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Abstract

Material research and development is increasingly focusing on achieving specialized functionality in materials. For example, the ability to “self-
heal (SH)”, or naturally repair accrued damage, is attractive because it extends the lifetime of the material by increasing resistance to damaging
conditions and prolonging preservation of material properties. Additionally, shape memory (SM) materials, including SM polymers, are ac-
tively considered for their ability to change shape one or more times upon application of an external stimulus. Here, we present a polymer
composite, composed of poly(vinyl acetate) (PVAc) and poly(e-caprolactone) (PCL), exhibiting both SH and SM functionalities. In fact, the
SM assists in the SH ability in a process developed by our group termed, shape memory-assisted self-healing (SMASH). The advantage
of the SH composite presented here is its simple fabrication. Dual-electrospinning is used to simultaneously electrospin PVAc and PGL, achiev-
ing an interwoven polymeric composite of otherwise immiscible polymers. The dual-electrospinning method facilitates precise control of the
relative weight fractions of the components, and thus allows for tuning of the material properties. Upon thermal activation, damaged PVAc—
PCL composites exhibited SH under a variety of testing conditions. Furthermore, the composites exhibited impressive dual and triple SM ca-
pabilities in the dry and hydrated states, respectively. Together, the commercial availability of the components and the simplicity of preparation

translate to a SMASH system that could be mass produced and used as a SH coating or alone, as a packaging material.

Introduction

In practice, polymeric materials are susceptible to mechanical
stress and harsh environmental conditions that can lead to the
formation of microcracks and, eventually, material failure.
The induced damage is challenging to detect, which makes it
even more difficult, if not impossible, to repair.") Conse-
quently, the mechanical properties of polymeric materials can
be unduly compromised over time. Inspired by biological sys-
tems, “self-healing (SH)” is a fascinating and relatively young
field of research that can address issues such as material failure
due to the propagation of cracks, or more specifically, micro-
cracks. SH materials exhibit the ability to repair themselves
and recover functionality using the resources inherently avail-
able to them upon damage.'** There are a variety of ways to
classify SH materials. One categorization groups SH materials
based on the particular stimulus responsible for triggering the
healing mechanism, such as mechanical®! and thermal.”! SH
composites were first introduced by White et al. by incorporat-
ing a microencapsulated healing agent and a chemical catalyst
in a polymeric host."**! Upon damage, the microcapsules rup-
ture, the SH agent flows to the damaged site and polymerizes,
restoring the mechanical properties of the composite.**! An
advantage of this approach is that it does not require any exter-
nal stimulus and damage itself triggers the SH mechanism.
However, a disadvantage of this method is the limited amount

of available SH agent. Besides, the ruptured microcapsule itself
may act as a defect in the material structure, compromising the
material performance in long term. Another approach, intro-
duced by our group, utilizes shape memory (SM)!"* phenom-
enon to prepare novel SH polymers that are capable of
simultaneously closing and rebonding cracks with a simple
thermal trigger.l”'”! This strategy, termed “shape memory-
assisted self-healing (SMASH)”, was first demonstrated in a
blend system consisting of a cross-linked poly(e-caprolactone)
network (n-PCL) with interpenetrating linear poly(e-caprolactone)
(I-PCL). Such unique chemistry exhibited the SM response
from the network component and a SH capacity from the linear
component.”) A drawback of this SMASH system is its low
rubber modulus, which necessitates mechanical support for
applications that require stiff materials. In an attempt to
overcome this limitation, we report here a new polymeric
SMASH system that contains a glassy polymer that leads to
higher stiffness. Further, a simple electrospinning method
was utilized to prepare the uniformly distributed, interwoven
composites.

Electrospinning is a technique that is commonly utilized in
various fields of research to fabricate fine, multiscale fi-
bers.l'"'?) In a typical electrospinning setup, a polymer solu-
tion is charged using a high-voltage power supply. As the
polymer solution within the syringe becomes charged, a
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“Taylor” cone forms at the tip of the syringe needle due to like-
charge electrostatic repulsion. At a critical point, a charged jet
of the polymer solution forms and is propelled towards the
grounded drum.["*) Before reaching the drum, the electrostatic
force overcomes the solvent surface tension force resulting in
fiber draw and accelerated solvent evaporation. Dry polymer fi-
bers are then collected on a plate, drum, or disc. Fiber proper-
ties, such as diameter and orientation, can be controlled by
adjustment of the electrospinning parameters, such as voltage,
flow rate, or drum rotation speed.

Recently, traditional electrospinning has been modified in
many ways to improve the functionality and the versatility of
the resulting nanostructures. In tissue engineering, for example,
the functionalizing agents (biomolecules, such as growth fac-
tors or drugs), which are to be maintained in the fluid state,
are electrospun through a coaxial capillary. The outside poly-
mer solution encapsulates the fluid, yielding a two-layer,
core—sheath fiber structure."*! Further, composite fiber mats
exhibiting a combination of properties of two or more polymers
have attracted a lot of attention.['' Liu et al. reported bicompo-
nent Ti0,/SnO, nanofibers fabricated by a unique electrospin-
ning configuration in which two distinct solutions were jetted
simultaneously using a dual-spinneret assembly. The authors
postulated that the side-by-side electrospinning approach pro-
vided the maximum exposure of both components and in-
creased the surface area, leading to improved efficiency as a
photocatalyst for the treatment of organic pollutants in
water.!”!

Seeking to develop a one-step method to fabricate a SH sys-
tems, the present work introduces a simple dual-electrospinning
method to develop composites consisting of two uniformly
distributed immiscible polymers that, together, feature ther-
mally triggered SH properties. Interwoven polymer blends
with homogenous phase distribution, precise composition,
and properties tuned to our specifications were fabricated.
Specifically, composites consisting of poly(vinyl acetate)
(PVAc) and poly(e-caprolactone) (PCL) that feature both SH
and SM functionalities were fabricated. In what follows, we
discuss the preparation, morphology, and thermomechanical
characterization of the composites, thus revealing their excel-
lent potential for several industrial applications.

Experimental

Materials

N,N-dimethylformamide (DMF), chloroform, methanol,
Rhodamine B, and PCL (M,, ~ 70,000-90,000 g/mol, reported
by supplier) were purchased from Sigma Aldrich. PVAc (Myw =
260,000 g/mol, reported by supplier) was purchased from
Scientific Polymer Products. All chemicals were used as re-
ceived. For electrospinning, 2 g of PVAc were dissolved in a
solution containing 7.0 mL methanol and 3.0 mL DMF to ob-
tain a 20wt% polymer solution. About 100 mg of
Rhodamine B (fluorescent dye) was mixed with the PVAc
solution, turning the solution from clear and colorless to bright
red. A PCL solution was prepared from 2.0 g PCL, 8.0 mL
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chloroform, and 2.0 mL DMF to obtain a 20 wt% polymer sol-
ution. Both solutions were stirred at room temperature (RT)
with a magnetic stir bar at ~500 RPM overnight until a homog-
enous solution was achieved.

Dual-electrospinning setup

For this study, an electrospinning setup featuring two polymer
solution delivery systems was designed.!'® The polymer
solutions were contained in syringes located on opposite
sides of the drum, as illustrated in Scheme S1. Having our tar-
get application in mind, we selected PVAc and PCL as the SM
polymer and SH agent, respectively, for dual-electrospinning.
Electrospinning parameters for each polymer solution were
set independently:

PVAc: 13.0 kV applied voltage and 8 cm tip of the needle to
collector distance.

PCL: 12.0 kV applied voltage and 10 cm tip of the needle to
collector distance.

The samples are named “PVAcx:PCLy” where x and y stand for
the nominal weight fraction of PVAc and PCL, respectively.
The nominal weight fractions of the polymers in the composites
were calculated based on the relative flow rates used for PVAc
and PCL solutions during the dual-electrospinning process.
Two composites, PVAc60:PCL40 and PVAc80:PCL20 were
fabricated and compared to neat PVAc and PCL samples as
controls.

Composite morphology and fiber distribution
Heating the fiber mat at 80 °C, which is above the characteristic
glass transition temperature (7,;) and melting transition temper-
ature (7},,) of PVAc and PCL, respectively, allows the chains to
reconfigure to a relaxed, lower energy state and melts the PCL
fibers to a film. The heating step also results in significant
shrinkage in size, which aided in filling the voids of the porous
fiber mat to form a film (see Results and discussions section).
Hereafter, the as-spun and heated samples are called fibers
and films, respectively. The morphologies of the composites
pre- and post-heating (fibers and films) were studied using a
JEOL JSM-5600 scanning electron microscope (SEM). Prior
to imaging, samples were sputter coated (Denton Vacuum-
Desk 11 sputter coater) with gold for 45 s.

Interested in investigating fiber—fiber interactions in the
dual-electrospinning process, we examined the distribution of
the two fiber jets (PVAc and PCL) within the fiber mats.
Ideally, both PCL and PVAc fibers should be randomly distrib-
uted within the fiber mat to assure SH at any region of the sam-
ple. To examine fiber distribution, the bright-field (under
visible light) and fluorescent (under ultraviolet light with a fluo-
rescent filter) images of the fibers were taken using a Leica
DMI 4000B inverted microscope with a Leica DFC 340FX
camera using a 40x%/1.3 NA objective. Note that only the
PVAc solution contained Rhodamine B (a fluorescent dye),
so only PVAc fibers appeared under the fluorescent light.['”)
Using Imagel software, histogram stretching was carefully
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applied to all micrographs to maximize image contrast. The
bright-field images were inverted so that they had a black
background, as in fluorescent images. All of these steps were
conducted carefully to prevent loss of information in the micro-
graphs. Blue and red lookup tables were then applied to the
bright-field and fluorescent images, and the images were over-
laid to examine the distribution of PVAc and PCL fibers in a
single micrograph.

Thermomechanical properties of the
composites
Thermal properties and phase behavior of the PVAc:PCL films
were studied using differential scanning calorimetry (DSC),
with the anticipation of pertinence to mechanical properties
and SH behavior studied later. DSC experiments were conduct-
ed using a Q200 (TA Instrument) equipped with a refrigerated
cooling system (RCS). Samples with masses of 3—5 mg were
encapsulated in Tzero aluminum pans and were heated
from —80 to 120 °C, cooled back to —80 °C, and finally heated
to 120 °C. All heating rates were 10 °C/min and all cooling
rates were 5 °C/min. The T, and T}, of the samples were deter-
mined as the middle point of the step transition and the melting
endothermic peak transition of the DSC second heating runs,
respectively. Further, the enthalpy of melting associated with
the PCL melt transition in the composites was measured to
gravimetrically estimate the actual weight fractions of PVAc
and PCL. To calculate the weight fraction of PCL in the com-
posite, the ratio of the enthalpy of melting of PCL (in the com-
posite) to that of neat PCL fibers was calculated.
Thermogravimetric analysis (TGA; TA Instruments Q500)
was also utilized to support the gravimetric DSC analysis and
to study the thermal stability of the composites. The TGA was
employed in a high-resolution mode to better distinguish the
decomposition events associated with PVAc and PCL. A max-
imum heating rate of 20 °C/min, a resolution number of 4, and
a sensitivity value of 1 were used for this study. All samples
were heated to 600 °C. The weight fraction of PCL in the com-
posite was estimated as the fraction of the sample that degraded
at the temperature corresponding to PCL decomposition.
Thermomechanical properties of the films were character-
ized using a Q800 Dynamic Mechanical Analyzer (TA
Instrument). Dogbone samples (ASTM D638 Type 1V,
scaled down by a factor of 4) with a typical thickness of
0.3-0.5 mm were loaded under tension and oscillatory defor-
mation with an amplitude of 10 um, a frequency of 1 Hz, and
a “force track” (ratio of static to dynamic force) of 108%. To
determine transition temperatures and rubbery plateaus of
the film, the samples were equilibrated and held isothermally
at —40 °C for 10 min, and then heated to 80 °C at 2 °C/min.

Microstructure characterization

To determine the microstructure of the PVAc:PCL composites
(fibers and films), wide-angle x-ray scattering (WAXS) was
conducted using a Rigaku S-MAX3000 (Woodlands, TX) in-
strument in transmission mode. A FujiFilm FLA7000 reader

was used to collect the scattered x-ray diffraction patterns. A
Rigaku generator (MicroMax- 002+) was employed to produce
a Cu Ko radiation with a wavelength of 1.5405 A. An acceler-
ating voltage of 45 kV and a current of 0.88 mA were applied.
The distance between sample and image plate was fixed at
122.7 mm for wide-angle x-ray scattering collection. The re-
sulting scatter angles were in the range of 0° <26 <40°. The
patterns were analyzed using the SAXSgui software without
background subtraction, benefiting from the fact that the
whole x-ray system was under high vacuum.

SH characterization

To evaluate the ability of the film to recover from various types
of mechanical damage, three different experiments were con-
ducted. First, the SH ability of a PVAc60:PCL40 film was as-
sessed qualitatively by applying a cross-shaped cut on the
surface of the sample. The damaged sample was then thermally
mended (or “self-healed”) by heating isothermally at 75 °C for
10 min. The SH behavior was further investigated following a
method developed by Yamaguchi et al..!'®! First, the top sur-
face of a rectangular sample (23 mm length, 4.2 mm width,
and 0.8 mm thickness) was notched. The crack was then
opened/propagated by pushing the two ends of the sample
against a cylindrical object (9.0 mm in diameter). This action
almost broke the sample in half, but a thin lesion on the back
side held the two halves together. The sample was then heated
to 75 °C, held isothermally for 10 min, and then cooled to RT
to observe thermal mending qualitatively. Finally, a third,
quantitative, SH experiment was conducted using the deeply
double-edge notched tensile (DDENT) geometry employed
for fracture testing of polymeric films.”"'*?” A dogbone
(ASTM D638-03 Type I, scaled down by a factor of 3) shaped
PVACc60:PCL40 (40% PCL was previously found to be the op-
timal loading level for efficient SH in another system!”)) film
with a typical thickness of 0.8—1.0 mm and a PVAc (as a con-
trol with no PCL, i.e. SH agent) film were notched using a
custom-made cutter to create two collinear, gauge-centered
edge-cracks that were 0.5 mm long on each side of the dogbone
neck. The gauge length for such specimen was 16.67 mm. To
controllably propagate the damage, the notched sample was
then stretched at a slow rate (10 um/s) to 5.0 mm (correspond-
ing to 30% strain) using a TST350 Linkam Tensile Stress
Testing Stage (Linkam Scientific Instruments, Ltd.) with a
200 N load cell. The unconstrained, damaged sample was
then heated to 75 °C and held isothermal for 10 min to initiate
thermal mending. To evaluate the crack propagation and SH pro-
cesses, micrographs of notched, stretched, and self-healed sam-
ples were taken using a Zeiss Discovery V8 stereo microscope
with a QIMAGING (QICAM FASTI1394) CCD camera. SH
was assessed by comparing the mechanical properties of virgin,
damaged, and healed samples. SH efficiency was defined as

FMax
(%) = —Healed 10, (1)
FVirgin
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where the virgin (F: \I\,/Ii;‘gm) and healed (FN_ ) peak loads were
obtained from the force versus displacement curves recorded
for the virgin and healed samples stretched in the Linkam tensile
stage. For a completely healed sample, the force versus displace-
ment curves should be identical to that of the virgin sample and

thus 100% SH efficiency.

Triple SM characterization of the hydrated
composite

One approach to develop triple SM materials is to develop com-
posites featuring two well-separated thermal transitions.*!! The
T, of PVAc decreases to ~16 °C upon equilibrium plasticiza-
tion with water, and consequently, the water-soaked PVAc:
PCL film has a 7, about 16 °C and a T, (from PCL) around
55 °C, making it an appropriate candidate for triple SM behav-
ior. To characterize this material, dual SM properties of the dry
film were first examined. A rectangular PVAc80:PCL20 film
(21.0 mm length, 4.0 mm width, and 0.4 mm thickness) was
heated to 80 °C, deformed into a spiral shape by wrapping
around a glass rod with a diameter of 5 mm, held isothermal
for 5 min, and quenched by placing in a freezer at —17 °C
for 10 min. For recovery, the sample was heated isothermally
in an oven at 80 °C. To qualitatively assess the triple SM behav-
ior of the film, a rectangular piece of PVAc80:PCL20 film was
immersed in water overnight to assure complete hydration.
Then, the sample was curled to a “C” shape (temporary
shape 1) in an 80 °C water bath and fixed immediately by
quenching in an ice/water bath. For the second temporary
shape, the sample was rolled on itself to a compact form in a
water bath at RT and quenched in an ice/water bath. For re-
covery, the sample was sequentially immersed in water at RT
for 10 min and then heated to 80 °C. It is noted that triple
SM properties are not exhibited in the dry composite, since
the transition temperatures of the PVAc and PCL are found
in a narrow temperature window.

Mechanical properties of hydrated versus dry
films

The mechanical properties of PVAc and PVAc80:PCL20 films,
in both the dry and wet states, were studied using the same
Linkam TST-350 tensile tester at RT. Dogbone-shaped samples
(ASTM Standard D638 Type IV, scaled down by a factor of 4)
with a typical thickness of 0.3-0.5 mm were stretched at
50 um/s at RT to failure. For the dry and hydrated samples, a
200 N (0.1 N resolution) and a 20 N load cell (0.01 N resolu-
tion) were used, respectively. Hydrated samples were immersed
in water for at least 24 h prior to the experiment, and water was
pipetted onto their surfaces during the experiment to maintain
hydration.

Results and discussions
Dual-electrospinning setup

A schematic illustration of the dual-electrospinning setup is
provided in Scheme S1. Two separate pumps, located on oppo-
site sides of the collecting drum, controlled the flow rates of
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each solution. The fibers were collected on a rotating drum
(diameter of ~5 cm), which rotated at 400 RPM and translated
in an oscillatory fashion with a rastering amplitude of ~6 cm.
An inherent advantage of this method compared with other
methods, such as solvent casting or melt mixing of two immis-
cible polymers, is that the two different polymeric fibers are
uniformly distributed and tightly interwoven with each other
throughout the fiber mat. We note that in the dual-
electrospinning method, the phase domains are <10 pm (since
the average fiber diameter is <10 um) and the polymer fibers
are entangled with each other. Therefore, we expect that the
dual-electrospinning method leads to a more uniform morphol-
ogy, improving both the mechanical and the SM properties of
the composites compared with other conventional methods
such as solvent casting. Nevertheless, detailed comparison of
dual-electrospinning method with other conventional methods
such as solvent casting or extrusion, remains subject of future
work. Besides, given that electrospinning conditions for each
of the polymer solutions in the dual-electrospinning process
were set completely independent of the other, we envision
that this method is applicable to any electrospinnable polymers
reported in literature, though at this point we do not have any
direct proof of that.['!:13!

Composite morphology and fiber distribution
PVAc polymer chains are oriented along the length of the elec-
trospun fibers and the polymer is in a high-energy state given
the high-electric voltage applied during the electrospinning
process.m'23 ] Heating the fiber mat to 80 °C, which is above
the characteristic 7, of the PVAc and T;, of PCL, allows
PVAc chains to reconfigure to a relaxed, lower-energy state
and melts the PCL fibers to yield a film. Figure 1 shows the
SEM micrographs of a PVAc60:PCL40 fiber mat before and
after heating. The former clearly shows a lack of orientation
of the fibers and this is preserved in the consolidated films.
Upon heating, the composite experiences a significant reduc-
tion in size and changes from a fiber mat to a stiff, non-porous
film consisting of PVAc fibers bound by a PCL matrix, consis-
tent with the observations in Fig. 1 (SEM images of neat PVAc
and PCL fiber mats before and after heating are provided in
Fig. S1). Cross-sectional SEM micrographs of the composites
reveal the non-porous structure of the films post-heating as
well (Fig. S2). A quantitative analysis of the heat-induced re-
duction in size is provided in Fig. S3. Results showed that
the dual-electrospun sample (PVAc60:PCL40) has an interme-
diate shrinkage % value (74%) compared with the two controls
[PCL (67%) and PVAc (78%) fiber mats].

Fluorescent microscopy was also utilized to investigate the
distribution of the two fiber jets (PVAc and PCL) within the
fiber mat. Shown in Fig. 2 are the bright-field and fluorescent
images of PVAc60:PCL40 fibers and the overlay of the two mi-
crographs. Results showed that PVAc and PCL fibers were ran-
domly distributed in the fiber mat. This is necessary for SH
purposes due to the fact that both SM polymer and SH agent
have to be present at any given location in the composite to
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Figure 1. SEM micrographs of (a) an as spun and (b) a heated PVAc60:PCL40 fiber mat. During heating, the PVAc polymers chains reconfigure to a relaxed state
and the semicrystalline PCL fibers melt and form a film resulting in significant fiber mat shrinkage. Scale bar represents 50 um for both micrographs.

repair damage (for bright-field and fluorescent micrographs of
PVAc and PCL fibers, see Fig. S4).

Thermomechanical properties

DSC experiments were conducted to study the phase transition
and composition of the different PVAc:PCL films. Second
cycle DSC traces of PVAc:PCL films with different composi-
tions are provided in Fig. 3. For all PVAc:PCL films, a step-like
T, at 45 °C and a T, at 56 °C were observed, corresponding to
PVAc and PCL phases, respectively. A comparison of the first
and second heating cycles of the as-spun composites revealed
that the thermal processing of the fibers (i.e. heating at 80 °C)
removed residual stresses imparted in the materials during dual-
electrospinning (the DSC first and second heating cycles of the
PVACc:PCL films are provided in Fig. S5). In the first heating
cycles, the traces exhibited slight endothermic peaks in the
PVAc glass transition. This peak is postulated to be due to
the increased chain alignment and packing density resulting

(a)

from the elongational forces experienced during electrospin-
ning. Further, the first heat of the PVAc80:PCL20 film indicat-
ed a higher PCL T,,,. Again, it is suspected that residual stresses
resulting in altered microstructures caused changes in the ther-
mal response. In both cases, after the initial first heat, the tran-
sition temperatures returned to the respective transition
temperature of the neat component. Namely, the temperatures
at the peak of the PCL melting transition in the composites
were within 2 °C of the T,, of the neat PCL film. Therefore,
based on the similarity in thermal behavior and a microstructur-
al analysis (discussed later), we concluded that the thermal
treatment used to transform the fibers to films reverted the
PCL domain back to its original state; the relative crystallinity
of the PCL was constant between PVAc:PCL films and neat
PCL. Hence, we estimated the actual PCL weight fraction
gravimetrically, by dividing the PCL enthalpy of melting in
the PVAc:PCL films by that of neat PCL. Again, the relative
weight fractions of PVAc and PCL fibers in the resulting dual-

Figure 2. Representative optical micrographs showing (a) bright field, (b) fluorescent and (c) overlaid [combined (a) and (b)] images of the dual-electrospun
PVAc60:PCLA40 fibers. Blue and pink colors correspond to PCL and PVAc fibers, respectively. To take the images, the fibers were electrospun on a thin glass slide
for ~10 s. Note that the PVAc solution contained ~0.5 wt. % of Rhodamine B. Scale bar represents 100 pm for all micrographs.
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Figure 3. DSC thermograms (2" heating cycle) of (i) PVAc, (i) PVAC80:
PCL20, (jii) PVAc60:PCL40 and (iv) PCL composites. The temperature was
ramped at 10 °C/min and 5 °C/min for heating and cooling, respectively.

electrospun fiber mat can be controlled very easily by altering
the initial flow rates of PVAc and PCL. Results showed that
the actual PCL weight fractions were very close to the nominal
PCL weight fractions in the films, assuring reliability and repro-
ducibility of this method (Table 1).

High-resolution TGA was employed to further support the
gravimetric DSC composition analysis. In high-resolution
TGA, the heating rate is variable, and it depends on the instan-
taneous weight loss rate. If the sample weight is stable, the heat-
ing rate is high, with a maximum at the set value (20 °C/min).
Shown in Fig. S6 are high-resolution TGA profiles of PVAc,
PCL, PVAc80:PCL20, and PVAc60:PCL40 films. Using a
20 °C/min maximum heating rate, the PVAc was stable to
about 300 °C. At this temperature, the heating rate slowed dras-
tically, allowing the decomposition event to occur before heat-
ing again at an accelerated rate. About 70% of the PVAc mass
was lost at 300 °C, and the remaining was stable until about

400 °C, at which another 26% of the mass was lost [Fig. S8
(A)]. Approximately 4% of initial mass of the PVAc remained
as char at 600 °C. Note that the end of each decomposition
event was defined as the peak of heating rate, i.e. where the
weight loss rate in the decomposition event reaches a minimum
value indicating that the decomposition event concludes
(Fig. S7). Using the same method, PCL exhibited thermal
stability up to about 350 °C. At this temperature, almost all of
the mass was lost, and at 600 °C, only 1% of the initial mass
remained [Fig. S8(B)]. To our advantage, PCL decomposition
occurred separately from the PVAc decomposition events.
Therefore, when the high-resolution TGA method was utilized
for the PVAc:PCL composites, three decomposition events
were observed, with two corresponding to PVAc decomposi-
tion and one corresponding to PCL decomposition (Fig. S6).
The PCL weight fractions were estimated as the weight frac-
tions lost during the 350 °C decomposition event given that
all of PCL decomposes in this event. The measured PCL weight
percentages for PVAc80:PCL20 and PVAc60:PCL40 were
20.4 and 36.5, respectively [Figs. S8(C) and S8(D)]. Notably,
these values correspond very well to the nominal values and
to the values obtained from the DSC analysis (Table I).

Upon hydration, the T, of PVAc plunged to ~16 °C provid-
ing a wide window between PVAc T, and PCL Ty, a requisite
factor for triple SM properties which is discussed in detail later
(for DSC of hydrated samples, see Fig. S9). The thermal prop-
erties of the films are summarized in Table 1.

Thermomechanical testing was conducted to perceive the
effect of composition on the viscoelastic properties of the
films. This set of testing is important to provide context for
the subsequent SH and SM characterizations. Tensile storage
modulus (E') profiles are reported in Fig. 4 for PVAc60:
PCL40, PVAc80:PCL20, and PVAc films. All compositions
exhibited glassy stiffness at RT with a modulus above 1 GPa.
Given that the transition temperatures of PVAc (43 °C) and
PCL (56 °C) are close to each other, all compositions showed
a single, combined transition (modulus drop) on-setting at
~40 °C where the storage modulus drops about three orders

Table I. Summary of the thermomechanical properties of PVAc:PCL composites in dry and hydrated states.

Sample Ty (°C)? T (°C) AHmpeL (/0) Actual PCL (wt%)? Actual PCL (wt%)P
PVAc 452 - - - -

PVAc-hydrated 16.5 - - - -

PVAc60:PCL40 444 56.2 17.8 38.2 36.5
PVAc80:PCL20 43.0 55.1 10.1 215 20.4
PVAc80:PCL20-hydrated 15.5 52.0 - - -

PCL - 58.8 46.6 - -

—, Does not apply.
aMeasured by DSC.
®Measured by high-resolution TGA (for TGA results, see Figs. S6-S8).
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Figure 4. Storage modulus (£) traces of (green line) PVAc60:PCL40 film,
(red line) PVAc80:PCL20 film and (black line) PVAc film.

of magnitude. The loss tangent [tan(d)] profiles for PVAc60:
PCL40 and PVAc80:PCL20 however showed double peaks, in-
dicative of both PVAc T, and PCL T,,, which was in agreement
with DSC results (see Fig. S10). Therefore, we anticipated that
a simple heating step above both transitions (i.e. 75 °C) would
simultaneously trigger both the SM response of the PVAc
phase and melting of the PCL phase, yielding the two-step
SMASH mechanism.

At 25 °C, the storage moduli of the PVAc:PCL composites
were about five times higher than the corresponding composites

with the same SH agent wt% in the first SMASH system re-
ported by our group.’” The superior mechanical properties of
the PVAc:PCL composites satisfy the requirements for applica-
tions that require stiff materials. A comparison between the
thermomechanical properties of the current composite system
(dual-electrospun PVAc:PCL interwoven films) and the first
SMASH system reported by our group™ [crosslinked PCL
(n-PCL)/linear (I-PCL) interpenetrating network] is provided
in Table S1.

Note that above its melting temperature, PCL becomes a vis-
cous liquid that flows, yielding alteration in sample geometry.
The storage modulus (£') trace of PCL as a function of temper-
ature is provided in Fig. S11, showing a sharp drop in storage
modulus as PCL goes through the melting transition and trans-
forms from a solid to a liquid. These results indicate that PCL
by itself cannot hold any applied stress and requires a second
phase (PVAc in our case) for mechanical support to keep the
integrity of the composite when heated above the PCL melting
transition. In the presence of PVAc, PVAc80:PCL20 and
PVAc60:PCL40 films showed soft rubber characteristics and
had storage modulus values of 0.8 and 0.3 MPa, respectively
at 60 °C.

Microstructure characterization

The microphase morphologies of PVAc60:PCL40, PVAc, and
PCL as-spun fiber mats and post-heating films were character-
ized using WAXS. Shown in Fig. 5 are the two-dimensional
(2D) WAXS patterns (corresponding diffractograms are
shown in Fig. S12). The PVAc scattering pattern [Fig. 5(b)]

Figure 5. Wide angle x-ray scattering (WAXS) patterns of (a) PVAc60:PCL40, (b) PVAc and (c) PCL. The top and bottom rows represent films and fiber mats,
respectively. Shown in (d) are the overlaid patterns of PVAc (b) and PCL (c), which are in good agreement with PVAc60:PCL40 (a) results. The x-ray wavelength

(%) is 1.5405 A.
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Figure 6. (a) Schematic illustration of the crack opening method. The surface of the sample was first cleaved by a fresh razor blade. The sample was then bent
on a cylindrical rod to propagate the crack. Shown in (b) and (c) are photographs of the damaged and self-healed samples, respectively. Insets present the
zoomed in stereo micrographs of the damaged and self-healed samples. All scale bars denote 1 mm.

showed two broad halos with no preferred orientation, which is
indicative of the amorphous and isotropic structure of the poly-
mer. The PCL pattern, in contrast, showed sharp Debye—
Scherrer rings corresponding to diffraction from crystalline
planes of the PCL crystallites [Fig. 5(c)]. As expected, the
PVAc60:PCL40 composite showed a combination of the afore-
mentioned structures. In the WAXS pattern for this composite
[Fig. 5(a)], a broad halo and two sharp rings were present, cor-
responding to amorphous PVAc and semi-crystalline PCL
phase, respectively. WAXS patterns of neat PVAc and PCL
were overlaid, and the compiled pattern predictably matched
that of the composite [Fig. 5(d)]. It is noted that the WAXS pat-
tern of fiber mats featured lower intensity values for the same
exposure time than those of films due to their reduced thickness
relative to their counterpart solid films.

SH characterization

For successful SH, the crack surfaces of a damaged article
should close and rebond, restoring mechanical integrity in
doing so. In the present system, the healing agent (PCL) tran-
sitions to a relatively low-viscosity liquid when heated above
its T,,, and is therefore capable of wetting the damaged area
and “gluing” the surfaces together upon recrystallization.!
Our candidate composition was PVAc60:PCL40 given that a
previous report by Rodriguez et al. on SMASH composites re-
vealed that to achieve complete healing, the weight fraction of
the healing agent needed to be at least 25 wt.%." To character-
ize the ability of the composites to recover their initial proper-
ties upon damage, we conducted the SH experiments described
in the Experimental section.

In the first experiment, the SH ability of a PVAc60:PCL40
film was assessed by scoring the samples with a cross-shaped
cut on the surface of the sample, as shown in Fig. S13(A).
Upon thermal mending, the entire scar gratifyingly disappeared
[Fig. S13(B)]. In this case, however, the sample surface had
been damaged and more experiments were needed to study if
the bulk of the sample showed similar features as we now dis-
cuss. Consistent with the mechanically isotropic nature of the
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samples, we did not observe a direction-dependence for this re-
markable behavior.

The self-repairing behavior was further investigated by in-
ducing relatively more severe damage to the sample. First,
the top surface of the sample was notched and the crack was
then opened by bending the sample onto a column until it
cleaved as illustrated in Figs. 6(a) and 6(b). The healed sam-
ple, mended isothermally at 75 °C for 10 min, is shown in
Fig. 6(c). To have complete SH, two mechanisms are required:
(1) The SM effect should unbend the sample and bring the two
cracked surfaces together; and (2) the SH agent should diffuse
to the damage site, tackify, and consequently rebond the crack
surfaces. The healability of the sample was impressive, given
that the sample not only returned to its original shape, but
also the initial crack was mended.

Lastly, SH efficiency was determined by comparing the
peak loads achieved during tensile testing of the virgin and
healed states of samples damaged with the DDENT. Each sam-
ple in its virgin, damaged, and healed states was stretched
above its yield point. Shown in Fig. 7(I) are the micrographs
of a virgin, notched, stretched, and thermally mended sample.
Upon heating to 75 °C and holding for 10 min, this sample
showed that propagated crack damage was completely mended.
By heating above the 7, of the PVAc phase, the SM mechanism
was triggered, assisting in crack closure. Meanwhile, heating
above the T, of the PCL phase allowed the crack surfaces to
rebond. Force versus displacement curves for such experiment
are shown in Fig. 7(Il), noting that tensile stress is ill-defined
for this geometry and, so, not reported. We observed that the
peak loads associated with the initial deformations were higher
than the peak loads of damaged samples (samples that were
notched and stretched prior to the test). However, thermally
mended samples showed peak loads similar to the virgin state
with a SH efficiency of 99.0%. It is notable that both virgin
and healed samples showed similar force-displacement profiles
and did not break in the monitored 5.00 mm displacement
range. In the absence of PCL (SH agent), however, the dam-
aged PVAc film did not recover its original properties after
heating. The PVAc film had a relatively lower SH efficiency
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Figure 7. (1) Optical microscope images of a PVAc60:PCL40 film showing (a) notched sample, (b) crack propagated sample and (c) thermally mended sample
(75 °C for 10 min). The sample was first notched using a custom-made cutter (a). The damage was then controllably propagated by stretching the notched
sample (b). The damaged sample was then “self-healed” by heating isothermally at 75 °C for 10 min. Scale bar denotes 1 mm for all micrographs. (Il) Force
versus displacement curves for the virgin, notched damaged and healed states of a PVAc60:PCL40 film. The healed sample shows a profile almost identical to

the virgin sample, indicating complete recovery of mechanical properties.

(89%) and failed at significantly lower displacement compared
with virgin PVAc (see Fig. S14). We attribute this observation
to the fact that even though the cracks were closed after heating
the PVAc film, the crack surfaces were not rebonded and were
not able to withstand the same stress as the virgin sample.
While the present composite system showed promising SH
abilities, further investigation is needed to reveal quantitative
differences between the current approach and our prior miscible
blend approach.!

Triple SM characterization of the hydrated film
The “plasticization” process of PVAc is a well-known process
caused by an increase in free volume in the polymer, resulting
from the presence of small molecules, such as water or other
solvents. Increased free volume allows for more molecular
movement, effectively reducing the 7, as evidenced in

Fig. S9,%*1 where the T, is seen to reduce from ~45 to
16 °C. Upon hydration, the films (whether pure PVAc or
PVACc:PCL composites) becomes elastomeric with a strain
to failure above 500% (above the limits of our instrument)
and a lower modulus, as shown in Fig. S15. Such a drastic re-
sponse to a small amount of water uptake makes PVAc an ex-
cellent candidate for water-triggered SM polymers.[**! Dual
SM of a dry composite film was first demonstrated by deform-
ing a rectangular PVAc80:PCL20 sample [Fig. S16(A)] to a
spiral shape (temporary shape) at 80 °C (20% being estab-
lished as the optimal PCL loading level for triple SM proper-
ties in other systemst?'*’2)). Upon fixing in a freezer at
—17 °C for 10 min, both PVAc and PCL phases were fixed
by vitrification and crystallization, respectively [Fig. S16
(B)]. The fixed sample immediately recovered after being
heated to 80 °C, as illustrated in Fig. S16(C). This is due to
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Figure 8. Triple shape memory demonstration of a hydrated PVAc80:PCL20 film showing (a) the permanent shape at RT, (b) temporary shape 1, a curled “C”
shape, which was deformed in an 80 °C water bath and fixed by immersing in ice/water bath, (c) temporary shape 2, a rolled shape which was deformed in a
water bath at RT and fixed by immersing in an ice/water bath, (d) recovered temporary shape 1, obtained by submerging in a water bath at RT for 10 min and (e)
recovered permanent shape obtained by heating at 80 °C in water. All scale bars represent 1 cm.

the close vicinity of the PVAc T, and PCL T,. As such, an
almost instantaneous recovery was observed by a simple heat-
ing step above them.

Triple SM materials can have two temporary shapes (A and
B) programmed into them, allowing transition from shape (A)
to shape (B) to shape (C),*"*”**] where shape (C) is the per-
manent shape. Composites featuring two well-separated transi-
tions exhibit triple SM properties.*'? Considering that the 7, g of
PVAc decreases to ~16 °C upon hydration (Fig. S9), the hy-
drated PVAc:PCL film had a T, about 16 °C and a T},, about
55°C, engendering it with triple SM characteristics, as
shown in Fig. 8 for the PVAc80:PCL20 film. There, a flat rect-
angular sample (13 mm length, 5.2 mm width, and 0.9 mm
thickness) was first curled to a “C” shape [temporary shape
1: Fig. 8(b)] in an 80 °C water bath and fixed immediately by
quenching in ice/water bath. The sample was then rolled on it-
self in a water bath at RT and quenched in an ice/water bath as
shown in Fig. 8(c). The sample recovered to its “C” shape
[Fig. 8(d)] after immersing in water at RT for 10 min, and it
quickly recovered back to its permanent-flat shape after heating
the sample at 80 °C [Fig. 8(¢e)].

Conclusions

We have reported on the dual-electrospinning of two immisci-
ble polymers that yields blended films with desirable mechan-
ical functionality. Specifically PVAc and PCL solutions were
dual-electrospun, yielding composites with good SH and SM
properties using this novel, one-step method. The process is
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versatile and any pair of polymers that are each electrospinna-
ble can be utilized to blend properties with fine-scale homoge-
neity. Given the simplicity of fabrication of composites, we
envision mass production of SH and triple-shape films for ap-
plications that could range from building envelopes to food
packaging.

Supplementary materials
For supplementary material for this article, please visit http:/
dx.doi.org/10.1557/mrc.2015.39
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