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Novel syntactic foams were prepared by incorporating three types of glass microbubbles in a crosslinked cis poly
(1,4-butadiene) (cPBD) matrix. The as-prepared semi-crystalline polymer-based syntactic foams displayed a clear
two-way shape memory effect (2W-SME) with remarkable strain actuation of about 56% expansion when the
temperature drops from 60 °C to — 40 °C, and about 40% contraction when the temperature rises from — 40 °C to
60 °C, comparable to most pure two-way shape memory polymers. Compared to the pure cPBD, which was
actuated under 0.32 MPa tensile stress, the foams were actuated under a much larger external tensile stress of up
to 1.6 MPa, signifying its superior actuation capability. The energy output is also much higher for the syntactic
foam, up to 0.83 MJ/m?, compared to 0.28 MJ/m? for the pure cPBD. Furthermore, it has a working temperature
below zero Celsius and may be actuated at temperatures lower than most other available shape memory polymer
foams. With a low density, decent mechanical properties, and great actuation capability, these syntactic foams
can be adopted for applications such as artificial muscles, biomedical devices, soft robots, sealants, and aerospace

structures, which can be potentially manufactured by 3D printing.

1. Introduction

Shape memory polymers (SMPs) are a class of polymers that can be
programmed to keep a temporary shape and be triggered by mechanisms
such as heat or light to switch to the original shape [1]. While one-way
shape memory polymers can memorize only one temporary shape,
two-way shape memory polymers can memorize two different shapes
and can repeatedly shift between the two states. Since the introduction
of two-way (2W) SMPs in 2001 [2], many polymers have been devel-
oped with the two-way shape memory effect (2W-SME). However, very
few of them function in low temperatures. By 2018, there had been only
one polymer that could be used in temperatures below 0 °C, and the
lowest operating temperature was — 20 °C [3]. However, its actuation
strain was limited to only 30% under tension. In 2018, our group re-
ported a 2W-SMP based on crosslinked cis polybutadiene (cPBD) that
exhibited an impressive 2W-SME under a maximum tensile load of 0.32
MPa [4]. The cPBD could actuate with an expansion upon cooling (EUC)
and contraction upon heating (CUT) over 100%, when temperature
cycles between — 40 and 60 °C. More remarkably, this 2W-SMP could
function at temperatures much lower than most other 2W-SMPs devel-
oped to date. Although the already developed 2W-SMPs exhibit
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excellent actuation strain, achieving a higher actuation stress could be a
substantial improvement as it makes the material even more attractive
for applications such as sealants [5,6], artificial muscles [7,8], and
self-healing [9].

Since the advent of polymeric foams in 1931 [10], many foams have
been developed by introducing empty pockets or a gas inside liquid or
solid polymer matrices. Adding gas, such as air [11], nitrogen [12], or
carbon dioxide [13,14], or incorporating hollow spaces may signifi-
cantly reduce the density of the final material while enhancing its shock
absorption and thermal insulation properties. Due to the interesting
properties of SMPs, many researchers exploited them to develop SMP
foams. For example, polystyrene [15], polyurethane [16,17], epoxy
[18], polycaprolactone [19] and polybutadiene [20] have all been used
in SMP foams. Another method to create a polymer foam is by me-
chanically dispersing bubbles or particles made of metals, ceramics, or
polymers into a polymer matrix. This type of foam is called syntactic
foam. Compared with pure polymer foams, either open-celled or
close-celled, syntactic foams are usually stronger, making them attrac-
tive in structural applications. Like other composites, the mechanical
and physical properties of this special type of particulate-filled polymer
composites (PFPC) can be tailored for a particular purpose. The
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SMP-based syntactic foams are highly engineerable for a specific
application and show greater specific strength compared to normal
SMPs. As a result, these materials are widely used in industries such as
aerospace and underwater vehicles that weight or tunability is of high
importance. To combine the unique features of both SMPs and PFPCs,
many SMP-based syntactic foams are developed to date [21-24]. These
materials are extensively studied as sandwich cores [25,26] or in
acoustic applications [27].

Although pure cPBD has exhibited excellent 2W-SME even at frozen
temperatures, the main limitation persists in its small actuation stress. If
its actuation stress can be further increased and its density can be
reduced, it will find many applications in lightweight structures and
devices, particularly in cold environments. In this study, a novel syn-
tactic foam with hollow glass microspheres (HGMs) dispersed in cPBD
matrix was prepared and tested. HGMs are chemically inert, inexpen-
sive, and have a low coefficient of thermal expansion. These unique
properties have made them one of the most widely used hollow fillers
available. Three types of HGMs were utilized with a fixed volume frac-
tion of 40%. The physical, chemical, mechanical, and 2W-SME were
characterized, and governing mechanism was discussed.

2. Experiments
2.1. Raw materials

Cis poly(1,4-butadiene) (PBD) under the trade name Budene 1208
was purchased from Goodyear, USA. Its viscosity is 46 (Mooney mL 1 +
4@100 °C). Its onset glass transition temperature is — 104 °C. Dicumyl
peroxide (DCP) was purchased from Acros Organics (Geel, Belgium).
Three types of soda-lime-borosilicate glass composition HGMs, K1, K15,
and K20, purchased from 3 M (Saint Paul, MN) with true densities of
0.125 g/em®, 0.15 g/em®, and 0.20 g/cm®, respectively, were used as the
microfillers. The isostatic crush strength of the three bubbles is reported
as 1.72 MPa, 2.07 MPa, and 3.45 MPa, in the same order as their den-
sities. Their median particle diameter is 65 pm, 60 um, and 60 pm,
respectively. Chloroform was purchased from VWR (Radnor, PA).

2.2. Preparation of syntactic foams

First, 5% PBD solution was prepared by immersing small pieces of
PBD in chloroform at a 5-95 wt ratio. It was gently mixed once per day
for seven days and then blended briskly using an overhead stirrer to
form homogenous consistency. After that, 40% by volume of GHMs was
added to the solution, together with DCP of 3% by weight of PBD. The
completely uniform mixture was then poured into circular aluminum
molds and left for 24 h under a ventilated fume hood for the chloroform
to be evaporated. It was then removed from the mold and placed in a
vacuum chamber for another 24 h to thoroughly remove the chloroform.
The resulted thin film was then folded and pressed for 24 h to obtain
samples of the desired thickness. This step also eliminated small pockets
created by evaporation of the chloroform solvent. The final samples
were then cured in an oven at 150 °C for 30 min. In the following, the
pure cPBD samples are named PBD for short. The syntactic foams are
named K1PBD, K15PBD, and K20PBD, respectively, depending on the
type of HGM used.

2.3. Characterizations

The density of the three foams was determined by measuring their
volume and weight. The volume of the syntactic foam was measured by
the water displacement method. Weight of the specimens was measured
using an XS105 scale by Mettler (Toledo, Italy). The density was then
calculated based on the measured weight and volume. Reported results
are calculated based on average measurements of three pieces of sam-
ples from each type of foam.

The thermal properties of the foams were characterized by DSC.
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Samples of approximately 5 mg were placed in aluminum pans and
placed in a DSC 4000 calorimeter by PerkinElmer (Waltham, MA) and
scanned from — 60 to 60 °C. The heating and cooling rates were set to be
10 °C/min, and the nitrogen gas flow was chosen as 20 mL/min. To
eliminate the thermal history of the specimens, the second heating and
cooling cycles were plotted.

Dynamic mechanical analysis (DMA) was performed using a Q800
DMA by TA Instruments (New Castle, DE) to determine the thermo-
mechanical properties of the developed syntactic foams. A temperature
sweep was done in multi-frequency/strain mode from — 40 to 80 °C with
a linear rate of 3 °C/min. The frequency was set to be 1 Hz, and the
amplitude was chosen to be 20 um. Rectangular-shaped films of the
three types of foams with an effective length of 5.5 mm, a width of 1.5
mm, and a thickness of 2 mm were used under tension mode.

DMA was also utilized to study the 2W-SME by applying a constant
external force to the foams and recording the resulted elongation during
multiple thermal cycles through controlled force mode. 5.5 mm x 1.5
mm x 2 mm films of the three types of foams were used under tension.
Under each tensile load, the temperature was cycled several times from
— 45 to 60 °C with a heating and cooling rate of 5 °C/min.

Tensile tests were conducted using an eXpert 2610 Universal Testing
Machine (UTM) by ADMET (Norwood, MA). Two separate tensile tests
were performed. One at room temperature and the other at — 40 °C. An
F-280DT ADMET environmental chamber, controlled by an Omron
E5AC-T digital controller (Kyoto, Japan), was used for the low-
temperature test (Fig. S1). For both tests, the displacement speed was
10 mm/min. Specimens were made by cutting sheets of 2 mm thick foam
using a cutter shaped as the standard-sized dog bone (ASTM D638 IV)
(Fig. S2). Reported results are based on the average of three tests, with
each selected from a different batch of cured polymer.

Scanning electron microscopy (SEM) was used to observe the dis-
tribution of glass bubbles in the syntactic foams. Small specimens were
first covered with a 50 nm layer of gold using a Vacuum Sputter by
Denton (Moorestown, NJ) to establish better conductivity with the
carbon surface of the stub. A Phenom ProX Desktop SEM (Eindhoven,
The Netherlands) was used to capture the images. The accelerating
voltage was 15 kV, and the working distance was 9-9.5 mm.

Fourier-transform infrared spectroscopy (FTIR) was used to charac-
terize the chemical structure of syntactic foams. A Nicolet iS10 spec-
trometer manufactured by Nicolet Instrument Corporation (Madison,
WI) was used to test samples in a range of 4000-400 cm .

Thermogravimetric analysis (TGA) of the developed foams was
conducted using a TGA 550 machine made by TA Instruments (New
Castle, DE). The typical thermogram was recorded from room temper-
ature to 800 °C at a rate of 10 °C/min under a nitrogen atmosphere.

The rheological studies were performed using a Discovery HR 30
rotational rheometer manufactured by TA Instruments (New Castle, DE).
The geometries of the test fixtures were parallel disks with a diameter of
25 mm. Frequency sweep test was conducted at room temperature. The
temperature sweep of the foams was performed at a heating rate of 3 °C/
min from — 10 to 60 °C.

3. Results and discussions
3.1. Characterization of structure and morphology

The measured density is given in Table 1. In Table 1, the theoretical
density is based on the general rule of mixtures approach, i.e., the

Table 1
The measured density of the pure polymer and foams.
PBD K1PBD K15PBD K20PBD
Theoretical Density (g/cm® 0.9 0.689 0.696 0.711
Actual Density (g/cm® 0.823 0.637 0.643 0.660
Additional porosity (%) 8.5 7.5 7.6 7.2
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weighted mean of the component. From Table 1, the theoretical and
measured densities for the four materials are close. The slight difference
between the theoretical and measured densities can be attributed to the
entrapped air in the prepared samples. The additional porosity was
calauclated as {Additional porosity (%) = [(theoretical density —
experimental density)/theoretical density] x 100%}. The additional
porosity due to entrapped air bubbles was calculated and is given in
Table 1. Based on Table 1, the additional porosity of the prepared foam
specimens is slightly lower than that of the PBD and the quality is
acceptable.

Fig. 1 is a typical SEM image of the foams after specimen prepara-
tion. It depicts that the glass bubbles are evenly distributed and take
approximately 40% of the volume of the PBD matrix. As the comparison
between the measured and theoretical densities suggested, the majority
of the entrapped air and gas were removed during the preparation
process. This was further validated by the absence of large air pockets in
the SEM images. The SEM image also shows that a limited number of
glass bubbles were damaged during preparation, possibly by mixing or
pressing. The number of broken bubbles appears to be greater on the
outer surface of specimens, which was in contact with the external
compressive load.

To further examine the preparation process, the load applied by the
presser was simulated on smaller pieces of syntactic foam using the MTS
machine. It was determined that the K1PBD, K15PBD, and K20PBD
samples took a compressive stress of approximately 2.5 MPa, 3 MPa,
and 3.2 MPa, respectively. It is also believed that due to the viscoelastic
and viscoplastic properties of the PBD matrix with bubbles during the
many hours of holding time, the presser load is probably distributed
unevenly and the stress on glass bubbles is higher than the surrounding
matrix. The large compressive force employed by the presser as well as
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the mixing process may both be responsible for the rupture of some of
the microbubbles. Therefore, alternative methods for mechanically
dispersing the bubbles and improvements in forming the material may
potentially result in even more superior foam properties.

Fig. 2 shows the FTIR results of as-prepared PBD, K1PBD, K15PBD,
and K20PBD, respectively. Examining the identified characteristic peaks
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Fig. 2. FTIR spectrum of the developed syntactic foams compared to pure
crosslinked PBD.

Fig. 1. SEM image of as-prepared syntactic foam.
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marked in Fig. 2 indicates that the three syntactic foams exhibit a nearly
identical FTIR profile to the crosslinked PBD. The sole exception is the
peak detected at around 470 cm ™!, only observed in the specimens with
glass microbubbles. This wavelength can be assigned to Si-O-Si bending,
which is clearly due to the presence of glass bubbles. Otherwise, peaks
and even intensities of the four specimen types were very similar. It
suggests that the addition of glass bubbles does not alter the existing
chemical bonds in the polymer. Therefore, the interfacial bonding be-
tween the microbubbles and the PBD matrix is purely physical. The
comparison between the three syntactic foams further proves that the
size and density of the microbubbles have essentially no impact on bond
lengths and types.

3.2. Thermal behavior

The heat flow profiles during the second heating and cooling cycle
are shown in Fig. 3 for the three syntactic foams. The melting temper-
ature (Ty,) and crystallization temperature (T.), determined from the
peak of the heat flow curve, were around — 12°C and — 40 °C,
respectively. Comparing these values with the numbers reported for
pure crosslinked PBD, — 8.7 °C and — 34.9 °C (Fig. S3) [4], indicates
that incorporating the hollow microbubbles into the PBD slightly de-
creases the crystallization and melting temperatures. The small differ-
ence between the reported Ty, and T, for the pure crosslinked PBD and
the syntactic foams may be attributed to the potential dissimilarities in
the synthesis and curing processes. For pure PBD, the enthalpy change in
the endothermic peak is 30.3J/g and the enthalpy change in the
exothermic peak is — 42.7 J/g [4]. The enthalpy changes (AH) of the
endothermic peaks were calculated as 25.9 J/g, 22.1 J/g, and 18.7 J/g
for K1PBD, K15PBD, and K20PBD, respectively. The enthalpy changes
for exothermic peaks for the three syntactic foams were determined in
the same order as — 38.3 J/g, — 29.3 J/g, and — 24.9 J/g. From these
results, it is seen that the degree of crystallization decreases in the order
of K1PBD, K15PBD, and K20PBD, all of which are lower than that of the
pure PBD. It demonstrates that the inclusion of glass bubbles could
suppress the crystallization of PBD matrix due to the strong interfacial
action between glass bubbles and PBD molecules, so called confined
interfacial layer or interphase. Moreover, both the melting and crystal-
lization temperatures are lower than the freezing temperature, sug-
gesting that the foams may have 2W-SME at frozen temperatures.
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Fig. 3. DSC plots for the three syntactic foams.
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3.3. Dynamic mechanical property

Storage modulus, loss modulus, and loss factor (tan §) are plotted for
the three syntactic foams in Fig. 4(a)-(c), respectively. The temperature
corresponding to the peak of the tan & is usually regarded as the tran-
sition temperature. In this slightly crosslinked thermoset, the transition
is attributed to the melting temperature (Ty) and was observed at
11.62°C, 7.90 °C, and 6.26 °C for K1PBD, K15PBD, and K20PBD,
respectively. While the inconsistency between the T, determined using
DMA and DSC is justified by the clear differences in the measurement
methods, the difference among the measured melting temperatures for
the three foams using DMA results hints at the effect of microbubbles on
the storage and loss moduli of the polymer. The Ty, of the pure cross-
linked PBD determined from DMA was reported to be around 16 °C [4].
With the incorporation of GHMs, an overall increase in the storage
modulus of the foams was observed. At — 40 °C, the storage modulus can
be identified as 200 MPa, 270 MPa, and 300 MPa for K1PBD, K15PBD,
and K20PBD, respectively, as compared to the storage modulus of the
PBD, which is 165 MPa [4]. Both storage and loss moduli reduce with
heating and plateau after the melting temperature. The storage modulus
at the plateau region is from 1 MPa to 6 MPa for the three syntactic
foams. The one to two orders reduction in storage modulus signifies that
the foams may have good shape memory effect, which has been well
established for entropy-driven shape memory polymers [28]. Similar to
the melting point, the storage modulus of the as-prepared syntactic
foams was in the same order of magnitude as the pure crosslinked PBD,
suggesting that the chemical composition and the shape memory
mechanism are not significantly altered by adding the glass bubbles.

3.4. Two-way shape memory effect

Fig. 5(a) shows the maximum constant tensile load that can be
applied to the pure crosslinked PBD during actuation, which was
0.32 MPa. However, the as-prepared syntactic foams based on PBD
enhanced the applied load of the foam by several times. As shown in
Fig. 5(b)-(d), incorporating K1, K15, and K20 glass microbubbles
enabled the foams to carry loads of up to 0.75 MPa, 1.2 MPa, and
1.6 MPa, respectively. Therefore, the foams have much higher recovery
stress than the PBD, suggesting that the foams can lift a much heavier
load than the pure PBD when the temperature rises. Of course, the
actuation strain of the foams was reduced. However, the output energy
density by the foams, which can be approximately estimated as the
product of the stress and strain based on a typical heating branch (the
specimen lifts a constant weight by a certain distance), is about
0.28 MJ/m>, 0.41 MJ/m?, 0.55 MJ/m?, and 0.83 MJ/m? for the PBD,
K1PBD, K15PBD, and K20PBD, respectively. Therefore, the as-prepared
foams not only have higher recovery or actuation stresses, but their
ability to do work is also higher. Considering the foams are lighter than
the PBD, the specific energy output (the energy output divided by
density) and ability to lift weight are even higher for the foams than for
the PBD. Movie S1 demonstrates the ability of a small stripe of foam to
lift some weight repeatedly during several thermal cycles.

Supplementary material related to this article can be found online at
doi:10.1016/j.mtcomm.2022.103303.

Fig. 5 also shows that the 2W-SME of the foams is triggered at both
frozen temperatures and temperatures higher than the melting tem-
perature, suggesting that both melting/crystallization transition and
rubber elasticity endows the foams with 2W-SME [29]. The clear change
in the slope of the actuation strain with respect to temperature in the
cooling branch of each foam further validates that different mechanisms
control this effect. Such behavior has been noticed for various 2W-SMPs,
including ionomer [30], poly(ethylene-vinyl acetate) [31], poly-
caprolactone [24], and PBD [4].
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Fig. 5. The 2W-SME of the (a) pure crosslinked PBD, reproduced from [4] compared with the as-prepared syntactic foams by incorporating (b) K1, (c) K15, and (d)

K20 glass microbubbles.
3.5. Mechanical properties

The tensile stress-tensile strain curves at room temperature are
plotted for K1PBD, K15PBD, K20PBD, and pure PBD in Fig. 6. It is
noticeable that incorporating the micro-glass bubbles into the cross-
linked PBD matrix remarkably increased the strength and strain at
rupture. The strength of the syntactic foam was found to be directly
correlated to the strength of the glass bubbles. The maximum stress of
the pure PBD at room temperature was merely 0.73 MPa at a fracture
strain of roughly 207%. In comparison, the developed syntactic foams
demonstrate strengths of 1.18 MPa, 2.23 MPa, and 2.71 MPa, with
elongations at break equal to 569%, 803%, and 938%, respectively, for
K1PBD, K15PBD, and K20PBD. In other words, the syntactic foams show
an increase of up to 4.6 times in specific strength and approximately 4.5
times in the fracture strain at room temperature compared to the pure
PBD.

All three syntactic foams demonstrated a non-linear behavior at
smaller elongations and then entered into a pseudo-plastic region. A
noticeable difference in the stress-strain curve of the syntactic foams
from the pure PBD is that the strain softening in PBD does not lead to a
second hardening region. Therefore, the ductility of PBD is limited.

However, the syntactic foams are particulate composites reinforced by
particles with higher stiffness. This trend is typically observed for the
stress-strain curves of rubbers compared to the reinforced rubbers [32].
The PBD is also in a rubbery state at room temperature. Due to the
presence of spherical particles, stress concentration may develop in the
vicinity of the inclusions. The stress and strain concentration, notably in
the radial direction of the particles, could potentially increase the axial
elongation at failure. This can be further explained as follows. The PBD
based syntactic foams, like other syntactic foams, may have a very thin
layer or interphase between the pure PBD matrix and the glass micro-
sphere. During the curing process, the mobility of the PBD molecules
within the interphase is restricted due to the surface tension of the glass
microballoons. As a result, the interphase may have lower crosslink
density than the pure PBD matrix. This type of interphase layer was
identified in one of our previous studies on one-way shape memory
polymer based syntactic foam by Xu and Li [33]. As is well-known,
uncured PBD has huge ductility. Therefore, this interphase layer may
significantly contribute to the much enhanced stretchability of the
syntactic foams as compared to the pure crosslinked PBD at room tem-
perature. This result can also be explained by another study. Li et al.
[34] studied a three-layer built-in model. In this model, the unit cell was
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a three-layer sphere, which was made of a stiff spherical core that was
coted by a soft layer, and then further coated by a layer with stiffness
in-between the stiff core and the soft interphase layer, similar to the
syntactic foam studied here. Based on the modeling results, radial or
axial strain concentration occurs in the soft layer, suggesting that the
soft layer deforms significantly under axial tension. The glass micro-
bubbles may also alter the heat distribution in the polymer during the
curing process. Glass bubbles have a small thermal conductivity
(0.047 W/m K, 0.055 W/m K, and 0.070 W/m K for K1, K15, and K20
glass bubbles, respectively), which may leave the polymer surrounding
them to be not cured completely. The high deformability of the
under-cured polymer, along with the induced strain concentration
affecting the under-cured interphase, may both contribute to a higher
elongation at break. The difference in the mechanisms during the frac-
ture was also evident in the fracture surfaces of the foams. Visual in-
spection of the fracture surface shows that the crosslinked PBD had a
smooth surface in the 90-degree plane, while the syntactic foams had
dull and fibrous surfaces after breakage (Figs. S4 and S5). The modulus
of the syntactic foams in the small strain region increases with the
strength and density of the inclusion bubbles. This observation is
consistent with previous findings for other polymeric syntactic foams
[35].

The tensile stress-strain curves for K1PBD, K15PBD, and K20PBD
syntactic foams and the pure cPBD at — 40 °C are plotted in Fig. 7. The
ultimate strengths were 27.68 MPa, 8.73 MPa, 9.19 MPa, and
13.76 MPa, while elongations at break were 529%, 263%, 194%, and
284%, for PBD, K1PBD, K15PBD, and K20PBD, respectively. Similar to
the tensile tests performed at room temperature, stronger inclusions
result in a stronger syntactic foam. However, the fracture strains of the
three syntactic foams do not appear to be dependent on the type of glass
bubble used. The latter suggests that the failure of the composite syn-
tactic foams at temperatures below the crystallization point is probably
due to the failure in the PBD matrix. Since — 40 °C is below the deter-
mined T, of the crosslinked PBD, the matrix is stiffened, which may also
be noticed by comparing the higher elastic modulus in these tests with
the tests at room temperature. The composite may here be considered as
a hard matrix with softer inclusions. Stress concentration in the vicinity
of the microbubbles is now in the tangential direction of the particles
and may initiate fracture in the matrix. However, the stronger pure
crosslinked PBD is at the semi-crystalline state and can itself be regarded
as a reinforced composite. Therefore, the ultimate tensile strength of the
pure crosslinked PBD is higher than all three syntactic foams at this
temperature. A small yielding region can also be noticed in all the stress-
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Fig. 7. Comparison between the stress-strain curves of K1PBD, K15PBD,
K20PBD, and pure crosslinked PBD under uniaxial tension at — 40 °C.

strain curves at — 40 °C. This yielding is due to the coordinated
segmental rotation taking place in the PBD matrix that is in the glassy
state at this temperature.

3.6. Thermal stability

Fig. 8 shows the thermal degradation initiates around 200 °C in all
samples and peaks at 450 °C from the TGA test. Since PBD autoignition
temperature is around 450 °C [36,37], the peak degradation of the
samples can be attributed to the degradation of the PBD matrix. It was
also observed that the glass bubbles with higher density (e.g., K20) lead
to higher residue at 800 °C. This correlation suggests that the glass
bubbles were probably the only components left in the samples at
temperatures above the decomposition temperature of PBD. K1PBD,
K15PBD, and K20PBD each experience a weight loss of 95%, 88%, and
83% at this stage, respectively.

3.7. Viscoelasicity

The complex viscosity with angular frequency and with temperature
are shown in Fig. 9(a) and (b), respectively. Besides the increased
complex viscosity due to the addition of glass bubble fillers, it is seen
that, with the increase in angular frequency, the viscosity of the cross-
linked PBD and foams decrease. This shows that both the crosslinked
PBD and foams have shear thinning properties. Shear-thinning is a
desired properties for certain applications, such as in extrusion based 3D
printing. As expected, the complex viscosity decreases as temperature
rises. The incorporation of HGMs increases the complex viscosity, which
again is expected.

4. Conclusions

Three types of novel two-way shape memory syntactic foams made of
crosslinked cis polybutadiene and hollow glass microbubbles were re-
ported. It was shown that the incorporation of glass bubbles remarkably
increased the load to trigger 2W-SME while decreasing the density and
enhancing several other mechanical and physical properties of the
crosslinked PBD. Notably, adding the K20 glass bubbles was shown to
obtain the most superior 2W-SME with actuation under a maximum
tensile load of 1.6 MPa, and maximum energy output of 0.83 MJ/m? in
the heating branch. Due to the unique actuation range of — 45 to 60 °C,
significant load to weight ratio, enormous reversible EUC/CUH, and
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Fig. 8. (a)Thermogram plot (TG) and (b) Derivative of the thermogravimetric (DTG) curves for the three developed syntactic foams.
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Fig. 9. Complex viscosity for the three syntactic foams and the crosslinked PBD (a) for different angular frequencies and (b) at different temperatures.

shear thinning properties, the developed syntactic foam could be
implemented in many applications, including artificial muscles, shock
absorbers, and sealants, which can be potentially manufactured by 3D
printing.
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