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Figure 9. Camera image of (a) 90/10 and (b) 70/30 fiber mats, and not spinnable (c) 50/50 sample after melt electrospinning. Scale bar =1 cm. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where y¢ and ! are denoted the dispersive and polar compo-
nents of surface tension vy; of ingredients. This equation is suit-
able for systems with higher surface energy more than 20 mN/
m.®® Using the literature values of surface energy for PLA
(y=140.7 mN/m, y¥ =32.5, and vy = 8.2 at 25°C°") and PEG
(y=142.8 mN/m, v¢ =12.2, and v* =30.6 at 20°C*') and the
common temperature coefficient of dy/dT = —0.07 mN/m/K,
interfacial tension was found to be 0.79 mN/m. This value, as
the static interfacial tension of PEG with PLA (v%,), is an order
of magnitude higher than the ones estimated through the struc-
tural parameters using a dynamic techniques like rheology.
Since PLA melt is a viscoelastic fluid and PEG melt is viscose,
the second normal stress of PLA as the matrix phase (N,,,) is
enormously larger than PEG droplets (N; 4). In accordance with
Vanoene [eq. (9)] dynamic interfacial tension possess lower val-

. 62
ues than static one.

Dy
V1z:'Y(1)z+E(N2Ad_N2Am) 9)

As the obtained values of <y, at Table IIT are near zero, the
good miscibility of PLA/PEG will be confirmed.
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Figure 10. FESEM images of PLA/PEG based melt electrospun fibers (a) 90/10, (b) 80/20, and (c) 70/30. Scale bar = 50 pm.

Spinnability through Rheotens and Melt Electrospinnig
It is clear that the polymers melt with low molecular weight,
low branched chains and addition of plasticizers will have lower

d 71T T——T—— T
»
2l .
90/10
_Eﬁ 4 i
2
80/20
(= 3
i 70/30
o]
. .
4 —
20 40 60 80 100 120 140 160 180

Temperature ('C)
Figure 11. DSC thermograms recorded during first heating at the rate of
10°C/min for electrospun PLA/PEG fibers at 90/10, 80/20, and 70/30
composition ratio. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table V. Results from DSC for Electrospun PLA/PEG Fibers
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Sample PEG phase PLA phase

Tm (°C) AH, (Jlg) Xe (%) Ty (°C) Tee (°C) Tm (°C) AHcc (J/g) AH, (Ulg) Xe (%)
90/10 61 0.4 2 42.3 91.8 138.8,149.5 16.6 235 8.2
80/20 62.8 22.7 57.4 — 82.3 139,149 11.7 231 152
70/30 62.4 32 53.9 = 86.9 136, 149.5 10.5 23.9 20.5

melt elasticity.®® Figure 8 exhibits the measured tensile force as
a function of drawdown speed for PLA and PLA/PEG melts
gained from Rheotens experiments. The dilution effect of PEG
results in easily slippage of the PLA chains and considerable
reduction of the melt strength. Meanwhile, the low viscose sam-
ples 70/30, 50/50, and 30/70 were sagging on their own weight,
the melt strength is near the detection limit of the instrument
(~0) or not extensible, [Table IV]. Rheotens measurements
reassure again the disentanglement of PLA chains in the pres-
ence of PEG and diminishing the elastic responses of the melt
in polymer blends with concentration more than critical com-
position ¢, (20-30 wt %).

In the melt electrospinning procedure, no jet formed from the
neat PLA and 95/5 melts due to high viscosity and melt
strength. They were not spinnable at 180°C. While, the non-
woven fiber mats of 10-30% PEG loading blends were achieved
successfully, Figure 9(a,b). The average fiber diameters (dy) are
tabulated in Table IV and the morphology depicted in Figure
10. At 50 and 70% PEG, a melt drop emerging out of the noz-
zle grew larger instead of the jet formation. Having no elasticity
and high crystallization rate, the drop solidified very fast and
fell downward without stretching, Figure 9(c). In the solution
elecrospinning, lacking the elasticity gives rise to electrospraying
or bead-on-string fiber morphology due to Rayleigh instability
of dilute solutions.®*®> Here for a polymer melt as a concentrat-
ed solution, sagging and no fiber mat formation arise when the
elasticity is lost.

According to Figure 10, the obvious reduction of fiber diame-
ter is achieved by increasing the PEG concentration from 10
to 30 wt %. As Rheotens melt strength of sample 70/30 was
near zero, the best melt electrospinnability is found for 80/20
PLA/PEG sample with the smaller fiber diameter. As a conse-
quence, easily spinnable PLA fibers could be prepared by
incorporation of PEG as a viscosity reducing and melt electro-
spinnabity increasing agent. The fabricated PLA/PEG nonwo-
ven mats have a potential application in the tissue engineering
directly.

Thermal Properties of Melt-Electrospun Fibers

The thermal properties of electrospun PLA/PEG blend fibers
during the first heating scan are shown in Figure 11 and Table
V. All the fibers present cold-crystallization and double-melting
behavior owing to rapid solidification and incomplete crystalli-
zation during the elctrospinning process. Fiber 90/10 shows T,
at 42.3°C, about 3.6 °C higher than the T, of bulk 90/10 sample
(Table 1), confirms the confinement of the amorphous phase
because of drawing.®® Comparing with the bulk samples, main
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melting temperature of fibers again is fixed at about 150°C.
While the critical composition of PEG for solid-liquid phase
separation was at ¢.= 30 wt % at the bulk state (Figure 2), sep-
arate melting endotherm for PEG phase is observable at 61—
62°C in all fibers. Also, crystallinity degree of PEG phase
(X.pEg) is increased by melt electrospinning but of PLA
(X, pra) is decreased. Higher capacity of PEG chains for crystal-
lization under the intense shear can be deduced. In other words,
the tendency toward the solid-liquid phase separation of PEG
in the PLA/PEG systems is raised by the melt electrospinning
process.”’

CONCLUSIONS

In the present work, effect of PEG concentration on the visco-
elasticity and spinnability of PLA/PEG system spun by a
custom-built melt electrospinning setup, have been comprehen-
sively studied. Obviously, incorporation of PEG would results in
enhancing the chain segmental mobility, decreasing the viscosi-
ty, and reducing the entanglement density. Easily slippage of
PLA chains demonstrated the considerable influence on the
melt strength from the Rheotens. Blending with PEG presented
more perfect crystalline structure for PLA. Calculated interfacial
interaction using the rheological parameters and theoretical
approaches, confirmed the miscibility of PLA/PEG blend system
at the melt electrospinning temperature. The critical concentra-
tion of PEG phase segregation at the solid state and viscoelastic-
ity dilution were obtained to be 20 < ¢, < 30 wt %. Easily melt
spun PLA/PEG microfibers in the ranges of 10-30 wt % PEG
with the minimum diameter of 4.8 = 0.8 um was obtained. The
melt electrospinnability was not possible for neat PLA due to
high viscosity, as well for the blend compositions more than ¢,
due to lacking the elastic responses of the melt. Melt electro-
spun fibers presented lower crystallinity and segregation of PEG
domains.
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