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In this work, we investigate the governing fixation mechanism in a polycaprolactone-diol/2,4,2,6-Toluene dii-
socyanate/Ethylene glycol based shape memory polyurethane (SMPU). In particular, we test whether strain-
driven crystallization, known to govern the SMPU fixation state in semi-crystalline SMPUs, is indeed vital for
a significant memory capability. As synthesized, the SMPU exhibits semi-crystalline morphology. However, after
heating, the synthesized semi-crystalline SMPU becomes amorphous and retains this state for up to 60 h, so that
its crystallization is delayed. Consequently, this enables a complete shape-memory cycle without the effect of
crystallization over the shape-memory properties. We show that in the amorphous state, the bulk SMPU displays
substantial memory-effect capabilities approaching optimal performance, without contribution from crystalli-
zation mechanisms. This effect is further enhanced in electrospun SMPU nanofibers, likely as a result of the high
molecular orientation induced by extensional flow. We propose that the dominant fixation and recovery
mechanism in such SMPUs is the inhibition of molecular chain mobility, imposed by interlocking of the SMPU

hard-segments when the polymer network is cooled below the transition temperature.

1. Introduction

Over the past decades, shape memory polymers (SMPs) have gained
great attention due to many desirable characteristics such as program-
mability, low density, biodegradability and biocompatibility, low cost,
large material selection, and easy processing [1,2]. Specifically, shape
memory polyurethanes (SMPUs) have been extensively studied due to
their diverse molecular designs and promising applications [3]. In
general, SMPUs are phase-segregated polymers that combine two pha-
ses: a hard phase composed of a chain-extended urethane groups, and a
soft phase composed of relatively low molecular weight amorphous or
semi-crystalline polyol. The shape memory effect in these polymers is
triggered by a series of thermomechanical actions around a transition
temperature (Tiransition), as illustrated in Fig. 1.

In terms of shape memory effect, the hard segments function as
netpoints that memorize the permanent shape, due to either physical or
chemical intermolecular bonds, whereas the soft segments act as a
switch that enables the mobility of the molecular chains to a temporary
deformed shape.

The effect of the degree of crystallinity over the memory capabilities
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is discussed in literature. High degree of crystallinity is considered a
prerequisite for a SMPU with high memory capabilities [3]. For
example, Bothe showed that high shape fixation (i.e. the ability to fixate
a deformed state) was exhibited with increasing degree of crystallinity in
semi-crystalline polymers [4]. By the same token, Gunes et al. reported
that the shape memory properties of shape-memory composites are
reduced due to decreased crystallinity [5]. In addition to the degree of
crystallinity, the phenomenon of strain-induced crystallization is also
found to affect the shape fixation of SMPUs [6]. Strain-induced crys-
tallization [7] arises when the polymer is deformed to relatively large
strains during the programming phase. During this stage, the molecular
chains are elongated and co-align closely, allowing crystallization to
occur. Thus, when an SMP is deformed and subsequently cooled below
the transition temperature (usually T, in semi-crystalline SMPUs), the
deformed state is fixed by the strain-induced immobile crystalline phase.
Re-heating the SMPU above Ty, melts the crystallites and allows the
SMPU to recover its initial shape.

However, recent experiments have raised considerable ambiguity
regarding the actual role of strain-induced crystallization in polymers,
and whether the current theoretical knowledge is sufficient to explain
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Fig. 1. Shape-memory transition schematic: the programming stage is aimed to
bring the SMPU to a stable deformed state; the activation involves the exposure
to a stimulus (in this case, heat) to recover the initial shape.

this phenomenon [8,9]. In the particular field of SMPs, Zue et al. have
tried to analyze strain-induced crystallization in their polycaprolactone
(PCL) based SMPU. They state that strain-induced crystallization was
not observable and is likely to have only minor effect over the overall
memory capability [10]. In addition, Pieczyska et al. have reported a
consistent lack of strain crystallization in their tested SMPUs, regardless
of changes in the experimental parameters [11]. Contrarily, Yan et al.
reported that in a PCL-PIBMD SMP, strain-induced PCL domains were
found to govern the shape memory process while the switching tem-
perature was below Ty, [12]. This duality rises from the versatility of
SMP chemistry in general and SMPU in particular and suggests that
these mechanisms are prone to variations due to the chemical constit-
uents, morphology and processing conditions, and therefore, assump-
tions regarding the governing mechanisms in SMPs might in practice be
inaccurate. Understanding the relation between the chemical procedure,
morphology and subsequent memory capabilities is essential in terms of
consistent assimilation to industrial needs.

The present work aims to clarify the role of the presence (or absence)
of strain-induced crystallization in amorphous SMPUs. SMPU was syn-
thesized catalyst-free, via a prepolymer method combining
polycaprolactone-diol (PCL-diol)/2,4,2,6-Toluene diisocyante (TDI) and
ethylene glycol as a chain extender. The resulting semi-crystalline SMPU
displays delayed-crystallization such that once heated, the SMPU be-
comes amorphous and retains this state for a long period. This ‘time-
window’ in which the SMPU is completely amorphous enables to
experimentally test whether strain-induced crystallization develops
during the thermomechanical cycle and whether it serves as an acting
mechanism in the SMPU. We also compared the bulk SMPU to electro-
spun SMPU fibers to understand whether the lack of strain-induced
crystallization is a function of the amorphous phase topology, i.e.
whether an amorphous electrospun SMPU will tend to crystallize under
strain due to the pre-stretched molecular chains morphology.

The molar ratio between the diol groups and the diisocyanate groups
is central for capable shape memory effect. An optimal stoichiometry
ratio between the reactants has been proposed in the literature to be
between 1:3-1:6 diol/Diisocyanate, depending on the chemical con-
stituents of the polyurethane. This ratio assures a low degree of physical
crosslinking that retains the required elasticity and strength [13] with
less of an impact over the shape-memory performance. Increasing the
physical crosslinking increases the polyurethane rigidity, resulting in
inferior elasticity and shape memory properties. In the present study, the
diol/diisocyanate ratio was 1:6, a stoichiometry ratio of reactants that
has been proven to lead to considerable shape memory capabilities [14].

The formation of SMPU and the analysis of the hard segment-soft
segment bonding was carried out by Nuclear Magnetic Resonance
(NMR) and Attenuated-total-reflection Fourier-transform-IR (ATR-
FTIR). The viscoelastic characterization and determination of Tg were
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carried out by Dynamic mechanical analysis (DMA). The degree of
crystallinity was analyzed by differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). XRD was also used for the analysis of time-
dependent crystallization. Strain-induced crystallization was analyzed
by DMA coupled with DSC to allow temperature controlled pre-
stretching prior to the morphological analysis. DMA was also used to
analyze the shape memory effect in the synthesized SMPU. The results
show that the shape-memory process of the synthesized SMPU occurs
during a time-scale in which the SMPU is completely amorphous. Thus,
the process does not involve strain-induced crystallization, while still
displaying high shape fixity and shape recovery values. This effect was
also demonstrated in electrospun SMPU fibers that displayed a minimal
strain-induced crystallized phase (0.44%). Our results demonstrate that
in the absence of crystallization, the acting ‘amorphous’ mechanism
involves the interlocking of hard segments that fixates the SMPU. In our
study, the implementation of asymmetrical TDI coupled with a short EG
chain extender, is leading to both steric hindrances and low mobility
that not only induce stereo-irregularity that is realized in amorphous
morphology, but also contribute to a better molecular interlocking, even
at temperatures higher than Tg. We propose that the type and effect of
the fixation mechanism can be tuned by the interplay between the
composition of the hard and soft segments.

2. Experimental
2.1. SMPU synthesis

The SMPU was synthesized via the prepolymer method. An illus-
tration of the synthesis scheme is displayed in Fig. 2:

e-polycaprolactone (e-PCL) diol (Leapchem, China) with a molecular
weight of 2000g/mol was dried in a vacuum oven at 45 °C/24 h prior to
the reaction. 80%/20% 2,4/2,6- toluene diisocyanate (TDI) and dehy-
drated ethylene glycol (EG) (Alpha Aesar, England), were dried with 4 A
molecular sieves. Dry toluene (Sigma-Aldrich) was used as a solvent. The
synthesis of SMPU was carried out in a three-neck cylinder, equipped
with Teflon magnetic stirrer, thermometer and Argon gas inlet and
outlet. All addition of reagents during the synthesis reaction were car-
ried out under an Argon flow. First, the reactor was washed with Ar gas
for 20 min. e-PCL-diol was dissolved in dry toluene at a ratio of 1:2 parts
respectively. After the dissolution of PCL, a stoichiometric portion of TDI
(6:1 TDI:PCL) was added dropwise at a rate of approximately 0.3 mL/
min under rigorous stirringThe solution was kept on rigorous stirring for
90 min at 65 °C. A stoichiometric portion of EG (5:1 EG:PCL) was added
at a rate of approximately 0.3 mL/min at the same conditions for
another 90 min. After 70 min, the temperature was increased to 120 °C.
The reaction solution was then removed from the reactor, poured into
aluminum plates, and was degassed for 10 min. Then, the polymer was
placed in an oven at 120 °C/14 h followed by additional 10 h at 35 °C.

2.2. SMPU characterization

2.2.1. Nuclear magnetic resonance (NMR)

The molecular structure of the synthesized SMPU was determined by
'H NMR (Bruker AVANCE III, 300 MHz). Spectral width of 20 ppm was
acquired with 16k points (Td) resulting in a resolution of 0.7 Hz.

2.2.2. ATR-FTIR

The chemical structure and presence of hydrogen bonding in the
SMPU samples were evaluated by Bruker ALPHA FTIR equipped with
diamond crystal ALPHA-P ATR module. The spectral data were collected
from 400 to 4000 cm ™! with a 4 cm ™! resolution over 24 scans.

2.2.3. Differential scanning calorimetry (DSC)

The thermal transitions of the SMPU were analyzed using DSC
(Q200, TA Instruments). The samples were heated from —40 °C to 200
°C at a 10 °C/min rate in a heat-cool-heat cycle.
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Fig. 2. Prepolymer synthesis of SMPU.

2.2.4. Dynamic mechanical analysis (DMA)

The viscoelastic behavior of the SMPU were studied using DMA
(Discovery850, TA Instruments). The samples were measured in an
oscillatory tensile mode at a frequency of 1 Hz at a heating rate of 3 °C/
minute over the range of —70 °C-180 °C. The storage modulus and loss
modulus values were recorded against temperature.

2.2.5. X-ray diffraction

XRD measurements of SMPU crystallinity and in-situ crystallization
were measured with Rigaku TTRAX III (18 kW) theta-theta vertical
diffractometer equipped with Cross Beam Optics (Tokyo, Japan), at
50kV/200 mA. The data collection was performed in the range 26 =
1-60° with a step of 0.0250. The time-dependent XRD measurements
were taken at intervals of approximately 90 min, and ended when
sequential crystallization was observed for a few consecutive times.

2.3. Preparation of electrospun SMPU nanofibers

Electrospinning of the synthesized SMPU nanofibers was carried out
using a custom-made apparatus as follows. First, the SMPU film was
dissolve in DMF for 24 h to a 25%wt solution. The solution was then
moved to a 1 mL glass syringe with an 18G needle. The flow rate was
controlled by a syringe pump (LongerPump, Precision pump inc.) and
was set to 1 mL/h. The distance between the syringe and the collector
was set to 15 cm and the applied voltage was set to 16 kV. The tem-
perature and humidity inside the electrospinning-designated hood were
25 °C and 60%RH respectively. The target collector in this experiment
was a rotating drum controlled by an external power source (Cintex). An
image of the custom-made system is display in the supplementary sec-
tion (Fig. S1).

2.4. Shape memory characterization

A force-controlled thermomechanical cycle for evaluating the shape-
memory response of bulk SMPU and electrospun SMPU nanofiber mat
were conducted using DMA (DMA Q800, TA instruments) in tension
mode. The shape-memory cycle is conducted such that non-recoverable
deformations will not occur. The procedure is as follows:

1) The SMPU was equilibrated at 70 °C for 10 min.

2) A force-rate ramp of 0.1 N/min to 1N was applied.

3) The SMPU was cooled to 0 °C at a 5 °C/min cooling rate and was held
isothermally for 45 min.

4) The applied force was released at a 0.50 N/min to 0.0010N rate and
was held isothermally for 15 min.

5) The SMPU was reheated to 70 °C at a 5 °C/min rate and was held
isothermally for additional 45 min.

Bulk sample were in average 4mm x 1lmm x 10mm [width, thick-
ness length]. Film samples were 0.05-0.1mm X 7mm x 7mm. Four
samples were made for each experiment.

2.4.1. Calculation of shape memory fixity and recovery

SMPs are characterized by two main parameters: shape fixity and
shape recovery. Shape fixity describes the ability to store strain (i.e. to
fixate a deformed state) at temperatures below the transition tempera-
ture. Thus, it can be defined as:

Ri% = i”loo%

Where e, is the maximum strain and e, is the strain fixed after cooling
and unloading. Shape recovery describes the ability to recover strain at
temperature range that exceeds the transition temperature. It is defined
as:

R.% = r*lOO%

Em

Where ¢, is the residual strain after activation, given by &, = ¢, - £, where
gp is the recovery strain.

Strain-induced crystallization analysis was carried out by coupling
DMA and DSC:

(1) The temperature in the DMA chamber was equilibrated at 65 °C.

(2) The sample was stretched to 150% at a strain rate of 10%/min.

(3) The sample was cooled to —100 °C at a rate of 150 °C/min

(4) The sample was transferred to DSC and a heat scan was initiated
from —40 °C to 100 °C.

3. Results and discussion
3.1. Chemical composition and structure

The chemical structure of the polymerized SMPU was confirmed by
'H NMR (Fig. 3a) and supported by further ATR-FTIR analysis (Fig. 3b).
In addition ATR-FTIR was used to assess the potential physical cross-
linking within the SMPU chains.

The chemical structure in Fig. 3a represents a typical repeating unit
of 2,4-TDI isomer that is likely to be the predominant isomer within the
bulk material. The peaks at 8.9-9.7 ppm (f) correspond to different types
of urethane groups (that originate from the possible modes of the 2,4
and 2,6 TDI isomers) [15,16]. CHg proton of the TDI units are shown as a
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Fig. 3. (a) 'H NMR spectrum. The inset in figure a display a typical repeating unit of the SMPU. (b) FTIR spectrum of the SMPU.

doublet at 2.0 and 2.1 ppm (b). The peaks at 7-7.5 ppm correspond to
the aromatic hydrogens of 2,6 and 2,4 TDI respectively (c). The peaks at
1.3-1.6 ppm (a) correspond to the —-CH, groups in the PCL chain
together with the CHy group adjacent to the PCL carbonyl visible at 3.9
ppm [17]. The protons of the short aliphatic chain that connects two PCL
chains is displayed at 3.6 and 4.2 ppm [18] (d,e). These aliphatic chain
peaks are likely to overlap with the chemical shift of the ethylene glycol
chain extender that is shown at ~4.0 ppm [18]. The peaks at 2.5 and 3.3
are assigned to the DMSO and DMSO water, respectively.

ATR-FTIR was used to investigate the SMPU synthesis. The lack of a
stretching peak around 2200 cm™! indicates that the reaction was
completed as no isocyanate reactant is detected. Furthermore, the peaks
at 3326 cm ™! and 1600 cm ! indicate the stretching vibration and in
plane bending of N-H, respectively. The absorption peak at 1724 cm ™! is
associated with the C=0 in the PCL as well as in the urethane group, and
the 1219 cm™! peak is associated with the benzene C=C bond. The
peaks at 2865 cm ™! and 2939 cm™! indicate the soft-segment CHy. The
peaks at 1454 cm ™! and 1530 cm ™! are associated with the C-N and CH,
bonds respectively, further supporting the signature of polyurethane.
The extent of physical crosslinks in the SMPU is indicated by the amount
of NH groups forming a crosslink, either between hard segments, or
between soft and hard segments. It has been shown previously that
peaks around 3420 cm ™! and 3320 cm ™! are attributed to free NH and
bonded NH groups, respectively [19].

Our results display a strong peak at 3326 cm ™' with no apparent
peak around 3420 cm~ . Followed by the work of Wang et al. [20], we
used Origin software to deconvolute the broad peak of 3326 cm™! in
attempt to see whether this peak overlaps several additional NH bonds.
However, the result does not indicate overlapped NH peaks at 3326
em™!. This serves as a clear indication that the NH groups of the ure-
thane segments are predominantly bonded, hence increasing the amount
of netpoints in the SMPU.

The high density of netpoints is expected to improve the integrity of
the network during the programming and recovery phases. Further-
more, it was shown previously that the peak around 1720 cm ™! indicates
the hard segments-soft segments bonding while the characteristic peak
at 1690 cm ™! indicates hard segments-hard segments bonding [21].

Our results show a single broad peak at 1724 cm ™", This corresponds
well with polyesters such as PCL, which is a strong hydrogen-bond
acceptor and therefore is prone to interact with the urethane NH
group. This translates to excess of netpoints between hard and soft
segments, and relates to the decrease in the degree of crystallinity due to
misalignment between the hard segments. The resulting chemical

composition of the SMPU makes it possible to investigate the shape
memory function of a completely amorphous SMPU, without the inter-
ference of the different effect of crystallinity.

3.2. Thermal and morphological characterization

DSC was used to characterize the thermal properties of the SMPU.
XRD was used to characterize the morphology of the SMPU as well as a
supporting method for the DSC findings (Fig. 4):

The DSC graph describes a heat-cool-heat experiment. The first
heating of the synthesized SMPU displays a crystalline phase (Fig. 4 left
— the red dashed curve) with melting temperature Tm = 48 °C. This
result coincides with the crystalline phase and the melting temperature
(Tm) of e-PCL. By contrast, additional cooling and reheating do not
display any recrystallization and the second heating displays an amor-
phous thermogram. We further verified this behavior using XRD (Fig. 4
right). In the XRD, we compared ‘as synthesized’ SMPU diffractogram
(Fig. 4 right, red curve) to heat-treated SMPU, heated to 65 °C and
cooled at R.T overnight. We see that the peaks in the as-synthesized
SMPU, which indicate crystallinity, are absent from the heat-treated
SMPU. It is visible that within the cooling time-scale the SMPU has
remained amorphous.

The ‘as-synthesized’ crystallinity (19%) is likely the result of the
amount of solvent used during synthesis and the lack of catalyst. With
regard to the former, the SMPU was synthesized using 2:1 parts toluene
per solute. Toluene dissolves the less polar PCL-diol but is less effective
for the more polar aromatic TDI. Therefore, during polymerization the
hard segments have higher potential for crystallization. However, once
the fully synthesized SMPU is reheated, the potential for crystallization
in the absence of the solvent contribution is lower. It was substantiated
in the literature that the isocyanate group has a strong impact over the
molecular chain symmetry that subsequently affects the degree of
crystallization. TDI in particular was found to enforce structural in-
terruptions that tend to decrease the degree of crystallization [22-24].
With regard to the chain-extender EG, although there are relatively few
SMPU synthesis that involve EG (with respect to longer chain ex-
tenders), it was reported that such a short diol causes contraction and
prohibits the packing of hard segments to oriented crystals [25].
Therefore, the coupling of the asymmetrical TDI groups with the short
EG dictates spatial chain disorder that reduces oriented packing of hard
segments and shifts the degree of crystallinity further toward a
low-order, amorphous morphology. Furthermore, the relatively low
molecular weight PCL-diol can also inhibit crystallization to some extent
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Fig. 4. Thermal and morphological properties of the SMPU. Left - DSC thermogram of bulk SMPU. Right — XRD diffractogram of bulk SMPU before and after

heat treatment.

due to preference of hard-segment/soft-segment bonding [26] as seen in
the FTIR results. When such preference occurs, the symmetry of the
SMPU chains decreases as the hard segments and soft segments will not
tend to crystallize.

3.2.1. Delayed crystallization

Over a period of time, an increase in the rigidity of the SMPU was
observed, suggesting that crystallization reoccurred. Therefore, an in-
situ XRD experiment was carried out to identify the time scale in
which the amorphous SMPU initiates crystallization (Fig. 5). We note
that although there are reports that claim that cold crystallization might
occur in 2,4-TDI based polyurethanes over time [27], neither estimation
of this time-scale nor the extent of crystallinity were reported. The time
dependent crystallization is displayed in Fig. 5:

Fig. 5 reveals three states of morphology changes (indicated by
numbers): During the first 2 h (region 1, green curve), the SMPU gained
a minimal degree of order toward a long-term, low order morphology.
Then, at room temperature, a steady state (region 2, blue curves)
remained for approximately 60 h, followed by recrystallization (region
3, brown curves). Although such complex phenomenon depends on
several factors, we note that this result was achieved with PCL-diol as a
soft segment, known to produce higher degree of crystallinity [28]. This

unique phenomenon is likely the result of slow chain relaxation at the
RT regime. The amorphous polymer has low-mobility hard segments
that constrain the relaxation of the soft chain segments. However, given
enough time in a temperature above Tg, chain relaxation was sufficient
for the chain segments to move and co-align, resulting in
recrystallization.

To summarize these findings, we show that in our synthesized SMPU,
heat treatment removes the primary crystallization and the SMPU be-
comes amorphous. The amorphous conformation is likely caused by the
low symmetry that is imposed by the TDI-EG hard segment and the
intermolecular hard segment-soft segment bonding. However, over time
(~60 h) slow chain relaxation is translated to recrystallization of the
SMPU. In the particular interest of this work, the time-scale in which the
shape-memory cycle takes place is well within the amorphous state of
the SMPU, such that no crystallization is involved in the tested shape-
memory process.

3.2.2. Strain-induced crystallization (SIC)

Since the SMPU is amorphous after heat treatment, it provides the
ability to detect experimentally the manifestation of strain-induced
crystallization as a possible fixation mechanism of the SMPU. It was
reported that TDI based polyurethane displays strain-induced
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Fig. 5. XRD diffractogram over a period of 60 h after heat treatment. It is visible that the SMPU is amorphous for over 50 h (designates by regions 1 and 2) before

recrystallization initiates (region 3).
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crystallization at a relatively low strain of ~110% while for instance
MDI-based polyurethane exhibits SIC at much higher strains [29].
However, as discussed earlier, the chemical constituents and synthesis
processing affect the extent of crystallization. Since we assume that the
stereo-irregularity of the hard segments inhibits molecular orientation
and crystallization, we also analyzed electrospun fibers, which were
processed from the same bulk SMPU as a comparable system with a high
degree of molecular orientation. These analyses are displayed in Fig. 6.

Fig. 6a displays the ‘as-prepared’ crystallization state of the bulk and
electrospun specimens. Electrospun fibers gain high molecular stretch-
ing due to the forced orientation imposed by the spinning process, which
in turn increases their crystallinity. Fig. 6b displays the heat-treated
specimens and show similarly to the bulk SMPU, a heat treatment
completely removes the crystalline phase from the electrospun samples.
Fig. 6¢ displays the strain-induced crystallization of the bulk and elec-
trospun SMPU. Under moderate strains (150%), the bulk SMPU does not
display strain-induced crystallization, whereas the electrospun SMPU
displays a minimal crystalline phase of 0.44%. These results correspond
with our hypothesis that this SMPU is highly disordered, preventing
crystallization from taking place. The strain-induced crystallization
caused by the pre-stretching of the electrospun fibers seems negligible
with regards to the shape-memory function. These results validate that
the SMPU remains amorphous throughout the shape-memory cycle,
without the involvement of crystallization.
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3.3. Viscoelastic properties

The mechanical impact of removing the crystalline phase on the
viscoelastic properties of the SMPU was measured by DMA for both
treated and un-treated SMPUs (Fig. 7). Under dynamic loading, the
storage modulus reflects the degree of stored elastic energy (Fig. 7b),
whereas the loss modulus reflects the dissipated viscous energy (Fig. 7¢);
the damping phase angle represents the ratio between the loss and
storage moduli (Fig. 7a).

In the semi crystalline states below Tm, the viscous movement of the
molecular chains is repressed by the existence of immobile crystallites
and therefore only a mild decrease of the storage modulus occurs when
the temperature is increased and elasticity is retained even above Tg
(Fig. 7b). Above Tm, the crystallites melt and this mobility barrier is
removed, consequently causing a rapid drop in the storage modulus. By
comparison, this mechanism does not exist in the amorphous state
where the molecular chains gain their mobility immediately after Tg and
exhibit a sharp decrease in the storage modulus. In both the semi-
crystalline and amorphous SMPUs, the elasticity of the cross-linked
network is still retained at high temperature, regardless of the loss due
to the viscous mobility of chains; this is seen in the region above ~60 °C
in both SMPU types.

Tg was calculated by observing the peak of the loss modulus
(Fig. 7¢). The shift in Tg between the amorphous and crystalline states is
likely a result of the interfacial forces between the crystalline and
amorphous phases; strong interfacial bonding between the amorphous
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Fig. 6. Strain-induced crystallization in electrospun SMPU. (a) XRD diffractogram of ‘as-synthesized’ bulk and electrospun SMPUs and (b) their diffractogram after

heating. (c) Strain induced crystallization observed in DSC.
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and crystalline phases induces constraints that increase the energy
required to cause viscous movement of the amorphous chains in that
interface. Computer-aided analysis of the semi crystalline loss modulus
peak display two energy dissipation modes (Fig. 7c, inset): The brown
peak is attributed to the amorphous phase far from the amorphous/
crystalline interface, whereas the smaller green peak can be attributed to
the amorphous chains in the vicinity of the amorphous/crystalline
interface [30].

The tan(8) measures the damping capacity of the polymer (Fig. 7a),
displaying a significant difference between the two states: the crystalline
SMPU displays low damping with maximum peak height of 0.18 close to
Tm, whereas the amorphous SMPU displays a wide peak with maximum
height of 0.67 which is comparable to the damping of elastomers. The
possibility of switching between high-damping and low damping states
by external switch, in this case by varying the temperature, is a desirable
property in state-devices such as vibration absorbers.

In summary, the analysis above reflects the conceptual difference of
the shape-memory mechanism between semi-crystalline and amorphous
SMPUs. The shape memory mechanism in the amorphous SMPU is
predominantly viscoelastic, namely the state of the polymer chains
during the programming and recovery is governed by their elasticity as
well as by their viscous mobility in the frictional dissipative environ-
ment created by their neighbors. By contrast, the semi-crystalline shape
memory mechanism involves storage and release of elastic energy
through crystallization and crystallites melting, respectively.

3.4. Shape memory performance

Fig. 8 displays a shape-memory cycle of the bulk and electrospun
SMPUs.

As stated, the time frame of the test is well within the amorphous
mode of the SMPU, and consequently, crystallization phenomena do not
affect the memory parameters. Therefore, the sole mechanism that acts
on the SMPU is the interlocking of hard-segment mobility while cooling
down toward Tg. The bulk SMPU displays good memory capabilities
with shape fixity of 89% and shape recovery of 93%, comparable with
SMPUs that involve a crystallization mechanism [31,32]. The electro-
spun SMPU displayed superior shape memory parameters with 99%
recovery and 97% fixity. We may conclude that with respect to the shape
fixity and recovery, an amorphous SMPU can perform as well as a
crystallized SMPU. In other words, despite being amorphous, the poly-
mer network provides efficient interlocking of hard segments in the
fixated state, while keeping the network integrity, so that when the
SMPU is recovered, hard segments are released and allow almost com-
plete recoiling of the network to its initial state.

The relaxation time constants were estimated at the recovery
isothermal state, assuming viscoelastic exponential decay, to be 8.3 and
14.2 min for the electrospun and bulk SMPU, respectively (Fig. 8b). The
difference can be attributed to the lower entanglements density in the
electrospun SMPU compared to the bulk SMPU. In the electrospun
SMPU, the extensional flow during the electrospinning process promotes
disentanglement, causing chain segments between entanglements to be
longer, consequently decreasing the confinement of chains [33,34]. Less
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confinement is associated with shorter relaxation times, and therefore
the less confined electrospun SMPU will have a shorter relaxation time.
This also explains the appearance of some strain-induced crystallinity in
the electrospun SMPU, where the less entangled polymer chains can
co-align more easily and crystallize. The increase in shape fixity of the
electrospun SMPU is usually attributed to the morphology of the elec-
trospun SMPU [35]. Particularly, electrospun SMPU have higher degree
of molecular orientation, and the free space between adjacent chains is
smaller. Thus, after fixation, the molecular chains are more restrictive
and reduce the degree of fixity degradation.

3.5. Shape memory mechanisms

The SMPU in its amorphous state is a polymer whose chains are
primarily flexible but contain relatively long hard segments. These
chains create a network through formation of crosslinks (netpoints)
between adjacent chains. These crosslinks consist of hydrogen bonds
between the hard-soft segments and hard-hard segmental groups. Dur-
ing programming, the network is heated to a temperature that allows
mobility of chain sections between crosslinks, without harming the
integrity of the network (that is, crosslinks are not broken). Once
decreasing the temperature for fixation (while remaining above Tg), the
hard segments which are relatively long and rigid, make it hard for the
chains to move with respect to each other, resulting in a fixated state of
the network. When the temperature is increased for the purpose of re-
covery, the hard segments are no longer entrapped and allow chains to
move more freely. At this point, the network will recover to its initial
coiled state. For convenience we will refer to this process as the
‘amorphous’ mechanism, to distinguish it from the shape-memory
mechanism that is based on crystallinity. An illustration of this mecha-
nism is displayed in Fig. 9.

The mobility of a chain-segment that is constrained between two
crosslinks is dependent on the available space confined by the sur-
rounding chains, and is depicted in the illustration (Fig. 9. (a)) as a
tubular volume element surrounding a typical constrained chain
segment. The notion of a confinement tube is commonly used in polymer
physic to express the restrictive potential imposed on a mobile chain by
its neighbors, allowing the chain to move within it by viscous reptation
[36]. At a highly entangled dense state, for example when the temper-
ature is relatively low, the confinement tube is thinner (Fig. 9b), and
therefore, the mobility of “bulkier” hard segments is hindered. At this
state, the hard segments are immobile, in other words, interlocked
within the “walls” of the confinement tube, and as a result the SMPU
shape is fixated. At an elevated temperature, such as during recovery or
programming, the space around the chain is less confined, allowing free

,, Hard segment

—— - Soft segment

- Crosslink

O "O b 8
V

Programming/Recovery Fixation

Fig. 9. Illustration of the amorphous fixation mechanism of an SMPU. (a)
General schematic of the SMPU with a tubular confinement volume around a
typical SMPU chain. (b) State of the confinement tube during the programming
or recovery steps. (c) State of the confinement tube as a result of fixation.

movement of the entire chain segment including the hard segments
(Fig. 9b). When the hard segments mobility decreases, phenomena such
as strain recovery, relaxation, creep and so forth require higher tem-
perature or equivalently longer time to take place. In our system, we
coupled TDI, which is a low mobility hard segment with EG which is the
shortest diol chain extender. The coupling of such elements further de-
creases the mobility of the hard segments, whereas longer chain ex-
tenders were found to increase the hard segment mobility [37].

In general, crystallinity can provide an additional fixation mecha-
nism by preventing the mobility of chain sections that were crystallized.
We suggest that both the amorphous and crystalline mechanisms are in
general simultaneously in action in SMPUs, and their relative impact is
governed by the chemical composition and stoichiometry of the SMPU.
Thus, in systems that are comprised of symmetrical hard segments (such
as symmetrical aromatic diisocyanate or aliphatic diisocyante) and
relatively long soft segments, we can expect crystallinity to be the
dominant mechanism, whereas in systems with asymmetrical hard
segments and relatively short soft segments the amorphous mechanism
will predominate. For example, Kojio et al. [38] have reported that the
addition of methyl groups on the soft segments can repress
strain-induced crystallization. Additionally, by varying the length and
composition of the soft and hard segments, it should be possible to vary
the relative impact of either amorphous or crystalline mechanisms, and
in this way to tune the SMPU properties.

The amorphous SMPU mechanism, described here in terms of a
confinement tube within which the hard segments can either move
freely at high temperature or be fixated at a low temperature, is affected
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also by the processing of the SMPU in addition to chemical composition.
For example, when the polymer network is highly entangled, the char-
acteristic relaxation time of chain segments within the tube is longer,
resulting in higher recovery temperature or equivalently longer recov-
ery time. When electrospinning is conducted at high strain-rate, chain
entanglements are partially lost, as witnessed by the faster recovery time
of the electrospun SMPU compared to the bulk SMPU.

4. Conclusions

A catalyst-free SMPU was synthesized based on PCL-TDI-EG com-
ponents. Due to the amount of solvent during synthesis, the synthesized
SMPU displayed semi-crystalline characteristics. However, due to the
type of the diisocyanate and the short EG chain extender, we observed
the phenomenon of time-dependent amorphous characteristics, in which
a heat treatment removes the crystalline phase and the resulting amor-
phous phase is stable for prolonged time that is followed by recrystal-
lization. The stable amorphous SMPU, prior to recrystallization,
provides the ability to complete a full shape-memory cycle in the
amorphous state, thus, enables to isolate the existence of SIC. DSC, DMA
and XRD measurements validate the amorphous properties of the heat-
treated SMPU, and a comparison to the as-synthesized semi crystalline
SMPU was conducted.

We showed that SIC was absent during the shape memory cycle, and
do not function as a shape fixity mechanism. However, bulk SMPU
performs well, with shape fixity and shape recovery of 89% and 93%,
respectively. It is therefore concluded that in this type of SMPU the
governing mechanism is an amorphous mechanism, dominated by the
disordered morphology of the molecular chains induced by the type of
the hard segments (TDI-EG). We also showed that chemically equivalent
but more ordered structures, such as electrospun SMPU fibers, display
small strain-induced crystallization under the same memory cycle,
which might drive the additional crystallization mechanism to affect the
shape-memory properties. We propose that the amorphous and crys-
talline mechanisms can work in parallel, and their relative contribution
depends on the synthesis and processing conditions.

Although our experiments were conducted on a single type of syn-
thesized polyurethane, our suggestion that both the amorphous and
crystalline mechanism are working in parallel should apply to a wide
range of synthesized SMPUs. At one end of the amorphous-crystalline
spectrum, the current study demonstrates with high certainty the exis-
tence of a purely amorphous shape memory mechanism. At the other
end of the spectrum, highly crystalline SMPUs are described in the
literature as solely governed by crystalline shape memory mechanism.
However, it is likely that the amorphous mechanism in such crystallized
SMPUs still contributes to the fixation and recovery, because all SMPUs
share the same hard-soft molecular morphology. The relative contribu-
tion of each shape memory mechanism can be tuned by changing the
chemical composition of the soft and hard segments. For example,
replacing the TDI by MDI would likely increase the SMPU crystallinity
and the mobility of the hard segments, resulting in a more predominant
crystalline mechanism. On the other hand, adding side groups such as
methyl or bulkier molecules would likely suppress crystallinity and
enhance hard segments interlocking, promoting a more predominant
amorphous mechanism. Such tuning, particularly the identification of
the contribution of each mechanism for a variety of SMPUs, should be
investigated by further research.

The electrospun SMPU fibers displayed superior recovery and fixity
(~100% and 97% respectively). Combined with a simple synthesis
process, this spinning method can be practically applied to industrial
purposes. We also showed that electrospun SMPU displayed a minimal
SIC (0.44%). Whether such small crystalline phase can impact the shape-
memory function remains an open topic for future research. While both
electrospun and bulk SMPU are chemically equivalent, the variety of
controllable parameters in electrospinning processing can enlighten the
morphological and topological effects over the shape memory
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