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Structural design of polyurethane/poly(butylene
succinate)/polycaprolactone compounds via

a multilayer-assembled strategy: achieving tunable
triple-shape memory performancesfy

Yu Zheng, ¥ Xiaoying Ji, Qingwen Wang, Jiabin Shen2* and Shaoyun Guo*

Shape memory polymeric materials composed of thermoplastic polyurethane (TPU), poly(butylene
succinate) (PBS), and polycaprolactone (PCL) were prepared through layer-multiplying co-extrusion of
blends. the
multicomponent compounds realized triple-shape memory effect. By tailoring the structure of the

With the two well-separated melting transitions respectively from PCL and PBS,
individual layer, the multilayer systems with designable phase morphology were fabricated, which
developed tunable shape memory performances. Particularly, the multi-continuous structure containing
alternating layers of TPU and the co-continuous PBS/PCL blend presented the optimal shape fixity and
recovery ratios, whose minimum value can reach 847%. It was revealed that the high phase continuity
along the deformation direction and the strong interfacial shearing effect promoted the ability to fix the
temporary shapes and recover them to the permanent state. In addition, the multi-continuous structure
maximized the synergy of the components in mechanical properties, resulting in an excellent balance of
tensile strength and ductility. The present strategy for morphology control of multicomponent structures
provides a promising method to fabricate outstanding triple-shape memory polymers with optimal

rsc.li/rsc-advances mechanical properties.

1. Introduction

Shape memory polymers (SMPs), as a kind of smart materials,
can provide the ability to fix a deformed shape and recover to the
original shape in response to an external stimulus."* In recent
years, the field of SMPs has witnessed a fast growth because of
the intrinsic versatility of SMPs in versatile applications ranging
from sensors to aerospace structures and medical devices.”™" For
further extending the capacity of SMPs, numerous SMPs with
novel properties have been developed and the triple-shape
memory polymer (TSMP) is the typical one. Unlike the classic
dual-SMPs that memorize only one temporary shape in a thermo-
mechanical cycle,”” TSMPs can fix two temporary shapes and
recover to the original shape by continuous heating,"**® which
meet the requirement of more complex deformation.

Generally, efficient methods to fabricate TSMPs include
multicomponent polymers with well-separated thermal transi-
tions and polymers with a broad phase transition. By selectively
dividing the sufficiently broad thermal transition into sequence
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domains, some polymers can exhibit triple-shape memory effect
(TSME). For instance, Xie found that the pure per-
fluorosulphonic acid (PSFA) ionomer possessing a broad glass
transition can present TSME and even multiple-shape memory
effect.”” In another work, Samuel et al. prepared a TSMP by
simply blending the miscible poly(methyl methacrylate)
(PMMA) and poly(r-lactide acid) (PLLA) to broaden the glass
transition temperature range, and tunable TSME was achieved
for the blend with 50 wt% PLLA via tuning the intermediate
shapes.'® However, the chain relaxation of this type of TSMP
occurs at any temperature within the broad thermal transition,
which usually leads to unstable temporary shapes. Besides, the
choice of the thermomechanical conditions would dramatically
influence the final TSME," so that more care should be taken to
optimize the performance.

In contrast, the multicomponent polymers realize TSME
based on the distinct elastic modulus status resulted from the
well-separated thermal transitions, which can make it more
efficient to set the thermomechanical conditions and fix the
temporary shapes.”” As an example, Behl et al. synthesised
a TSMP network using PCL and poly(cyclohexyl methacrylate)
(PCHMA).”* The switching temperature (T5) at different shape
memory stages can be easily selected according to the melting
transition of PCL and the glass transition of PCHMA. Moreover,
both of the shape fixity ratio (Rs) and shape recovery ratio (R,)
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approximated 100% when the PCL content was between 35 and
60 wt%. After that, the same group developed TSME by fabri-
cating another copolymer network composed of poly(w-penta-
decalactone) (PPD) and PCL with separated Ty,'s.?*> Although
many works have been accomplished,®?® the fabrication
methods still need improvement and development.

Polymer blending, which can integrate the advantages of two
or more materials, has been the rising star in fabrication of
SMPs because of its easy processability.””*® Some reports have
stated that the dual-shape memory effect can be easily achieved
by blending one permanent component (PC) which is in charge
of memorizing the permanent shape and another switching
component (SC) with reversible phase transition.**>** Inspired
by that, incorporating additional SC's through melt processing
seems like an effective route to develop TSMPs. By so far, some
multi-phase blends possessing TSME have been reported, such
as polyethylene (PE)/polycyclooctene blends and thermoplastic
polyurethane (TPU)/olefin block copolymer/PCL blends.***** For
the shape memory compounds, the co-continuous morphology
was known to show better shape memory performance.>**
However, it is hard to tailor a multicomponent structure to be
co-continuous via conventional melt processing because of the
numerous influencing factors (e.g. viscosity ratios, interfacial
tensions, processing parameters, and so on).**3*
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The layer-multiplying co-extrusion, as an advanced process-
ing technology, has attracted tremendous attention due to its
application in developing functional materials with versatile
unique properties.**** As schematically illustrated in Fig. 1, the
multilayer structure possessing a special co-continuous
morphology can be prepared through combining an assembly
of layer-multiplying elements (LMEs) with two extruders,
regardless of the influencing factors proposed in the blending
system. Moreover, the structure of the individual layer which
may be a blend can be tailored before the layer-assembly
process, thus being beneficial for incorporating more SC's,
meanwhile, achieving morphology control. Besides, the Baer's
group (Case Western Reserve University) has reported that the
high phase continuity and numerous interfaces of multilayer
SMPs would greatly facilitate stress transferring and load
distribution, which maximizes synergies among the shape
memory domains.***” Accordingly, the layer-multiplying co-
extrusion that enables the structural design of the multicom-
ponent system to become controllable and efficient is believed
to be a promising strategy for preparing excellent TSMPs.

In this work, multicomponent structures with tunable phase
continuity were fabricated through layer-multiplying co-
extrusion. The poly(butylene succinate) (PBS)/PCL blend with
co-continuous structure was coextruded with neat TPU, for
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Fig. 1 Schematic of the (a) layer-multiplying co-extrusion system and (b) production progress of multilayer structure.
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formation of a special multi-continuous morphology. Addi-
tionally, another multilayer structure with continuous PCL and
dispersed PBS was prepared by coextruding the co-continuous
TPU/PCL blend and the sea-island TPU/PBS blend. TSME of
the multilayer systems was investigated and the operative shape
memory mechanism related to the phase continuity was dis-
cussed. The influence of the morphological distinctions on
mechanical properties was also explored. Furthermore, the
materials used in this work have excellent biocompati-
bility,*>**** so that the multilayer TSMP is of great potential in
biomedical applications.

2. Experimental

2.1. Materials

Polyester-based TPU (Elastogran® S85A11), with a Shore A
hardness of about 85, a density of 1.23 g cm ™3, and 4,4'-
methane diisocyanate (MDI) acting as the hard segments, was
purchased from BASF group (Germany). Commercial PCL
(CAPA6800) with a density of 1.11 g cm ™ was purchased from
Perstorp Corp. (UK). PBS (1001MD) with a density of 1.26 g cm >
was purchased from Showa Denko Corp. (Japan). The molecular
structures of the materials are illustrated in Fig. 2.

2.2. Specimen preparation

TPU and PBS were dried at 80 °C for 40 h and PCL was dried at
40 °C for 24 h in a vacuum oven before melt processing. After
that, the PBS/PCL, TPU/PBS, and TPU/PCL blend pellets
(denoted as SLB, TSB, and TLB) respectively contained 50 vol%
PCL, 50 vol% PBS and 50 vol% PCL were prepared using a SH]J-
20 twin-screw extruder (screw diameter is 21.7 mm, L/D =40 : 1,
Nanjing Giant Co. Ltd., China) with an extrusion temperature of
185 °C and extrusion rate of 150 rpm. Then, the multilayer SMPs
consisting of alternating TPU and SLB layers were prepared
through the layer-multiplying co-extrusion technology. As
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Fig. 2 Molecular structures of (a) TPU, (b) PCL and (c) PBS.
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shown in Fig. 1a, TPU and SLB were simultaneously extruded
from different extruders, combined as a two-layer melt in the co-
extrusion block, and then flowed through an assembly of LMEs.
In a LME, the melt was sliced into two left and right sections by
a divider and then recombined vertically, leading to double the
number of layers, Fig. 1b. When n LMEs were applied, the
materials with 2"V layers can be produced eventually, while
the overall thickness of the multilayers remain unchanged. In
this work, 64-layer material was fabricated by applying 5 LMEs.
By controlling the co-extrusion speed, the total thickness of the
extrudate was maintained at about 1.0 mm, and the thickness
ratio of the TPU and SLB layers was kept at 1 : 1. The processing
conditions were the same as those for the preparation of SLB
pellets. Similarly, the 64-layer TSB/TLB specimen with the whole
thickness of 1.0 mm was produced under the same conditions.
What should be noted is that the thickness ratio of TSB and TLB
is also 1: 1, in order to maintain the composition unchanged.
For comparison, TPU/PBS/PCL blend (donated as TSLB) with
the same composition as that in the multilayer systems was
produced by extruding from one of extruders of above co-
extrusion system, for keeping a similar processing history.

2.3. Differential scanning calorimetry (DSC)

For determining the Ty at the different shape memory stages,
the heating and cooling curves of the samples were recorded on
a DSC (Q20, TA Instrument, USA) under nitrogen. Each 5-7 mg
sample was heated from 20 to 160 °C at a heating rate of
10 °C min~" and maintained at 160 °C for 5 min, then the
sample was cooled down to 0 °C at a cooling rate of 10 °C min .

The degree of crystallizations (X.) of PCL and PBS in each

sample was calculated as follows:

L

where AH,, is the enthalpy of PCL or PBS, which was obtained
from the DSC heating curve by integral computation of the
melting peak using TA Universal Analysis software; AHY, is the
enthalpy of 100% crystallinity of PCL and PBS, which are 135.5
and 110.3 J, respectively;**** W, is the weight fraction of PCL or
PBS in each sample, which can be obtained based on the
densities and compositions of the components.

2.4. Morphological observation

The microstructure of each specimen was observed using an
Olympus BX51 polarizing light microscope (PLM) equipped
with a camera. A thin slice about 10 um in thickness was ob-
tained by a microtome from each sample perpendicular to the
extruding direction.

The morphological structure of the individual layer was
further observed by using a scanning electron microscope
(SEM, JEOL JSM-5900LV) under a proper accelerating voltage.
The specimens were first cryofractured in liquid nitrogen, then
SLB and TLB were immersed in acetone to selectively etch the
dispersed PCL, TSB and TSLB were immersed in dichloro-
methane to selectively etch the dispersed PBS or/and PCL. Prior
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to visualization, the surface of each specimen was coated with
a layer of gold in a vacuum chamber.

2.5. Shape memory test

The samples for shape memory testing were cut from the
extruded films into rectangular specimens with dimensions of
10 mm (length) x 2 mm (width) x 1.0 mm (thickness). TSME
experiments were carried out on the dynamic mechanical
analyzer (Q800, TA Instrument) in controlled force mode. A
typical thermomechanical cycle involves the following steps: (1)
stretching the sample at Ty to a certain strain (eni) with
a constant stress, (2) cooling to a lower Ty, and then removing
the load for 5 min to obtain the first temporary strain (eg), (3)
a second force-controlled stretching was performed at T, to
reach the maximum strain (ey,,), (4) cooling to 25 °C and again
removing the stress to gain the second temporary strain (eg,),
and (5) a free-strain recovery was first performed at T, for
20 min to the recovered strain (¢,,), subsequently performed at
Ts: for 20 min to the final strain (¢4). R, and R were respectively
calculated by using following eqn (1) and (2):*"*®

Ree = 0 5 100% (1)
€m(x)
R, = 0 T &® L y00v, 2)
Ef(x) — Ef(x-1)

2.6. Dynamic mechanical analysis

The storage moduli at different temperatures were measured
through the DMA Q800 from TA Instruments. Each sample with
dimensions of 10 mm (length) x 4 mm (width) x 1.0 mm
(thickness) was heated at heating rate of 3 °C min~" from 0 to
160 °C using a stretching mode. The testing frequency was
10 Hz.

2.7. Creep-recovery test

The creep-recovery curves were measured using the DMA Q800
from TA Instruments at the Ts. Each sample was first stretched
to a certain strain under the constant stress and then the load
was released instantaneously. The creeping process lasted for
20 min and the recovered strain as a function of the creeping
time was recorded.

|
:
:

Fig. 3
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2.8. Tensile tests

Tensile tests were performed using an Instron 4302 tension
machine (Canton, MA, USA) at a crosshead speed of 100
mm min ' in accordance with ASTM D638. At least five speci-
mens for each sample were tested, and the average value was
calculated.

3. Results and discussion

3.1. Macrostructure

Fig. 3 exhibits the PLM pictures of the blending and multilayer
specimens. The parallel-assembled bright and dark layers of
TPU/SLB are respectively corresponding to the semicrystalline
SLB and amorphous TPU. Besides, the individual SLB demon-
strates the typical co-continuous morphology, which can be
proved by the SEM picture showed in Fig. S1. Thus, a special
multi-continuous structure with numerous interfaces can be
fabricated by coextruding SLB and TPU. TSB/TLB also shows
a multilayer structure composed of alternating semicrystalline
layers. However, the interfaces in TSB/TLB are more ambiguous
than those in TPU/SLB because of the molecular diffusion of the
TPU matrix during the layer-multiplying process. Additionally,
as seen in Fig. S2,7 TLB appears to be co-continuous, while TSB
exhibits the sea-island morphology. Accordingly, TSB/TLB can
be regarded as a TPU-based blend in which the continuous PCL
and island-like PBS are alternately dispersed. For the conven-
tional blend, it can be seen that the bright crystals of PBS and
PCL are dispersed in the amorphous TPU matrix. By etching
both of PBS and PCL with dichloromethane,*® the typical sea-
island structure can be observed through the SEM test,
Fig. S3.f Consequently, the multilayer assembly of different
structures can produce multicomponent systems with tunable
phase continuity, which is believed to result in distinct shape
memory performance.

3.2. Thermal behaviors

As mentioned earlier, the TSME can be achieved by incorpo-
rating two reversible domains with well-separated thermal
transitions. Fig. 4 displays the DSC heating and cooling curves
of the blending and multilayer specimens. From Fig. 4a, it can
be seen that all the curves show a similar melting transition
process of PCL and have the same Ty, at around 56 °C as that of
PCL, irrespective of the structural distinctions. On the other

|

PLM pictures of the (a) TPU/SLB, (b) TSB/TLB and (c) TSLB specimens.
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Fig. 4 DSC (a) heating and (b) cooling curves of the specimens.

hand, PBS in TPU/SLB exhibits a dual melting behavior with two
Tm's at approximately 103 and 113 °C ascribed to its melt-
recrystallization effect.”> However, both of TSB/TLB and TSLB
have only a single melting peak of PBS at about 107 °C, which is
basically consistent with the DSC curve of TSB exhibited in
Fig. S4.f Unlike the TPU/SLB multilayer structure with
numerous interfaces, TPU is directly blended with PBS in TSB/
TLB and TSLB. Thus, the melt-recrystallization effect of PBS
may be suppressed by the hydrogen-bonding interaction
between TPU and PBS.** Although PBS demonstrates different
melting behavior, all the specimens can provide two well-
separated T,'s to meet the prerequisite for realizing TSME.

As for a triple-shape memory cycle, the fixation of the first
temporary shape (S,) is crucial but always more difficult due to
the chain mobility of the SC owning the lower phase transition
temperature. In this study, when S; was fixed at Ty, which
should be higher than the T;, of PCL to allow a second defor-
mation, the molten PCL would cause partial recovery. Fortu-
nately, as seen in Fig. 4b, although the crystallization
temperature (7.) of PBS would be decreased after blending with
TPU, which is still appropriately higher than the T, of PCL, thus
can provide a temperature interval to choose a proper T, where
PBS can crystallize to maintain S;. Similarly, after cooling the
second temporary shape (S,) to the room temperature, the
crystalline PCL would make contribution to the shape fixation.
Hence, the well-separated T.'s/Ty,'s of PCL and PBS endow the
specimens with great potential to demonstrate efficient TSME.

3.3. Shape memory performance

Based on above results of thermal behaviors, TSME of each
specimen was investigated by designing a triple-shape memory
cycle, as shown in Fig. 5. The T,; was chosen at 125 °C where
both of PBS and PCL are molten to obtain S;, and then the
deformation was fixed by cooling to the T, of 70 °C where PBS
can crystallize to provide mechanical support and PCL is still
molten to allow the second shaping. After fixing the S, by
cooling to 25 °C, a subsequent recovery under continuous
heating was conducted to characterize the recoverability. The
corresponding Ry and R, at each stage are calculated and
compared in Table 1. The R¢, and R,, of TSLB are only 78.2 and
66.0%, respectively, suggesting that the fixation of S, and the

This journal is © The Royal Society of Chemistry 2018
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recovery from S, to S; are not effective. After tailoring PCL or/
and PBS to be continuous through layer-multiplying co-
extrusion, all the values are greatly improved. For the TSB/TLB
specimen, only R, is relatively low, but is still around 75%,
and both of R¢; and R, are beyond 88%. Besides, the minimum
Ry or R, value of TPU/SLB can even reach 84%, although the
strains in Fig. 5 show higher values for TPU/SLB specimens,
which further indicates that the multi-continuous structure can
indeed better promote the shape memory performances.

Fig. 6 exhibits the macroscopic triple-shape memory prog-
ress of TPU/SLB recorded by a digital camera. The stripe was
first deformed to a “L” shape at 125 °C and fixed at 70 °C for
5 min to obtain S;; then it was further deformed to a square
shape and cooled to 25 °C to fix S,. After that, the S, was
recovered to S; by heating the sample to 70 °C and isothermal
treatment for 10 min. Subsequently, the sample was further
heated to 125 °C and isothermally treated for another 10 min. It
can be found that the two temporary shapes are well fixed and
the original shape is almost entirely recovered. Accordingly, the
TPU/SLB can indeed present a valuable TSME with excellent and
balanced shape memory performances over all stages.

3.4. Shape memory mechanism

With regard to a multicomponent SMP, the shape memory
property is always governed by the phase structure.”*-** For this
study, above results of morphological observation have revealed
that different geometric organization of the components would
produce diverse macrostructures as schematically illustrated in
Fig. 7, resulting in distinct TSME. It can be seen that the phase
continuity of PBS and PCL are gradually enhanced ranging from
TSLB to TPU/SLB. Hence, the shape memory mechanism of
TSME, which seems to be related to the phase continuity, is
worth discussing.

When S; was fixed at 70 °C, the specimen tended to recover
because TPU preserved the stain energy and PCL is molten, but
most of the deformation would be maintained with the
mechanical support provided by the crystallized PBS. For the
TPU/SLB specimen, the continuous PBS can serve as the
framework of the SLB layers, so that the recovery tendency of
PCL and TPU can be well restrained. In contrast, the dispersed
PBS in the TPU matrix would obviously allow more shape

RSC Adv., 2018, 8, 42337-42345 | 42341
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Fig. 5 The triple-shape memory cycles with T's of 70 and 125 °C of the (a) TSLB, (b) TSB/TLB, and (c) TPU/SLB specimens.

Table 1 Rfand R, values of the specimens at each stage in the triple-
shape memory progress

Sample Ry Rp, Ry R
TSLB 83.8% 78.2% 66.0% 83.1%
TSB/TLB 89.6% 82.6% 75.2% 88.1%
TPU/SLB 92.9% 84.5% 83.9% 90.3%
Deformed at 125 °C
Fixed at 70 °C
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Fig. 6 The macroscopic triple-shape memory progress of the TPU/
SLB specimen.

recovery, leading to the reduction of R¢;. Moreover, the storage
moduli of the specimens at 70 °C are gradually enhanced with
the increase of the phase continuity of PBS, Fig. 8, further
indicating that the continuous PBS can provide a stronger

42342 | RSC Aadv., 2018, 8, 42337-42345

mechanical support to fix the temporary deformation. Similarly,
as S, was fixed at 25 °C, the multilayer systems with continuous
PCL demonstrate the better shape fixity. Besides, it should be
noticed that the R, of each specimen is larger than Ry,. Actually,
R¢ is significantly influenced by the amorphous domains of PBS
and PCL which can induce recovery under the driving force
provided by TPU due to their extremely low T,'s of about —30
and —60 °C, respectively. However, PBS has a much higher X,
than that of PCL, Table S1,f meaning that there may be more
less active domains when S; was fixed by PBS. Additionally, the
specimens have a quite greater storage modulus at 70 °C, which
would produce larger strain energy to be stored in the second
shaping progress, so that the recovering tendency would
become stronger when S, was fixed. Accordingly, the specimen
exhibits a lower Ry at the second shape fixing stage.

In the recovery progress, the performance of each specimen
turns to be governed by TPU because the molten PBS and PCL
with an extremely low modulus would fail to store the strain
energy. For the TPU/SLB specimen, the parallel-assembled SLB
and TPU layers should always obtain the same strain during
deformation. Thus, the TPU layers can efficiently promote the
adjacent SLB layers to recover through the interfacial shearing
effect. However, the TSB/TLB multilayer system has a slightly
worse R;, which may be resulted from the lower phase conti-
nuity along the stretching direction and the weaker interfacial
shearing effect induced by the interfacial diffusion of TPU. With
regard to TSLB with a sea-island structure, it can also be divided
into many parallel layers in which the components are assem-
bled in series. On the basis of the classic viscoelastic theory,*
the strain of the series-connected components should be
dominated by their own viscoelasticity, so that the recovery of
TPU has less effect on that of PBS and PCL. Consequently, TSLB
would produce more irreversible deformation, which can be

This journal is © The Royal Society of Chemistry 2018
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further evidenced through the creep-recovery experiment. Fig. 9
shows the evolution of recovered strain during the creeping
progress of each specimen at the two T¢'s of 70 and 125 °C. After
creeping for 20 min at 125 °C, the TPU/SLB and TSB/TLB
specimens have the recovered strains of 85.9 and 79.6%,
respectively, while the final strain of the blend is 76.1%. When
the creep temperature is decreased to 70 °C, the multilayer
structures also exhibit the larger recoverability than that of the
blend. These results reveal that the multilayer systems with
higher phase continuity and a plenty of interfaces can indeed
hold a greater promise in optimizing R,. However, for the
individual specimen, a lower R, is obtained at 70 °C. Taking the
TSLB specimen for instance, the R, is dramatically decreased
from 78.2 to 66.0%, when the T is reduced from 125 to 70 °C.
Unlike that both of PBS and PCL would melt at the T, of 125 °C,
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PBS is semi-crystalline at the T, of 70 °C. As a result, the second
shaping progress would create some destruction and orienta-
tion of the PBS crystals which would fail to be recovered until
melting again, thus deteriorating R, after reheating to 70 °C at
the first recovering stage. By further heating to T, PBS would
be molten to allow a full recovery, and a larger R, is reasonably
obtained.

3.5. Mechanical properties

Apart from promising competitive shape memory perfor-
mance, favorable mechanical properties are also important
for TSMPs to realize practical application. Thus, tensile tests
were conducted to explore the influence of morphological
distinctions among the specimens on the tensile strength (o)
and elongation at break (¢p). The stress-strain curves and
resulting data are showed in Fig. 10. With the dispersed PBS
and PCL, TSLB shows the typical elastomeric tensile property
with o5 of 31.9 MPa and excellent ¢, of 1274.7%. By trans-
forming PCL into the continuous phase via layer-multiplying
co-extrusion, the o and &, of TSB/TLB are increased to
47.2 MPa and 1496.0%, respectively. However, because of the
dispersed PBS, the mechanical performance of TSB/TLB is
still more governed by the TPU matrix. For the TPU/SLB
multilayer structure with continuous PBS and PCL, an
obvious yielding behavior can be observed. Moreover, the g
is further enhanced to 53.0 MPa, but the ¢}, slides to 1324.3%,
which is still larger than that of TSLB. This indicates that
construction of a multi-continuous structure can synergisti-
cally take full advantage of the mechanical property of each
component as shown in Fig. S5,f which may provide
a potential method to prepare outstanding TSMPs with
balanced mechanical properties.
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Fig. 9 Evolution of recovered strain of the specimens during the creeping progresses at (a) 125 °C and (b) 70 °C.
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elongation at break among the specimens.

4. Conclusions

TPU/PBS/PCL multicomponent materials with tunable phase
continuity were designed and fabricated through Ilayer-
multiplying co-extrusion. The well-separated T,,'s and T.'s of
PCL and PBS endow the specimens with capacity to achieve
TSME. The results revealed that the multilayer systems pos-
sessing continuous phase and numerous interfaces have larger
R¢ and R, than those of the blend. In particular, TPU/SLB with
a special multi-continuous structure exhibits the best TSME
because of the high phase continuity of each domain and
stronger interfacial shearing effect. Besides, the multi-
continuous structure maximally integrates the mechanical
performances of the components, resulting in an excellent
balance of o4 and ¢,. Hence, the current approach opens a new
avenue for fabricating excellent TSMPs with optimal mechan-
ical properties.
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