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ABSTRACT: As two typical aliphatic polyesters, biodegradable poly(&-caprolactone) (PCL) and polylactide (PLA) show quite
different mechanical properties. Compounding them together is therefore an interesting topic on the fabrication of biomaterials
with tailorable properties. The composite technology was used in this work to prepare a new PCL/PLA system, the green PCL
composites reinforced with the electrospun PLA fibers. The minor PCL was then introduced into the PLA fibers to improve the
reinforcing effect further. The results reveal that PLA can act as good reinforcement to PCL in the way of continuous fibers
because the PCL composites reinforced with the PLA fiber mats show far higher strength and modulus than those of neat PCL
and the PCL/PLA blend samples prepared by melt mixing. In comparison with the neat PLA fibers, the PLA/PCL blend fibers
have a better reinforcing effect to PCL. The presence of a minor PCL component in the electrospun blend fibers improves the
affinity between the fibers and PCL matrix by reducing fiber—matrix interfacial tension and enhances interfacial adhesion via
mutual fusion between the fiber surface PCL phase and matrix PCL during hot compression. Both the mechanical properties and
the viscoelastic responses of the composites are highly dependent on the fiber contents and PLA/PCL ratios of the blend fibers.
The presence of superfluous fiber-contained PCL has no more contribution to affinity improvement and could even decrease the
reinforcing effect because of degraded fiber strength. Thus, the PLA/PCL weight ratio of the blend fibers is vital to the final
properties of the fiber-reinforced PCL green composites.
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Bl INTRODUCTION The glassy PLA presents better tensile strength and a higher
In the past several decades, environmental concerns and a degradation rate, while the rubbery PCL presents better
shortage of petroleum resources have driven efforts to develop toughness and a much slower degradation rate. Therefore,
new bulk production of bio-originated and biodegradable blending them together is an efficient strategy to tailor the
polymers." More and more biopolymers with environmentally properties and lifetime according to different environmental or
friendly characteristics, such as aliphatic polyesters, unsaturated physiological requirements.”™ '

polyesters, polysaccharides, and modified polyolefins, have been However, the two biodegradable polymers, PLA and PCL,
developed to replace the traditional synthetic polymers.” To are immiscible thermodynamically, and the phase separation
further extend the applications of those biopolymers, a and poor interfacial adhesion highly restrict property
convenient blending technology is commonly employed.> For

instance, two typical biodegradable aliphatic polyesters, Received: January 17, 2014

polylactide (PLA) and poly(e-caprolactone) (PCL), show Revised:  July 8, 2014

quite different mechanical properties and biodegradability.* Published: August 11, 2014
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combinations of their blends. A common way of improving the
phase morphology and final properties of the PLA/PCL blend
system is to use the well-defined di-block or tri-block
copolymers as the compatibilizer to emulsify phase interface
and reduce interfacial tension.'*”'” The anisotropic nano-
particles such as carbon nanotubes (CNTs) can also be used as
the third component to refine phase size of the PLA/PCL
blends through controlling the interfacial location of CNTs
because the selective localization of CNTs not only prevents
coalescence of the discrete domains but also enhances the
interfacial adhesion.'®™° In this case, the CNTs act as the
reinforcements and compatibilizer simultaneously, improving
the final morphology and properties of the PLA/PCL blends.

Regardless of whichever approach mentioned above is used,
the discrete phase in the blends commonly presents
discontinuous domain morphology. That means that the
phase interface area is limited. It is well known that the fiber
reinforcement is a very efficient strategy to improve the
mechanical properties of polymers because the larger interfacial
area between fibers and matrix polymers, which is caused by the
special aspect ratio structure of continuous fibers, favors
strengthening the overall interfacial interactions.”’ Reducing
fiber size from micron scale to nanoscale can further enhance
interfacial adhesion because the special surface area of the fibers
increases in this case by several orders of magnitude.”*
Electrospinning is a handy approach to produce fibers with
diameters ranging from nanoscale to submicron scale,® which
are typically one or two orders of magnitude lower than those
of the fibers fabricated by routine solution spinning. Thus, it
provides a new way to manufacture the reinforced polymer
composites with polymer fibers instead of using traditional
inorganic fibers such as glass fibers and carbon fibers.”*
Actually, this kind of polymeric composite reinforced with
electrospun gpolymer fibers has already attracted some
attention.”>~>* The concept was first proposed by Kim and
Reneker.”® They prepared the electrospun fiber-reinforced
epoxy resin composites by impregnation of the electrospun
fiber mats with a matrix polymer through compression molding.
The as-obtained composites present far higher Young’s
modulus than that of the neat epoxy resin, even at the very
lower electrospun fiber contents. A similar reinforcing effect of
the electrospun n;flon fibers were also observed on some other
polymer systems.**>°

This new composite technology can also be applied on the
PLA/PCL system because the two components, PLA and PCL,
are asymmetric thermodynamically. PLA shows far higher glass
transition temperature and melting point than PCL, which
means that the PLA component could maintain its continuous
fiber morphology over the processing temperature of PCL, if
utilizing the electrospun PLA fibers as reinforcement to the
PCL matrix. This is a new path to fabricate PLA/PCL material
with high performance without addition of any third
component, especially the nondegradable inorganic nano-
particles. In general, the system containing the biopolymer
matrix and reinforcements or filler coming from natural or
renewable or bio-originated mass is commonly referred to as
“green”.39_42 Thus, the PLA fiber-reinforced PCL is a typical
green composite. Furthermore, introducing a small amount of
PCL into the electrospun PLA fibers is possible to improve
affinity between the PCL matrix and PLA fibers. It was found in
our previous work® that the phase separation between PCL
and PLA existed from the inside to the surface of the
electrospun PLA/PCL blend fibers. The discrete PCL phase
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showed an elongated morphology along with a fiber axis with a
very fine diameter instead of the droplet structure. This
suggests that as the fiber reinforcement, the PLA/PCL blend
fiber may be better than the neat PLA fiber because the
presence of the minor PCL phase in the blend fibers can reduce
the interfacial energy between fibers and PCL matrix. On the
other hand, mutual fusion between the fiber surface PCL and
matrix PCL may further improve interfacial adhesion between
fiber layers and PCL layers during hot compression if the
compression temperature is higher than the melting point of
PCL but lower than that of PLA. Therefore, the electrospun
PLA and PLA/PCL blend fiber mats were used as the
reinforcements in this work to prepare PCL composites. Then,
the effects of the fiber PLA/PCL ratio and PLA mass contents
on the mechanical properties and morphology of the
composites were studied in detail, aiming at exploring a new
way to combine complementary properties of PLA and PCL
and finally obtain green PLA/PCL materials with a tailorable
property. It is well known that PCL can be used for series
applications, such as disposable food service items, food
packaging, health care products, and agricultural films.**
Using electrospun PLA or PLA/PCL blend fiber mats as the
reinforcements, on the one hand, can control the degradation
rate of the PCL-based end-products because PLA shows a far
higher rate of degradation than PCL, and on the other hand,
they can improve the mechanical strength of those end-
products to better meet the requirements of food packaging
and medical devices.

B EXPERIMENTAL SECTION

Materials and Prepration. PLA (2002D) is a commercial product
of Nature Works Co., Ltd. (U.S.A.). It has a D content of 4.25 wt %, a
residual monomer content of 0.3 wt %, and a density of 1.24 g cm™,
with a melt index (MI) of 8 g/10 min (190 °C/2.16 kg, ASTM
D1238). Its number-average molecular weight (M,) is about 100,000.
PCL (CAPA6500) used in this work is also a commercial product
purchased from Solvay Co., Ltd. (Belgium). It has a —OH value of
lower than 2 mg KOH g_l, with a MI of 7 g/10 min (160 °C/2.16 kg,
ASTM DI1238) and a M, of 60,000. The differential scanning
calorimetry (DSC) thermograms of these two polymers are shown in
Figure S1 of the Supporting Information. The two solvents of
chloroform (CF) and dimethylformamide (DMF) are all AR and
purchased from Sinopharm Chemical Reagent. The polymers were
dried before use, and all materials were used without further
purification.

First, PCL sheet samples (10 cm X 10 cm) with a thickness of about
0.2 mm were prepared by compression molding at 100 °C and 15
MPa. Second, the sheet samples were placed on a grounded metal
target of an electrospinning system to be coated with electrospun PLA
or PLA/PCL blend fibers and then vacuum-dried at 30 °C for 48 h to
remove residual solvents. The morphology of the neat and coated PCL
sheets are shown in Figure S2 of the Supporting Information. Finally,
those sheets were alternatively superposed (15—20 layers), followed by
compression molding (120 °C and 15 MPa) to make the electrospun
fiber mats impregnated with matrix PCL, as schematically illustrated in
Figure 1. As for the electrospinning of PLA/PCL blend fibers, the
detailed electrospinning procedures of blend fibers were reported in
the previous work.* First, the PLA/PCL blends with different
blending ratios were dissolved in a mixture of CF/DMF (w/w =4/1)
to form solutions with predetermined concentrations. Then, the
solution was loaded in a syringe with a metal capillary attached for
electrospinning. The parameters of electrospinning are given in Table
S1 of the Supporting Information. Hereafter, the electrospun blend
fiber mats are referred to PLAx/PCLy, where x and y are the weight
ratios of PLA and PCL components per 100 weight of fiber mats,
respectively. The obtained PCL composites are abbreviated to (PLAx/
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Figure 1. Schematic illustration of the fabrication of PCL composites
with electrospun PLA/PCL blend fiber mats.

PCLy)Cz (C means the composite, z is the weight ratio of PLA
component per 100 weight of composite, and PLAx/PCLy is the
composition (PLA/PCL w/w) of blend fibers). Here, using the PLA
weight ratio rather than the fiber mass ratio to describe the composite
compositions is more reasonable because surface PCL on the blend
fiber mats was molten and finally fused with the matrix PCL during
hot compression. In this case, the fiber mass ratio was altered and
hence unsuitable to represent the composite compositions. A blend
sample with the PCL/PLA weight ratio of 85/15 was prepared
through melt mixing for the property comparison using the Haake
Polylab Rheometer at 180 °C and 50 rpm, followed by compression
molding at 180 °C and 15 MPa.

Contact Angle Measurements. Contact angle measurements
were used here to evaluate the surface parameters of solid samples.
The surface energy of a solid or a liquid consists of two components,
the dispersive and polar components,**

AR

(1)

and the relations between contact angle and surface energy can be
described by the Owens—Wendt method*

%(1 + cos ) = 2(}/sd}/1d)1/2 + 2(}/:’7/1?)1/2 (2)

where y, and y, are the surface energy of the liquid and solid,
respectively, and 79, 78, 79, and 1% the dispersive and polar components
of the solid and liquid, respectively, while € is the contact angle. If the
contact angles of at least two liquids, usually a polar and nonpolar
liquid*” with known y{ and y? parameters, are measured on a solid
surface, the yd and y? parameters as well as the surface energy 7, of that
solid can be calculated.

Contact angle tests were performed with an OCA40 apparatus
(Dataphysics Co., Ltd.,, Germany). Static contact angles of two test
liquids (distilled water and glycerol) were measured by depositing a
drop of 3—5 L on the sample surface, and the values were estimated
as the tangent normal to the drop at the intersection between the
sessile drop and the surface. To avoid solvent evaporation, images
were taken within 30 s of drop deposition. The reported contact angle
values here are the average of five tests at different spots of the surface.
The surface parameters of the tested samples were then calculated, and
the results are listed in Table 1. Here, the literature values of surface
parameters for the test liquids (20 °C) were used.** The values of
interfacial energy between two solids can then be calculated according
to the harmonic-mean equation®

N Wy
ylP + },ZP

The results are also listed in Table 1.

Morphology Observation. The morphology of electrospun fiber
mats was observed by an optical microscope (LEICA BXS1, Germany)
equipped with a hot stage (Linkam LTM350, U.K.) and also explored
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Table 1. Surface Parameters of Sheet Samples and Values of
Interfacial Energy between Neat PCL and Fiber Mat
Samples

surface parameters

(mN/m)“ interfacial energy (mN/m)®
sheet sample 74 7P Ys 712
PCL 6.81 31.11 37.92 /
PLA“ 324 3721 40.45 1.88
PLA90/PCL10° 5.52 32.84 38.36 0.86
PLA80/PCL20° 4.67 3242 37.09 0.68
PLA70/PCL30° 5.12 33.64 38.76 0.65

“yd and y? are the dispersive and polar components of solid sheet
samples, respectively. byn is the interfacial energy between the PCL
sheet samples and other four sheet samples; “These four blend fiber
mat samples experienced hot compression at 100 °C and 15 MPa.

by a scanning electron microscope (SEM) (XL-30ESEM, Philips Co.,
The Netherlands) with 20 kV accelerating voltage. The number-
average diameter of blend fibers were determined according to the
following relation

_ Zi n,D;
R 4)

where #n; is the number of fibers with diameter of D; counted from
SEM images. The total number of fibers is about 100 in the analysis.
The fractured surface of the tensile samples and the brittle-fractured
samples was observed by a S-4800 field-emission scanning electron
microscope (FE-SEM) (Hitachi Co., Japan) with 15 kV accelerating
voltage.

Mechanical Property Tests. The tensile properties of the
composites were determined according to ASTM D638 using a
universal testing machine (Instron Co., Ltd., U.S.A.) at a crosshead
speed of 100 mm/min at room temperature. Property values reported
here represent an average of the results for tests run on six specimens.

Rheological Measurements. Rheological tests were carried out
on a rotational rheometer (HAAKE RS600, Thermo Electron, U.S.A.)
equipped with a parallel plate geometry using 20 mm diameter plates.
The sheet samples were molten for 3 min in the fixture to eliminate
residual thermal histories and then experienced a dynamic frequency
sweep under a small amplitude oscillatory shear (SAOS) flow at 100
°C, during which the modulus and viscosity responses were recorded.
The strain level (1%) was predetermined by the dynamic strain sweep.

Bl RESULTS AND DISCUSSION

Determination of Electrspun Fiber Mats Used as
Reinforcement. The effect of electrospinning parameters on
the blend fiber morphology has been explored in detail in
previous work.*> The results reveal that the fibers with lower
PCL mass fraction show better morphology with larger average
fiber diameter than those of the fibers with higher PCL mass
fraction. A small addition of DMF as the assistant solvent favors
further improvement of fiber morphology because of the
synergistic effects by improved conductivity and altered
viscosity of the electrospun solutions. Although the as-obtained
blend fibers show a smooth surface structure, the phase
separation between PCL and PLA occurs inside the fibers
because the two components are thermodynamically immis-
cible. To be used as the fiber reinforcement, the electrospun
PLA/PCL blend fibers should maintain their continuous fiber
morphology. The low melting point PCL component in the
blend fibers, however, will be molten during hot compression
with the matrix PCL. This means that the minor PCL phase
must be discrete in the blend fibers, and only in this case, can
PLA fully contribute its higher strength and modulus to the
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composites through its continuous fiber structure. Figure 2
gives the optical images of the electrospun fibers with various

Figure 2. Optical images of electrospun PLA/PCL fibers at 120 °C
(left) and 160 °C (right) with a scale bar of S0 ym.

PLA/PCL ratios at 120 and 160 °C (melting points of PLA and
PCL are about 165 and 60 °C, respectively.). It is shown that
the PLASO/PCL50 and PLA60/PCL40 fibers show a trans-
parent appearance at 120 °C, and as the temperature achieves
up to 160 °C, the fibers are coalesced with each other or even
become discrete domains. This means that those two kinds of
blend fibers cannot be used as the reinforcement because their
continuous phase is PCL rather than PLA. As for the other
three blend fiber mats, they are clearly in the solid state with an
opaque appearance at 120 °C and can keep their continuous
fiber morphology well at 160 °C, indicating that they may be
suitable to be applied as the fiber reinforcement to PCL
because PLA is the continuous phase in the fibers.

2105

To explore the reinforcing effect of the blend fibers with
various PLA/PCL ratios, it is necessary to avoid any possible
interference caused by other aspects, such as fiber diameter. It is
well known that the specific surface area of the electrospun
fiber mats depends on the fiber diameter strongly.*® Reducing
the fiber diameter can increase the specific surface area of the
fiber mats evidently because the electrospun fiber is of
submicron scale or even nanoscale. As mentioned in the
Introduction, the interfacial adhesion, which is closely related to
the specific surface area of fibers,** is very important to a fiber-
reinforced composite system. For better evaluation on the
inter-relations between the reinforcing effect and PLA/PCL
ratios of the blend fiber mats, therefore, it is necessary to reduce
the diameter difference among those blend fiber mats to
eliminate the influence of the fiber diameter on the interfacial
adhesion as much as possible. At constant electrospinning
conditions, the final morphology and size of the electrospun
fibers are highly dependent on the electrospinning solution
characteristics, such as solution viscosity, polarity, and solubility
of solvent.>"** For the PLA/PCL blend fibers, the fiber
diameter increases with an increase in solution concentrations
at the constant blending ratio, while it decreases with increasing
PCL content at the constant solution concentration because the
presence of the PCL component reduces the solution
viscosity.* Therefore, the fiber mats with different PLA/PCL
ratios used in this work were obtained from the solutions with
different concentrations (Table S2, Supporting Information).
All blend fibers show very close values (~650 nm) of the
average diameter.

Mechanical Properties of PCL Composites Reinforced
by PLA/PCL Blend Fibers with Various PLA/PCL Weight
Ratios. Figure 3 gives stress—strain curves of neat PCL, the

30

N
o
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tensile stress (MPa)

Figure 3. Tensile stress—strain curves of (a) neat PCL, (b) (PLA90/
PCL10)C15, (c) (PLA80/PCL20)C15, (d) (PLA70/PCL30)C15, and
(e) (PLA)CI1S composite samples.

PLA/PCL blend prepared by melt blending, and the fiber-
reinforced composite samples during tensile measurement. The
obtained values of mechanical properties are listed in Table 2.
Compared with neat PCL, the strength and modulus of the
melt-mixed PLA/PCL blend sample decrease, indicating that
simple blending is not an efficient way of combining the
properties of PCL and PLA. This is attributed to macrophase
separation with lar‘ge domain size and as-resulted poor
interfacial adhesion.”'”'*However, the composite with the
neat PLA fiber mats has far higher values of strength and
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Table 2. Tensile Properties of Neat PCL, PCL/PLA blend,
and Composite Samples Containing Blend Fibers with
Various PLA/PCL Ratios

tensile

Young’s strength elongation at
sample modulus %MPa) (MPa) break (%)

neat PCL 597.1 + 263 209 £ 1.1 2254 + 50.0
PCL/PLA blend” 442.0 + 29.1 20.6 + 1.4 18.6 + 3.6
PCL/PLA blend® 875.5 + 289 223 £ 0.5 31.8 + 5.6
(PLA)C15 6927 + 193 23.1 + 04 20.1 + 1.0
(PLA70/PCL30)C15 8489 + 309 231+ 08 252 + 22
(PLA80/PCL20)C15 964.0 + 48.2 215 £ 1.7 237+ 1.9
(PLA90/PCL10)C15 1144.5 + 31.3 26.6 + 1.5 9.5 + 1.7
(PLA90/PCLI10)CI0 10364 + 427 250 + 02 50+ 11
(PLA90/PCL10)CS 6182 + 730 251+ 07 193 + 3.1

“This sample was prepared by melt mixing with the PCL/PLA weight
ratio of 85/15. "This sample was prepared by melt mixing with the
PLA/PCL weight ratio of 70/30 using PLA-b-PCL di-block
copolymers (M, = 60 X 10> Dalton, compositionpcr,pra = 74:26,
M,,/M, = 1.75, 2 phr) as the compatibilizer. The mechanical property
values here are reported in ref 17.

modulus than those of neat PCL, indicating that PLA can act as
good reinforcement in the way of continuous fibers or fiber
mats. It is notable that the strength of the composite with neat
PLA fiber mats is even higher than the melt-mixed PLA/PCL
blend using di-block PLA-b-PCL copolymers as the compatibil-
izer (detailed information on molecular characteristics of the
used copolymers and on the mechanical testing results can be
found in ref 17). This confirms that using electrospun fibers as
the reinforcements may be a promising way of fabricating PLA/
PCL biomaterials with high properties.

It is as expected that the blend fiber mats have a better
reinforcing effect than the neat PLA fiber mats. In comparison
with those of the (PLA)C1S sample, the modulus and strength
values of the (PLA90/PCL10)C1S sample increase by about
65% and 15%, respectively. Although the modulus of the
(PLA90/PCL10)Cs samples decreases with increasing content
of the low-modulus PCL component in the blend fiber mats, it
is higher than that of the (PLA)C1S sample. This suggests that
the presence of the PCL phase in the electrospun blend fiber
mats could improve interfacial adhesion between the matrix
PCL and fiber layers, which is confirmed by the SEM
observation. Figure 4 shows the SEM images of the brittle-
fractured surface of the composite samples reinforced by neat
PLA and blend fiber mats. The layer-by-layer structure of the

sample is shown in the inset graph. It is clear that the blend
fibers are well embedded by the matrix PCL after hot
compression, while the neat PLA fibers not fully wetted,
showing a poor situation of interfacial adhesion. The presence
of incompact interfacial layers or cavities has a negative
contribution to the bulk modulus because of their far lower
densities.>>>* As a result, the role of fiber reinforcement is not
fully played by the neat PLA fibers and is not up to the level by
the blend fibers containing 30 wt % rubbery PCL, although the
modulus of PLA fibers is far higher than the blend fibers. This
elucidates the importance of affinity between the fiber mats and
polymer matrix.

To further explore how the fiber-contained PCL improves
affinity of the fiber mats to the matrix, the contact angle was
measured for the surface property evaluation, as shown in
Figure S. Neat PLA and the blend fiber mats have the water and

@) ®)

I 1143°

@) 136.6° ®") 126.0°

Figure 5. Contact angle images of (aa”) PLA fiber mats and (b)b”)
PLA70/PCL30 fiber mats measured at room temperature (Top:
deionized water mats. Middle and bottom: glycerol mats). Samples
shown in (a”) and (b”) were annealed at 100 °C for 10 min and then
cooled to room temperature.

glycerol contact angles both far larger than 90°, showing typical
hydrophobic and oleophobic surface characteristics. This
interesting phenomenon has been widely observed on the

EY

84800 15.0kV 12.5mm x5.00k SE(M)

Figure 4. SEM images of brittle-fractured surface of (a) (PLA90/PCL10)C15 and (b) (PLA)C1S composite samples with a scale bar of 10 ym. The

scale bar of inset graph is 500 ym.

2106

dx.doi.org/10.1021/5c500344n | ACS Sustainable Chem. Eng. 2014, 2, 2102—-2110



ACS Sustainable Chemistry & Engineering

Research Article

64.7° 64.6"

@

(b)

(©

@) 70.7° ()

@ 66.8° | (&) 64.8°

68.0° | (@ 703° | () 67.7°

Figure 6. Contact angle images of (aa’) PCL, (b)b") PLA, (c,c’) PLA70/PCL30, (d,d’) PLA80/PCL20, and (e,e’) PLA90/PCL10 sheet samples
(prepared by compression at 120 °C and 15 MPa using electrospun fiber mats except PCL sample) measured at room temperature (Top: deionized

water, Bottom: glycerol).

electrospun membrane/array systems.”> ™" As is well known,
the disordered packing of the nanofibers during electrospinning
results in the formation of a rough surface and porous structure
of the fiber mats. Accordingly, air is readily trapped in the
surface pores or fiber gaps. In this case, the droplets stayed on
the composite surface of the trapped air and solid, rather than
in continuous contact with the solid surface.’®> The sharply
increased contact area can increase the contact angle,éo’él and
as a result, the electrospun fiber mats commonly present a self-
cleaning effect, similar to a lotus leaf>*™® Such kinds of
hydrophobic or oleophobic surface characteristics, however, are
highly dependent on the porous structure of the electrospun
fiber mats. It is observed that the contact angle of the blend
fiber mats decreases remarkably after being annealed at 100 °C
(Figure S (b”)). This is because the molten surface PCL of the
fibers spreads into the fiber gaps or pores and excludes the
trapped air to some extent, reducing the surface area of the fiber
mats finally. As for the neat PLA fiber mats, the annealing
history nearly does not change their surface properties (Figure
5 (")) because the melting point of PLA is far higher than the
annealing temperature.

However, the fiber-reinforced PCL composites were
prepared by hot compression. That means that the surface
PCL phase of the blend fibers is molten, and the porous
structure of the mats may be highly squeezed under high
temperature and pressure. Therefore, the hydrophobic or
oleophobic surface parameters of the blend fiber mats obtained
under room temperature and normal atmosphere are unsuitable
to be used for evaluation of the interfacial property between
PCL and fiber mats. Figure 6 shows the contact angle images of
the samples that experienced hot compression (except the PCL
bulk sheet). The obtained surface parameters and calculated
values of interfacial energy are listed in Table 1. It is clear that
the interfacial energy between the blend fiber mats and PCL is
reduced by 1 order of magnitude relative to the neat PLA mats.
This confirms that the affinity of the fiber mats to the matrix is
improved effectively through introducing a matrix polymer
phase into the electrospun fiber mats. It is notable that the hot-
compressed blend fiber mat samples have interfacial energy
values on the same order. This indicates that the presence of a
small amount of PCL is enough to improve the affinity between
the fiber mats and matrix PCL. In other words, an excessive
PCL component in the blend fibers not only has no evident
contribution to the affinity improvement between the mat layer
and PCL layer but also reduces the fiber modulus and degrades
the reinforcing effect. This is confirmed by the mechanical
property tests shown in Figure 3.
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The presence of PCL phase in the fiber mats can enhance
interfacial adhesion through other approaches. It had been
reported in our previous work* that the discrete PCL domain
in the fibers showed an elongated morphology along the fiber
axis during electrospinning. Thus, the rugged ravine-like
structure forms on the fiber surface after the surface—PCL
phase of the fibers is molten following hot compression,
increasing the surface roughness as a result. On the other hand,
those subsequently exposed PCL domains inside the blend
fibers can be fused with the matrix PCL, further strengthening
interfacial adhesion. Therefore, the sample reinforced with the
blend fiber mats keeps its specimen morphology well after
tensile tests, while the one with the neat PLA fiber mats is
delaminated, as shown in Figure 7. This confirms the poor

Figure 7. Optical images of side profile of (a) (PLA90/PCL10)C1S
and (b) (PLA)CLS samples after tensile tests.

interfacial adhesion between the matrix layers and PLA fiber
layers because the load transfer between the two layers is
uneven, leading to interfacial delamination.

Effect of Fiber Contents on Mechanical and Rheo-
logical Properties of Reinforced Composites. The results
above reveal that the blend fiber mats have a better reinforcing
effect for the PCL than the neat PLA fiber mats. However, the
presence of superfluous fiber-contained PCL degrades the
reinforcing effect of the blend fiber mats. The PLA/PCL ratio
of 90/10 is the best option for the blend fibers. The tensile
curves of the composites with various PLA90/PCL10 fiber
contents are shown in Figure 8, and the parameter values are
listed in Table 2. Clearly, all composite samples show higher
values of strength and modulus than those of the (PLA)C1S
sample, even for the (PLA90/PCL10)CS sample containing far
lower fiber content. As discussed in the Experimental Section,
the PLA mass ratio in the composite is used here to represent
fiber content. With an increasing PLA mass ratio, the values of
the modulus increase sharply, accompanied by little change of
strength in the current ratio range. It is hard to further increase
the mass ratio of PLA because the PCL mass also increases with
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Figure 8. Tensile stress—strain curves of (a) neat PCL sample, (b)
(PLA90/PCL10)CS, (c) (PLA90/PCL10)C10, (d) (PLA90/PCL10)-
C15, and (e) (PLA)C1S composites.

increasing blend fiber content. The SEM images of the broken
surface of the tensiled samples are shown in Figure 9. Clearly,
the break and pull-out of fibers are the main approaches of the
dissipation of energy. However, only a few fibers are broken
(arrows) or pulled out (circles) perpendicular to the fractured
surface, and most of fibers are still well embedded by the matrix
PCL, perpendicular to the elongation direction. This means
that many fibers are not put into full play during load transfer.*®
But this also indicates that there is space to further improve
reinforcement by the electrospun fibers.

The presence of fiber mats also has a visible influence on the
viscoelastic behavior of PCL. Figure 10 presents the dynamic
modulus of the neat PCL sample and its composites with
various PLA90/PCL10 fiber contents. At the experimental
temperature (100 °C), PLA is in its solid state with continuous
fiber morphology. Thus, the shape relaxation shoulder cannot
be observed on the modulus curves at the medium frequency
because the composite is a fiber suspensmn system rather than
a two-phase emulsion system.®*> Moreover, all composite
samples show the values of the loss modulus (G”) higher than
the storage modulus (G’), indicating that the viscoelastic
responses of the composite system are still dominated by the
viscous matrix in the presence of the fiber mats. This is
reasonable because the fiber mats and matrix PCL are
compounded layer by layer alternatively, forming a multi-
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Figure 10. Dynamic storage modulus (G’) and loss modulus (G”)
versus frequency for the neat PCL and (PLA90/PCL10)Cs samples
(100 °C).

layered structure in the composites. The fiber layers are fully
separated, rather than interpenetrated with one another, as
shown in the inset graph in Figure 4. In this case, the viscous
flow is dominant during oscillatory shear instead of elastic
deformation. However, the presence of fiber mats still has a
contribution to the elasticity of the system. It is clear that the
low-frequency storage modulus increases with increasing fiber
content. During oscillatory shear flow, the total area of the
interface and the interfacial energy are changing periodically,®
and the corresponding relaxation time is much longer than that
of the matrix polymer chain because the matrix—fiber interface
is semi-regid. 6405 The increase in total interfacial area,
therefore, leads to an evident increase in the low-frequency
storage modulus with increasing fiber content. Clearly, the
alteration of the low-frequency modulus can be used as a probe
to obtain information on the interface in a multi-phase system.
Figure 11 gives the dynamic modulus of the two samples
reinforced with the neat PLA and blend fiber mats, respectively.
It can be concluded that the (PLA90/PCL10)C1S sample has a
more total 1nterfac1al area or stronger fiber—matrix interface
interactions® than the (PLA)CIS sample because the former
shows the storage modulus with a higher value than the latter at
the low-frequency region. This again confirms that the blend
fiber mats have better affinity to the PCL than the neat PLA
fiber mats.

S4800 15.0kV 7.6mm x5.00k SE(M)

(B
10.0um

Figure 9. SEM images of broken surface of tensiled (a) (PLA90/PCL10)C10 and (b) (PLA90/PCL10)C15 samples with a scale bar of 10 ym.
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Figure 11. Dynamic storage modulus (G’) and loss modulus (G”) as
well as complex viscosity (ly*|) versus frequency for the (PLA90/
PCL10)C1S and (PLA)C1S samples (90 °C).

B CONCLUSIONS

Electrospun PLA and PLA/PCL blend fiber mats can be used
as the reinforcement to fabricate PCL-based green composites.
The composite reinforced with the neat PLA fiber mats has
lower modulus than those with the blend fiber mats. This is
because the introduced minor PCL phase in the fibers improves
the fiber—matrix affinity and enhances interfacial adhesion
between the fiber mats and matrix layers. The mechanical
properties of those composites depend strongly on the fiber
contents and PLA/PCL ratios of the blend fibers. In the
experimental content ranges, the strength increases with
increasing fiber content. However, with an increase in the
PCL ratio of the blend fibers, both the strength and modulus
decrease because the excessive fiber-contained PCL phase
degrades the strength of the blend fiber mats. Thus, the blend
fiber with the PLA/PCL ratio of 90/10 is the best option to be
used as the fiber reinforcement to prepare PCL/PLA
biomaterials with high performance in this work.
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