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Abstract. In this study, polyamide 11/thermoplastic polyurethane thermally responsive shape-memory composite fibers
were fabricated using a bi-component melt-spinning machine with a sea-island spinning nozzle. Polyamide 11, a material
with low water absorption and good oil resistance, was used as the ‘sea’, whereas the thermoplastic elastomer was used as
the ‘island’ to provide shape memory performance.

A film was prepared from these materials, and its suitability for preparing the fibers was determined using its shape memory
behavior. The results demonstrated that the shape memory of the film fixation rate was 99.6% and the recovery rate was
92.3%, proving that polyamide 11/polyurea (PA11/PUA) has good shape memory fixation and recovery rates. During the
melt-spinning and take-up processes, the as-spun fiber was collected into a roll with a certain draw ratio, resulting in a better
molecular orientation and, consequently, an improved shape memory effect. After three shape memory cycles, the fixation
rate of the PA11/PUA fiber was 98.8%, and the recovery rate was 99.9%. Thus, sea-island shape memory composite fibers
were successfully produced, and are expected to enable shape memory materials to find a wider range of applications.
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1. Introduction are multiblock copolymers composed of soft and
Shape memory polymers (SMP) are a type of func- hard segments. The hard segments act as physical
tional material that deform under external stimuli  cross-linking points that maintain the permanent
and have seen gradual development since 1980. shape of the material. The soft segment temporarily
SMP fibers exhibit complex and controllable shape-  fixes the shape of the material via crystallization or
changing behaviors, superior mechanical properties, glass transition. Triple and multi-SMPs based on
superior recovery stress, and excellent design abili-  copolymers or polymer blends have been developed
ties. Therefore, SMP fibers have been widely used to  to achieve two or more temporary shape changes [7—
fabricate shape-memory composites for flexible sen-  11]. Modifying polyamides by melt blending has
sors and actuators, self-healing materials, smart tex- been well documented in the literature [11-19].
tiles, and smart structures [ 1-6]. Rashmi et al. [20], were the first to blend poly-
SMPs have unique permanent network structures amide-11 (PA11) with thermoplastic polyurethane
(chemical or physical cross-links) as fixing phases (TPU) to create bio-alloys and investigate their shape
and reversible switch phases (amorphous or crys- memory behavior. Their results revealed strong hy-
talline) that memorize their temporary shapes. Tra-  drogen bonding between the two materials, with TPU
ditional thermally induced shape memory polymers effectively toughening PA11. However, polyurea
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(PUA) has more N-H bonds than thermoplastic poly-
urethane (TPU); hence, it would need to exhibit
higher compatibility to observe its influence on shape
memory. In this study, bicomponent melt-spinning
was used to produce shape memory fibers, and poly-
amide 11 (PA11)/PUA sea-island composite fibers
were successfully prepared. These shape memory
fibers can be processed into functional textiles
through postprocessing.

2. Experiment

2.1. Materials

Polyamide 11 (Arkema RILSAN® BMNO P40 TLD)
was purchased from Arkema Company Limited Tai-
wan Branch. Polyurea (PUA, TY-98) was obtained
from Coating P. Materials Co., Ltd.

2.2. Preparation of PA11/PUA film

The PA11 and PUA masterbatches were dried at
100°C in a vacuum oven for 4 h to remove any ex-
cess moisture. The samples were then crushed using
a high-speed grinder. Finally, the resultant PA11 and
PUA powders were placed in a hot press (NTUST,
Buquan Industrial, Taiwan) in a weight ratio of 1:1.
They were maintained at 220°C for 1 min with a
pressure of 1.5 MPa to prepare a PA11/PUA film
with a thickness of 0.25 mm.

2.3. Preparation of PA11/PUA composite fiber
The PA11 and PUA masterbatches were dried at 80 °C
in a vacuum oven for 24 h to remove any excess
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moisture. The melt flow indices of PA11 and PUA
were 38 g/10 min and 26 g/10 min at 220°C
(2.16 kg), respectively. A bicomponent melt-spin-
ning machine (NTUST, Together Plastic Chemical
Power Company, Taiwan) with a sea-island spinning
nozzle (Figure 1) was used to prepare the PA11/PUA
sea-island-type composite fibers. The die tempera-
ture was 220°C; the chamber temperature was
205~215 °C; the extrusion rate was 26—30 rpm; and
take-up speeds were 220, 205-215, 26-30, and
800 m/min.

2.4. Characterization methods

Cross-linking density

The cross-linking density was determined by equi-
librium swelling [21, 22]. Swelling experiments
were conducted with cured samples by immersing
the samples in toluene at 65°C for 24 h to achieve
equilibrium swelling. The solvent uptake percentage
0 and volume fraction of the film (or fiber) in the
swollen gel V; were calculated using the Equa-
tions (1)—(3):
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Figure 1. Schematic diagram of a bi-component melt spinning machine.
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where m| and m, are the weights of the film (or fiber)
sample before immersion in the solvent and in the
swollen state, respectively.

Psam and psop are the densities of the sample and the
solvent. Vo is the molar volume of the swelling
solvent (106 cm*/mole in toluene). y is the Flory-
Huggins (sample-toluene) interaction parameter
and was considered as 0.1995 in this calculation
[21, 22].

The cross-linking density of the sample v, defined
by the number of elastically active chains per unit
volume, was calculated by the Flory-Rehner equa-
tion [23], which is expressed in Equation (3).

Shape memory measurement method

Shape memory properties can be described by strain—
temperature—stress curves. The shape fixation rate
(Ry) and shape recovery rate (R;) were measured
under free-recovery conditions, and shape recovery
stress was measured under constrained recovery con-
ditions [24]. This study was conducted in accordance
with the test methods described in references [25,
26]. These strain parameters are substituted into
Equations (4) and (5) to calculate the fixed and re-
covery rates of the materials, respectively:

Ry=g—— 4

f 8x,load ( )
€, — €

R.= ﬁ (5)

where &, is the strain after the removal of the stress,
Exload 18 the applied strain, &y .. (measured after the
cooling step) is the maximum strain obtained in the
sample and &, is the residual strain after the recovery.
In constrained recovery experiments, the bottom grip
was released to ensure zero load at the beginning of
the recovery step. The bottom of the specimen was
re-gripped before the recovery process was initiated.
This gripping procedure results in a compressive
force acting on the SMP. At the end of the recovery
heating, the samples were held for 15 min at 70°C,
following which the thermomechanical cycle was re-
peated.

Fourier-transform infrared spectroscopy

The chemical structures of the samples were inves-
tigated using Fourier-transform infrared spectroscopy
in attenuated total reflectance mode (ATR-FTIR,
FTIR 6800 JASCO, Tokyo, Japan).

Polarized optical microscopy

Film morphologies were investigated using a polar-
ized optical microscope (POM, BHZ-UMA, Olym-
pus, Japan) equipped with a hot stage (TMS 600 and
CCD SG-3200). A phase-separation test piece was
prepared by placing a small amount of mixed powder
between two circular sheets with a diameter of 17 mm
and a thickness of 0.1 mm. After the sheets melted,
pressure was applied to reduce their thicknesses.
After the sheets melted, they were cooled to a heated
water-cooled stage. The two-phase distribution, crys-
tallization, and microstructure were observed under
a polarizing microscope in light source penetration
mode.

Differential scanning calorimetry

The thermal behaviors of the samples were investi-
gated using differential scanning calorimetry (DSC,
DSC 6000, PerkinElmer, USA). First, the tempera-
ture was increased from 30 to 250 °C at a heating rate
of 20 °C/min, and then cooled to 0°C at a cooling
rate of 5°C/min to eliminate the thermal history of
the material. Subsequently, the temperature was in-
creased to 250 °C at a heating rate of 5 °C/min. The
melting point and recrystallization temperature of
the material were determined from the DSC curve.

Dynamic mechanical analysis

The glass transition temperature (7;) was determined
by dynamic mechanical analysis (DMA, DMA
Q800, TA Instruments, USA). The film was cut into
25x%7%0.55 mm for testing, and 25 mm was used for
the initial spinning fiber test. The parameters were
as follows: frequency 1 Hz, amplitude 10 um, pre-
stress 0.01 N, temperature increased from —100 to
120°C, heating rate 3 °C/min, and clamp spacing
12 mm. The ratio of the loss modulus to the storage
modulus is defined as tand, and the peak value of
tand represents the glass transition temperature of
the material.

Mechanical characterization

The mechanical properties of the original and healed
samples were studied using a tensile-testing machine
(QC-508M2, Comtech Testing Machines, Taiwan).

3. Results and discussion

3.1. FTIR Analysis

Figure 2 shows that PUA has two —NH, vibration
peaks at 3300 and 1630 cm™' and a —C=0 vibration
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Figure 2. FTIR spectra of PA11, PUA, and the PA11/PUA
blend. The —-NH, vibration peaks of PUA are at
3300 and 1630 cm™!, and the ~C=0 vibration peak
is at 1720 cm™'. The -NHj vibration peaks of PA11
are at 3300 and 1645 cm ™!, and the —CH vibration
peaks are at 2850 and 2925 cm™!. After blending,
the intensity of the —C=0 vibration peak of PUA
at 1720 cm™! decreases significantly, proving that
hydrogen bonds are generated between the two
system.

peak at 1720 cm™!. PA11 showed two —NH, vibra-
tion peaks at 1645 and 3300 cm™' and ~CH, vibra-
tion peaks at 2850 and 2925 cm™! [27]. As shown in
Figure 2, the peak at 1720 cm™! (~C=0 vibration)
decreased significantly for PA11/PUA, indicating the
formation of hydrogen bonds between the urethane
groups of PUA and the amide groups of PA11.

3.2. Thermal analysis

The DSC heating curve of PA11/PUA is shown in
Figure 3. The melting point of PUA was originally
157°C. After melt blending with PA11, the melting
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Figure 3. DSC heating curves of PA11, PUA and PA11/PUA
blend. The melting points of pure PUA and PA11
are 157 °C and approximately 180 °C, respectively.
After blending with PA11, the melting point of
PUA disappears and only the melting point of
PA11 remains at approximately 180 °C.
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Figure 4. DSC cooling curves of PAI1l, PUA, and the
PA11/PUA blend.

peak of PUA disappeared. The melting peak of PA11
was approximately 180°C. Compared with pure
PA11, PA11/PUA exhibited PUA properties, and the
phase of the blend changed. The cooling curve of
PA11/PUA in Figure 4 shows that the introduction
of PUA reduced the crystallization peak area and en-
thalpy required to decrease and accelerate crystal-
lization.

3.3. Morphological analysis

The blend morphology significantly affected the me-
chanical properties of the product [29]. The micro-
phase separation of the two systems was observed
with a polarizing microscope and a water-cooled hot
stage. The test piece was heated to 200 °C to make
both phases molten, then cooled to room temperature
with a 10 °C/min cooling rate. In the PA11/PUA sys-
tem, PA11 crystallized first. As shown in Figure 5,
Figure 5a is in a molten state at 200°C, while
Figure 5b is crystalline at 150 °C. The DSC cooling
crystallization curve suggested that the results cor-
respond to the crystallization of PA11. Figure 5c
shows the crystallization conditions of the PA11/PUA
test piece at 140 °C; in contrast, Figure 5b shows no
further crystallization where preliminary crystalliza-
tion has occurred. The DSC cooling crystallization
curve suggested that PUA crystallized.

In Figure 5d, the POM diagram at room temperature
defines the continuous phase structure of PUA as the
interpenetrating polymer network (IPN) structure.
The PUA system has clear interfaces and interleaves.
This IPN structure converts the blend into a cross-
network, contributing to the shape memory perform-
ance.
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c)

d)

Figure 5. POM micrographs showing the PA11/PUA blend microstructure. All test piece was heated to 200 °C to make both
phases molten, then cooled to room temperature with a 10 °C/min cooling rate. a) Results of the PA11/PUA blend
at 200 °C (in a molten state); b) results of the PA11/PUA blend after cooling to 150 °C (in a crystalline state). The
formation of a crystalline phase was observed and compared with the DSC cooling curve, it was inferred that it
was the crystallization of PA11; c) results of the PA11/PUA blend after cooling to 140 °C (in a crystalline state).
Compared with Figure 5b these results show no further crystallization where preliminary crystallization has oc-
curred, and from the DSC cooling curve, it was inferred that it was the crystallization of PUA; d) results of the
PA11/PUA blend after cooling to room temperature. It can be observed that PA11 and PUA have obvious interfaces
and intertwine with each other so that this blend system can be defined as an interpenetrating polymer network

(IPN).

3.4. Dynamic viscoelastic property analysis

The peak value shown by PA11 in the DMA curve
can be divided into a, B, and y local motions, as de-
scribed in the literature [28]. PA11 shows the main
a-peak at 53 °C, which is associated with the glass
transition. The B-relaxation at 7 °C is water-sensitive
and attributed to local motions involving amide
bonds. Finally, a low-temperature y-peak at —80°C
is associated with the local motions of methylene se-
quences. The dynamic viscoelastic analysis was di-
vided into two parts: film and fiber. The local motion
changes of the a, B, and y-peaks of PA11 were used
to explain the peak changes of PA11 and PUA when

572

melt-blending and spinning the composite fibers, re-
spectively.

Figure 6 shows the two peaks for the pure PUA film.
The peak at —87 °C represents the glass transition
temperature of the PUA soft segment, and that at
—12 °C represents the glass transition temperature of
the PUA hard segment. After blending with PA11,
the peak for the PA11/PUA film appears at three dif-
ferent temperatures: —72, =28, and 17 °C. The peak
at —72 °C corresponds to the y-relaxation of the PUA
soft segment and PA11; the peak at —28 °C is the re-
sult of the PA11 B-relaxation being affected by PUA
and shifting to a lower temperature; and the peak at
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Figure 6. Tand of PA11, PUA, and PA11/PUA film. After
blending with PA11, the peak for the PA11/PUA
film appears at three different temperatures: —72,
—28, and 17 °C. The peak at —72 °C corresponds to
the y-relaxation of the PUA soft segment and
PA11; the peak at 28 °C is the result of the PA11
f-relaxation being affected by PUA and shifting to
a lower temperature; and the peak at 17°C is the
result of the PA11 a-relaxation being affected by
PUA and shifting to a lower temperature.

17°C is the result of the PA11 a-relaxation being af-
fected by PUA and shifting to a lower temperature.
Figure 7 shows the tand characterization of PA11/
PUA sea-island composite fibers, with peak values
at —20 and 48 °C. The peak at —20°C is defined as
the contribution of the PUA hard segment, and the
peak at 48°C is defined as the B-relaxation contri-
bution of PA11 (Table 1). In contrast with the film
system, the PA11/PUA composite fiber did not exhibit
the peak value of the PUA soft segment contribution
during the tand test process. It is speculated that this
peak was not evident in the fiber system. The 7,
determined by tand is used as the basis to define

PA11/PUA fiber

tand
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Figure 7. Tand of PA11/PUA film and fiber. In contrast with
the film system, the PA11/PUA composite fiber did
not exhibit the peak value of the PUA soft segment
contribution during the tan § test process.

transition temperature (7ians) in the subsequent
shape memory process.

3.5. Cross-link density analysis

Cross-linking provides the necessary fixing elements
for shape memory during deformation. PA11 was
physically cross-linked with PUA, and the cross-
linking density was calculated using the Flory-Rehn-
er equation [23]. The physical cross-linking point
can be used as the stationary phase to improve the
fixation and recovery rates. Simultaneously, energy
was stored inside the material to promote shape re-
covery and release stress, making it easier for the
material to return to its original shape. Therefore, a
higher degree of cross-linking contributes to an im-
proved recovery rate.

The filming process compounded the two materials,
followed by hot pressing. The spinning process

Table 1. Glass transition temperature of PA11, PUA, the PA11/PUA film, and PA11/PUA fiber.

Sample T, of soft segment PU | 7, of hard segment PU | y-relaxation PA11 | B-relaxation PA11 | o-relaxation PA11
[°Cl [°Cl S [°Cl [°Cl
PA11 — — -80 7 53
PUA -87 -12 - - -
PA11/PUA film =72 -28 - 17 -
PA11/PUA fiber - -20 - 48 -

Table 2. Cross-linking density of the PA11/PUA fiber.

ny ny Cross-link density, v
Sample
P le] le] Q [mol/em’|
PA11/PUA film 0.0160 0.0168 0.050 36.9
PA11/PUA fiber 0.1240 0.1360 0.096 12.4
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Figure 8. Tensile test for PA11/PUA sea-island fiber. The re-

sults show that the tensile strength is low, presum-

ably owing to over-cross-linking between PA11
and PUA fiber.

Table 3. Tensile test data for PA11/PUA sea-island fiber.

Sample Fineness Strength Strain
P [den] [g/den] [%]
PA11/PUA fiber 7.5 2.42+0.15 | 142.91+8.43

requires cross-linking of the two materials after a
brief encounter in the die, followed by rapid cooling
into filaments. Therefore, as shown in Table 2, the
cross-linking density of the film was significantly
higher than that of the fibers.

3.6. Fiber characteristics

The results of the spun fiber tensile tests are shown
in Figure 8. The spun fiber was tested to be 7.5 den,
and the relevant data are summarized in Table 3. The
results show that the tensile strength is low, presum-
ably due to over-cross-linking between the PA11 and
PUA fibers, resulting in a decrease in strength.

Strain [%]

Figure 9. Shape memory test curve of PA11/PUA film. The
test results show that PA11/PUA has excellent
shape memory fixation and recovery rates.

3.7. Shape memory behavior

First, the shape memory performance of the film was
used to determine whether it could feasibly be used
to fabricate melt-spun fibers. The shape memory fix-
ation and recovery rates of the PA11/PUA film test
pieces are listed in Table 4. The shape memory
curves are shown in Figure 9. Table 4 shows that the
shape memory fixation rate of the PA11/PUA film
was 99.6% and the recovery rate was 92.3%, proving
that PA11/PUA had good shape memory fixation and
recovery rates. Melt-spinning was performed to test
the shape memory effect of the fibers.

The PA11/TPU sea-island composite fibers were
prepared using a bicomponent melt-spinning ma-
chine with a sea-island-type spinning nozzle. PA11
was used as the sea component, and PUA was used
as the island component. Figure 10 shows that dif-
ferent fibers have obvious interfaces between the
two phases of the single-fiber cross-section, demon-
strating the fabrication of the composite fibers was
successful.

The shape memory effect of the PA11/PUA island
fibers was evaluated. Three-dimensional (3D) curves
are shown in Figure 9. The fixation and recovery
rates for the three cycles were calculated. The quan-
titative data are presented in Table 5.

Table 4. Shape memory fix, recovery rate of PA11/PUA film.

R R,
Sample (%] %]
PA11/PUA film 99.6 92.3

5.0kV LED

Figure 10. SEM image of the cross-section of PA11/PUA
single fiber. PA11 as the component of the sea
and PUA as the component of the island. It shows
a clear interface between the PA11/PUA and
forming a sea-island structure.
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Figure 11. PA11/PUA fiber three cycles shape memory curve.
There is continuous stretching after reaching the
relative stress of the deformation, and finally, it
releases the stress and cools down to complete
the shape memory cycle.

Table 5. Shape memory fix, recovery rate of PA11/PUA fiber.
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Figure 12. Constrained recovery of PA11/PUA fiber. The
shape recovery process of these fibers is relative-
ly gentle and does not generate excessive stress.

Sample f;f 5, Table 6. Constrained recovery data of PA11/PUA fiber.
< %] %] Recovery Relative T

1¥ cycle 8.8 99.9 strength temperature ;'é"s
2" cycle 98.8 99.2 [g/den] [°C] °cl
34 cycle 98.8 99.9 PA11/PUA 0.6 68 68

From Figure 11, it can be observed that when the
PA11/PUA fiber is subjected to the same application
0f 0.65 N at 68 °C to achieve a deformation of 10%,
the deformation remains stable after three cycles.
There is continuous stretching after reaching the rel-
ative stress of the deformation, and finally release
the stress and cool down to complete the shape mem-
ory cycle.

The PA11/PUA fibers exhibited excellent shape
memory fixation and recovery rates. The fiber main-
tained its shape during the three cooling cycles and
its length was maintained without significant shrink-
age after the stress was released. No relaxation or
contraction occurred during the three cycles of heat-
ing and application of the same stress. This is be-
cause PUA and PA11 have better compatibility be-
tween the two phases and are more stable during the
shape memory process.

3.8. Constrained recovery

A detailed analysis of the shape recovery mechanism
was conducted. The specimen was cooled after the
application of strain, the molecular segments stopped
moving, and energy was stored inside the specimen.

This stored internal strain energy is easily released
after heating and can be presented as a force. This is
called constrained recovery stress, which is the force
that recovers the deformation of the test piece during
the heating process from fix temperature (7fx) to
transition temperature (7.ns) under a set strain. In
general, the recovery stress emerges from both the
internal strain-stored energy and the configurational
state entropy. The high internal strain-stored energy
and low configurational state entropy can be easily
relieved by heating to recover the original shape [30].
The test results for the spun fibers are shown in
Figure 12, where the stress reaches a maximum
value near Ti.ns. The recovery stress decreased fur-
ther with increasing temperature because most of the
molecular chains were disoriented above this tem-
perature range. Table 6 presents the maximum con-
strained recovery strength of the PA11/PUA fibers
and a comparison between the temperature and
Ttrans of the constrained recovery stress. This could
have been caused by the difference in fiber strength
in the previous test, resulting in a difference in the
mechanical properties between the two in subse-
quent applications.
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4. Conclusions

In this study, we first evaluated the compatibility of
PA11/PUA blend systems with the shape memory
performance of the films. The results showed that
the PA11/PUA blend system's two-phase compati-
bility was better and had a co-continuous phase.
After one shape memory session, the fixation rate of
the PA11/PUA film was 99.6%, the recovery rate
was 92.4%, and the shape memory performance was
satisfactory.

After evaluating the PUA systems through the film,
PA11/PUA composite fibers were successfully pre-
pared by melt-spinning. After three shape memory
cycles, the PA11/PUA fiber fixation and recovery
rates were 98.8%, and the recovery rate was 99.9%.
Compared with the film, the recovery rate was im-
proved because, during the fiber spinning process,
the material was subjected to a tensile force along
the direction, which increased the degree of con-
formity. The PA11/PUA composite fibers exhibited
a two-phase structure at the contact interface. This
is the ideal fiber in terms of capacitance, and is the
most stable among the three memory shapes. There
was no increase in fiber toughness or relaxation. Be-
cause the strain energy of the sea island structure is
more dispersed, the shape-recovery process of this
type of fiber is gentle and does not generate exces-
sive stress. Therefore, this structure can reduce the
stress concentration effect and smooth the shape re-
covery process, making it suitable for high-durability
shape memory materials.

The scalability of PA11/TPU shape memory sea is-
land fibers presents a transformative opportunity
across multiple industries. Their ability to combine
functional adaptability, high durability, and light-
weight characteristics make them ideal for next-gen-
eration applications in smart textiles, biomedical en-
gineering, aerospace, and consumer electronics [31,
32]. Future research should focus on process opti-
mization, cost-effective synthesis, and multifunction-
al integration to fully realize commercial potential.
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