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ABSTRACT: Electrospun web (ESW) was manufactured
and its performance was evaluated to investigate its applic-
ability as an intelligent clothing material using shape mem-
ory polymers. Mixtures of various compositions were
applied to make the shape memory polyurethane (SMPU)
films and the polyurethane with the best shape memory
performance was then selected to make the ESWs. The
structural and thermal properties, as well as the shape
memory behavior were evaluated. The air permeability, the
water vapor transmission, and the water resistance were
measured. The ESW having a high orientation due to an
elongation in the process of the electrospinning showed a

higher melting point than the film and its shape recovery
was improved. The ESW showed a good moisture and air
permeability due to the fact that its structural characteristics
incorporate countless nano-sized pores. Because of this, the
ESW maintained in its expanded state below the transition
temperature showed improved moisture and air permeabil-
ities. Therefore, it can be concluded that the SMPU web
proved to have potential for intelligent clothing material.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 120: 492-500, 2011
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INTRODUCTION

Shape memory polymers (SMPs) are smart polymers
that, as a result of an external stimulus, can change
from a temporary deformed shape back to an origi-
nal shape.'™ The shape change is activated most of-
ten by a change in the surrounding temperature, but
certain materials can also be activated by stress,
magnetic fields, electric fields, pH values, UV light,
and even water.”® SMPs have many advantages
over shape memory alloys, such as easy processing,
a low density, a high recovery, a high recoverable
strain, and a low manufacturing cost.””

It has been reported that SMPs have been made of
film-shaped thin and poreless membranes. The water
vapor permeability of these membranes can undergo
a significant increase as temperature increases within
a predetermined temperature range. The molecules
form a free space in the membrane by micro-Brown-
ian motion above the transition temperature (Tirans)-
Therefore, the application of this membrane to cloth-
ing allows heat or moisture to transfer more easily
above this Tians, resulting in a better climate control,
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making the clothing more comfortable.'"* Many
studies have been done to apply SMPs to the bio-
medical, electric, and electronic fields, along with
industrial materials, but there are few studies apply-
ing SMPs, including membrane-shaped shape mem-
ory polyurethane (SMPU) films, to clothes. Thus, by
applying SMPs to clothing materials, we can expect
an improved performance with an improved func-
tionality over that of conventional clothing, by
detecting external stimuli that actively protects the
human body and improves comfort. Electrospinning
is a process capable of producing polymer fibers
with nanoscale diameters. The equipment is easy to
operate and the membrane can be applied to a wide
range of polymer materials. In addition, the ultrafine
solid fibers are notable for small diameters, a large
surface area to volume ratio, a small pore size, and a
high porosity."'® Electrospun web (ESW) shows re-
sistance to microfiller transmission due to the nano-
sized pores, so, it shows a good breathability by
being able to wick interior sweat. In addition, the
outside of the membrane contains a lot of air due to
these countless nano-scale pores. There are a variety
of advantages, including variable insulative proper-
ties.'” Thus, if we make textiles using this membrane,
it is expected to be possible to apply this as a
“smart” or intelligent material that has an ultra-light-
weight protection function as well as comfort, even
under severe conditions. There have been studies
regarding the application of SMPs to electrospun
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TABLE I
Specification of SMPU
Mole ratio

Hard segment
Polymer PCL M, (g/mol) MDI PCL M," (g/mol) M,° (g/mol) content (wt %)

A 4000 6 1 113,000 270,000 33

B 3000 45 1 116,000 288,000 32

C 3000 2 1 156,000 396,000 16

2P Average molecular weights were found by gel permeation chromatography.

membranes, along with studies on the evaluation of
the shape memory performance of ESWs,'® but there
are few studies on applying SMPs to the membrane
of an ESW or to textile materials. The existing shape
memory materials are made of films in which a
moisture transpiration quality has been added; we
think nanoweb membranes will accomplish this tran-
spiration better.

Therefore, an ESW made of SMPs with a good
permeation performance, when compared with the
existing shape memory films, was manufactured
and its performance was evaluated to explore the
possibility of its being applied as an intelligent tex-
tile material. As the first step, various composite
mixtures of SMPU were applied to manufacture
films and the resulting characteristics were eval-
uated. Then, best-performing SMPU was then used
to make intelligent ESWs that can change the pore
size in accordance with a temperature change. The
physical characteristics, the shape memory behavior,
the permeation performance, and the screening per-
formance were reviewed. In addition, the permeabil-
ity and the protection performance changes caused
by the shape memory behavior were evaluated by
comparing samples with or without shape memory.

EXPERIMENTAL
Materials

The materials were synthesized by Hosung Chemex
in one-step process with poly(e-caprolactone) diol
(PCL diol, M,, = 3000 g/mol or 4000 g/mol), 4,4'-
diphenylmethane diisocyanate (MDI), and 1,4-buta-
nediol (BD). The ratio between the molecular weight
and the reactants of the PCL was changed, resulting
in the synthesis of three kinds of polyurethane, as
shown in Table I. The chemical structure of PCL-
based polyurethane is described in Figure 1.

Preparation of the specimens

To make the reference films, polyurethane chips
were melted down and compressed using hot plates.
To manufacture the webs, a polyurethane solution of
4-8 wt % was electrospun under 20 = 3°C, 50 =

10 RH %, adjusting the voltage between 6 and 16
kV, a feed rate of 1.0-2.5 mL/h, and with a tip-to-
collector distance of 5-20 cm. A 1 : 1 mixture of
N,N-dimethylformamide and tetrahydrofuran was
used as a solvent. The thicknesses of the films and
the ESW were set to 40 pm except in special cases.

Structure and physical properties

To see the structure of the SMPU and the phase sep-
aration behavior, an infrared spectrometer (FTIR,
Nicolet 6700, Thermo Scientific, USA) was used at
the frequency of 32 with a resolution of 8. In addi-
tion, the physical properties were determined with
an universal testing machine. The tensile test sam-
ples had the dimensions of 50 x 10 x 0.5 mm?®. The
gauge length and crosshead speed were 20 mm and
10 mm/min, respectively.

Thermal properties

To check out the transition temperatures of the sam-
ples in accordance with the change with tempera-
ture, a differential scanning calorimetry (DSC Q-
1000, TA Instrument, UK) was used with a heating
rate of 10°C/min. A dynamic mechanical thermal
analysis (DMTA, MARK 1V, Rheometric Scientific,
UK) was carried out at a heating rate of 5°C/min
and a frequency of 1 Hz.

Thermomechanical properties

To evaluate the shape memory behavior, the speci-
men was drawn by 50% at Tiyans + 20°C for 5 min,
and then, while maintaining the strain, the tempera-
ture was cooled to Tians — 20°C. After holding at
Tians — 20°C for 5 min, it was unloaded. It was then
heated from Tyans — 20°C t0 Tyans + 20°C and held
for 5 min at Tyans + 20°C. The shape retention and
shape recovery were obtained based on the following
equations.'®

H-[0-(CH,)s-CO-],-O-R~~~~O0OCHN-R'-NHCOO-R"-OOCHN-R -
soft segment

hard segment

Figure 1 Chemical structure of the PCL-based poly-
urethane.
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Figure 2 Infrared spectra of the films.

Shape retention (%) = &¢/em x 100 (1)
Shape recovery (%) = {(ém — &r)/em} x 100 (2)

where ¢, = strain at the expansion of 50%; & =
strain at Tyans — 20°C; and €, = recovery expansion
rate at Tians + 20°C.

Appearance and pore characteristics

A field emission scanning electron microscope (FE-
SEM, SUPRA 55VP, Carl Zeiss, Germany) was used
to observe the uniformity of the webs and measure
the fiber diameter. The pore size and distribution

were measured using a Capillary Flow Porometer
(CFP-1500AEL, PMI, USA).

Air and water vapor transmission

The air permeability was measured according to
ASTM D 737 and the water vapor transmission
(WVT) was measured according to the testing
method using calcium chloride per ASTM E 96.

Resistance to water penetration

The resistance to water penetration was determined
by the ISO 811 resistance to water penetration-hydro-
static pressure test. A hydrostatic pressure tester
(FX3000, Textest, Swiss) was used for this test. The
rate of increase of water pressure was set to 60 cm
H>,O/min.

RESULTS AND DISCUSSION
Structural characteristics of the films

The structure and phase separation behaviors of the
SMPU film were evaluated via FTIR, with the results
shown in Figure 2. The two characteristic peaks,
around 1705 and 1724 cm™!, are ascribed to the
stretching vibration of the carbonyl (—C=0) group
in the hard segment. The former peak is due to the
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presence of hydrogen bonded carbonyl groups
formed by phase separation and intermolecular
interaction with the —NH in the hard segment,
whereas the latter peak is due to the presence of
nonhydrogen bonded free carbonyl groups due to
dissolving in the matrix of the soft segment. As the
hard segment content increases, the peak intensity at
1705 cm ! increased while the peak intensity at 1724
cm ' decreased. A few interactions among the poly-
meric chains are responsible for the shift of the
transmittance peak with the inclusion of more hard
segments: (1) the hydrogen bonding between car-
bonyl group and carbonyl group of the hard seg-
ment; (2) the dipole-dipole interaction between the
carbonyl groups of the hard segment; and (3) the
induced dipole-dipole interaction between the aro-
matic rings of the hard segment. The hydrogen
bonding among the hard segments plus the dipole—
dipole interaction between the carbonyl groups will
primarily affect the C=O stretching vibration, and
the shift of the carbonyl stretch peak suggests that
more extensive interactions are being made with an
increasing hard segment content.'®" Therefore, the
phase separation of the PU is gradually well devel-
oped with an increasing hard segment content.

By measuring the peak intensity ratio of these two
carbonyl groups, it is possible to give an estimate of
the degree of the hydrogen bonding. The hydrogen
bonding index R is defined as the ratio of the
absorption peak Aj7p5/A1724. In association with
the change of the NH group absorption peaks, the
degree of phase separation (DPS) of the segmented
PU can be calculated.*’** In addition, the hydrogen
bonding index R can be obtained from a baseline
approach method:

R = Cbondedsbonded/Cfreegfree = A1705 /A1724 (3)

In (3), A is the absorbance, C is the concentration,
€bonded 15 the extinction coefficient of the peak at
1705 cm™, and gge. is the extinction coefficient of
the peak at 1724 cm L. The ratio, €ponded/ Efrees 1S close
to 1.0.*' DPS can be obtained by using the following
equation:

DPS = Cbonded/(cbonded + Cfree) = R/R +1 (4)

The calculated DPS values are presented in Table
II. For Film A and Film B, which contained the

TABLE II
Degree of Phase Separation for Films
Sample DPS (%)
Film A 40.1
Film B 38.1
Film C 27.9
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Figure 3 DSC curves of the films measured at a heating
rate of 10°C/min.

higher hard segment content than Film C, the phase
separation was well developed. The absorption
peaks were clearly shown to be around 1705 cm ™.

Thermal properties of the films

To study the thermal behavior of the SMPU materi-
als, a DSC was used with the results shown in Fig-
ure 3. Films A and C showed endothermic peaks by
soft segment melting at 29°C and 50°C, moreover,
Film C showed a very high fusion heat.

The Tians depends on the soft phase/hard phase
composition and the molecular weight of the polyol.
In previous researches,?*2° the T\ ans increases with
an increasing soft segment content as well as the
molecular weight of the soft segment. In addition,
the crystallinity increases with an increase in the soft
segment content and molecular weight. For PUs of
the same soft segment molecular weight, the crystal-
linity of the soft segments decreases with an increas-
ing hard segment content. For Film A, because the
molecular weight of the PCL was the highest, it was
expected to have a high Ti.ns. However, Film A,
which had a high hard segment content, showed a
bit lower Ti..ns than expected because the crystalliza-
tion ability of PCL segments is significantly hindered
by the connection with the hard segments. Film B
had a low PCL molecular weight but it had a higher
amount of MDI and BD, which formed a hard seg-
ment domain due to the h;ldrogen bonds and the
dipole-dipole interaction.***” Thus, the peak caused
by the soft segment did not develop because low
PCL molecular weight and high hard segment con-
tent had become the critical factors disturbing the
crystallization of the soft segment. Film C had the
same molecular weight as Film B but contained a
higher soft segment content. It is thought that this
may act as an advantageous condition for the crys-

tallization development in the soft segment and so
increase the Tyans.

Figure 4 shows the Tians of the SMPU films via
the DMTA measurement. Film A showed a decrease
in the modulus around 26°C and showed a transi-
tion at 33°C while Film Cs occurred at 54°C. For
Film B, the change in the storage modulus at a par-
ticular temperature was not observed.

The glassy state and the rubbery state modulus
for Film A that had higher soft segment molecular
weight were greater than that of Film B. This was
because the phase separation and crystallization of
the soft segment were well formed. Film C, despite
having the same molecular weight in the soft seg-
ment as Film B, showed a higher glassy state modu-
lus and lower rubbery state modulus. This was
because the crystallization had been well formed
due to the higher soft segment content. Film B again
showed no determinable Tians.

Shape memory behavior of the films

Figure 5 and Table III exhibit the shape memory
behavior of the films. Film C showed the highest
values in shape retention, followed by Film A and
Film B. The high crystallinity of the soft segment
regions and the formation of stable hard segment
domains acting as physical crosslinks in the temper-
ature range above the melting temperature of the
soft segment crystals are the two necessary condi-
tions for a se%mented copolymer with shape mem-
ory behavior.”> When the SMPU has been temporar-
ily transformed, the shape retention is decided by
the crystalline structure of the soft segment.”” The
crystallinity of the soft segment also depends on the
PCL molecular weight and soft segment content.
The crystallinity of soft segments increases with
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Figure 4 DMTA diagram of the films measured at a heat-
ing rate of 5°C/min.
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TABLE III
Shape Retention and Recovery of Films

Sample Shape retention (%) Shape recovery (%)
Film A 86 85
Film B 68 73
Film C 95 71

increased soft segment content or PCL molecular
weight.?® Tt seemed that Film C, whose crystallities
were well developed due to the high soft segment
content, did this well. In the meantime, Film B,
which showed the same PCL molecular weight as
Film C, but contained a lower soft segment content,
had the weakest shape retention. Moreover, Film A,
which is similar to Film B in soft segment content,
but contained a higher PCL molecular weight than
that of Film B, got better shape retention.

With respect to the shape recovery values, Film A
showed the best result, followed by Film B and Film
C. The shape recovery rate and the recovery speed
are mainly related to the stability of the hard seg-
ment domains and are dependent on the hard seg-
ment content of the copolymers. The insufficient
numbers of hard segment domains provides a
smaller number of physical crosslinks, which acts
similarly to entanglement points.**2® As the results
of the DPS and DMTA of SMPU film samples, it
was observed that Film A was well phase separated
to organize soft and hard segments. The rubbery
state as well as the glassy state modulus of Film A
increased because the phase separation and the soft
segment crystallization increased compared with
Film B, which was insufficient to organize the soft
and hard segments. With the phase separation, hard
segment effectively acts like reinforcing fillers for
soft segments above the T, of the soft segment.***°
Thus, Film A, which had the greater phase separa-
tion, exhibited the best shape recovery. In the mean-
time, Film B, which showed the similar hard seg-
ment content, but contained a low PCL molecular
weight, had weak shape recovery compared with
Film A. Film C, whose phase separation was not
well developed due to the low hard segment con-
tent, had the weakest shape recovery.

Therefore, the major issues related to the develop-
ments of such PU-based SMPs are the ability to
achieve maximum crystallization and stable hard
segment domains.”” For this, it is necessary to prop-
erly compose the ratio of the soft segment to the
hard segment, while increasing the molecular weight
of the soft segment and the hard segment content.

Preparation of the electrospun web

As a result of the evaluation of the performance of
the three kinds of SMPU film samples, Film A

Journal of Applied Polymer Science DOI 10.1002/app
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showed the best results in its physical properties
and its shape recovery, along with a satisfactory
shape retention. Thus, SMPU A was selected to
manufacture the ESW, and uniform fibers were
formed from the SMPU solution at concentrations of
4-7 wt %. The optimum electrospinning conditions
were determined to be 6.5 kV/1.0 mL/h, 7.5 kV/1.5
mL/h, 9 kV/2.0 mL/h, and 12 kV/2.0 mL/h for the
concentrations of 4, 5, 6, and 7 wt %, respectively.
Figure 6 shows the FE-SEM images of the electro-
spun fibers under optimal conditions. The ESW hav-
ing the finest and most uniform fibers was obtained
with a 4 wt % solution. It was found that the diame-
ters of the electrospun fibers increased with an
increased concentration of the solution.

Tensile properties of the film and
the electrospun web

Figure 7(a) shows the tensile properties of the film
and the ESW obtained with 4 wt % solution. The
breaking stress of the ESW was similar to that of the
film, and the breaking strain of the ESW was higher
than that of the film by 30%. In addition, the ESW
showed a very low initial modulus value compared
with the film because the ESW had a porous structure.

Figure 7(b) shows the breaking stress and strain
curves taken from the load per unit weight of the
specimens. It was observed that the breaking stress
value of the ESW increased by 4.5 times when com-
pared with the film.

Thermal properties of the electrospun web

Figure 8 shows that the DSC curves of the film and
the ESW have inflection points at 29°C and 38°C,
respectively, corresponding to the T, of the soft seg-
ment. According to Kaursoin and Agrawal,®® the
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Figure 5 Stress—strain curves for the shape memory
behavior of the films, elongated at Tians + 20°C, fixed at
20°C, and recovered at Tyans + 20°C.

Ttrans -



THERMORESPONSIVE SHAPE MEMORY CHARACTERISTICS OF ESW 497

Figure 6 Field emission scanning electron microscopic pictures of the ESW of the various concentration solutions:
(a) 4 wt % solution, (b) 5 wt % solution, (c) 6 wt % solution, and (d) 7 wt % solution.

drawing imparts an orientation to the SMP chains
and hence improves the shape memory properties
due to a stable transformed structure with the hard
segment domains strongly bonded with the hydro-
gen bonds.”® Thus, the ESW in which an orientation
was developed due to an elongation in the process
of electrospinning showed a higher melting point
than the film.

Shape memory behavior of the electrospun web

From Figure 9(a), the stress value and the shape
retention of the ESW showed a lower value than
that of the film. It seems that the ESW is structurally
weaker than the film as it has a porous structure
made of nanofibers.

For the characteristic showing that the ESW is
lighter than the film, Figure 9(b) shows the stress—
strain curves of the shape memory behaviors
expressed by the load per unit weight. It was con-
firmed that the amount of load per unit weight of
the film and the ESW reached a similar level when
extended by 50%. The shape recovery of the ESW

was improved when compared with the film. As
stated earlier, the shape recovery is mainly related
to the stability of the hard segment domains.**2°
Thus, it seems that the shape recovery of the ESW
was improved when compared with the film
because the electrospun fibers were oriented in the
process of electrospinning.

Pore size distribution of the electrospun web

The film and the ESW were manufactured to have
40-um thicknesses. Figure 10 shows the pore size
distributions for the original ESW, the 50% stretched
ESW, and the recovered ESW. The pores of the ESW
were formed within the range of 144-553 nm, with
an average pore size of 346 nm. In addition, the
pore sizes of the stretched ESW increased by 1.2-1.5
times when compared with the original ESW. The
pore size distribution of the recovered ESW was
similar to the original ESW. Of course, in the film, it
was impossible to measure the pore size distribution
because in film, pores do not exist.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Breaking stress and strain curves of the film
and ESW measured at the strain rate of 10 mm/min
(thickness: 0.5 mm): (a) the breaking stress—strain curves
of the film and ESW, (b) the breaking stress per weight—
strain curves of the film and ESW.

Air and water vapor transmission

Figure 11 shows the air permeabilities of the film
and the ESW. It was seen that the ESW showed an
air permeability value of 7.0 cm®/cm?®/s regardless

—— FilmA
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Heat flow (W/g , Exo up)

0 20 40 60 80 100 120 140 160 180 200 220 240

Temperature (°C)

Figure 8 DSC diagram of the film and ESW measured at
a heating rate of 10°C/min.
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Figure 9 Stress—strain curves for the shape memory
behavior of the film and ESW, elongated at Tiyans + 20°C,
fixed at Tyans — 20°C, and recovered at Tyans + 20°C:
(a) the stress—strain curves for the shape memory behav-
ior, (b) the stress per weight-strain curves for the shape
memory behavior.

of temperature. The air permeability of the stretched
ESW increased 2.5 times at 20°C when compared
with the original web. The recovered ESW at 40°C,
which had been stretched at 20°C, showed an air
permeability similar to that of the original ESW. On
the contrary, the film showed little air permeability.

Figure 12 shows the WVT of the film and the
ESW. The WVT of the stretched ESW increased
below the Tyans compared with the original ESW
because the stretched ESW maintained extended
pores below the Tians. The recovered ESW at 40°C,
which had been stretched at 20°C, showed a WVT
similar to the original ESW. It was observed that the
WVT of the samples increased with temperature as
the vapor pressures also increased.

In the meantime, the film had a remarkably low
WVT compared with the ESW. The film showed a
very low WVT at 20°C, and the WVT of the film
increased a little above Ti.ns. It was reported that
the change of the WVT in the SMPU film was due
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Figure 10 Distribution of the pore diameter for the ESW
and the stretched as well as the recovered ESW (thickness:
40 um).

to the phase change of SMPU, which causes density
changes inside the membranes due to the micro-
Brownian motion in the soft segment.”’

Resistance to water penetration

The resistance to water penetration was investigated
and the results are shown in Figure 13. The film
showed a better resistance to water penetration than
the ESW did. The resistance values of the stretched
ESW and film decreased a little, but the resistance val-
ues of the recovered specimens improved again.

The ESW had an excellent elasticity. Because of
these characteristics, as the water pressure increased
causing the pore size of the ESW to increase due to
stretching, it became easier for water to penetrate.
Thus, if a material is manufactured with a base fab-
ric supporting the ESW, it would be expected to
show an improved resistance to water penetration.

20
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Figure 11 Air permeability of the specimens at various
temperatures.
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Figure 12 Water vapor transmission of the specimens at
various temperatures.

CONCLUSIONS

In this study, the ESW was prepared to develop a
protective and thermally intelligent membrane and
was compared with the film. Polyurethane with a
higher soft segment content was observed to have a
higher melting temperature and more crystallinity in
the soft segment regions. On the other hand, polyur-
ethane with a higher hard segment content showed
an excellent shape recovery and a remarkably higher
stress value.

It was observed that the Ty..s and the heat of
fusion of the ESW were much higher than those
seen in the film. In addition, the shape recovery of
the ESW was improved when compared with the
film. The porous structure of the ESW caused a high
air permeability and WVT and accordingly, the
stretched ESW exhibited enhanced permeabilities
below Tyans. Therefore, it is concluded that the ESW
made of SMPU having a porous structure has a
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Figure 13 Water resistant values of the specimens at vari-
ous temperatures.
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greater advantage in its shape memory behavior and
was found to have a possibility of a protective and
thermally intelligent textiles if used under optimum
conditions.
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