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ABSTRACT: A polycaprolactone (PCL) based syntactic foam was prepared by incorporating 40% by volume of glass microspheres and
crosslinking the PCL matrix with benzyl peroxide. FTIR, differential scanning calorimeter, scanning electron microscopy, dynamic
mechanical analysis, and material testing system were employed to elucidate the chemical, thermal, surface, and mechanical properties
of the syntactic foam. This crosslinked PCL (cPCL) syntactic foam displayed a clear two-way shape memory effect (2W-SME).
Specifically, around 10% elongation upon cooling and 10% contraction upon heating were observed for the system at selected exter-
nal loads and temperature windows. Programming was shown to be the key parameter to tune a prominent 2W-SME of the ¢cPCL
syntactic foam. With the combined physical/mechanical properties (low density, ductile, high compressive strength, water tightness,
etc.), together with its bidirectional reversible actuation, the system developed may be good for broad applications in different fields

such as biomedical devices, soft robots, aircrafts, and sealants. © 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2017, 134, 45225.
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INTRODUCTION

Due to the high demands for lightweight, insulating, ductile,
soft, shock, and sound absorbing materials, investigation of
polymeric foams has been an attractive research topic since
1931, when the first polymer foam was developed.' Polymer
foams are commonly seen in our daily life with a variety of
applications such as packaging or cushioning for fragile items
and insulation materials. Polymeric foams consist of polymer
matrix with either air bubbles or air tunnels. To generate the air
bubbles or tunnels, low boiling point organic liquid, or chemi-
cal foaming agent such as thermally unstable substances were
used as blowing agents when polymeric foams were prepared.>?
Some foaming agents (i.e., organic liquid) can cause environ-
mental concerns considering the large-scale production of poly-
mer foams every year. An effective and popular alternative was
developed to wuse nitrogen or carbon dioxide as blowing
agents.“’5

U starch'®'® etc. have

Polyurethane,”” polystyrene,™® epoxy,”™
been foamed for target applications. Polymer nanocomposite
foams, which contain nanoparticles/clays, attracted increasing
attention as a result of the enhanced mechanical performance
along with other merits."*'® Due to the promising potential
applications of polycaprolactone (PCL) in drug delivery and

medical materials for artificial skin or bone,'”'® PCL foams
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have been investigated and prepared via different foaming
agents. Supercritical carbon dioxide,'”'” mixtures of carbon
dioxide and nitrogen gases,”>*' or combination of gas foaming
and microparticulate templating” are examples of screened
foaming agents. In addition, PCL/nanoparticle and PCL/clay
nanocomposites have also been prepared through supercritical
carbon dioxide foaming.”>** The aforementioned gas foaming
strategies for the preparation of PCL foam were widely adopted,
attributing to its reduced side effects to biological systems for
in vivo applications as compared to organic liquid-based method.

Another merit of PCL is its shape memory effect. It can restore
its permanent shape from deformed state by external stimuli
(i.e., temperature). Traditional shape memory polymer (SMP)
can only “memorize” one temporary shape in every shape
memory cycle. However, two-way SMP is capable of undergoing
reversible actuation, i.e., elongation upon cooling and contrac-
tion upon heating, with only one-time programming or even
without a particular programming but with a constant tensile
load.” Two-way shape memory effect (2W-SME) was firstly dis-
covered in liquid crystalline elastomers.”® Other polymeric sys-
tems such as polyethylene,””?® polyurethane,®>* polyester,’
ionomer Nafion,® polycyclooctene,’ poly(ethyl-
1243 etc.** have also been demonstrated

9—41

ene-co-vinyl acetate), etc

to display 2W-SMEs. Among these polymers, PCL was widely

J. APPL. POLYM. SCI. 2017, DOI: 10.1002/APP.45225


http://www.materialsviews.com/

ARTICLE

studied for its 2W-SMEs due to its potential bio-applica-
tions.”®™ Mather and coworkers prepared a highly porous
foam scaffolds through crosslinking PCL and poly(ethylene gly-
col) and modified porogenleaching technique.”® This foam
exhibited reversible actuation under compression. However, the
mechanical strength of the foam was not discussed in this work.

The 2W-SME, i.e., reversible bidirectional shape memory effect,
enabled applications such as self-sufficient grippers, fixator, fas-
tening devices, cell encapsulation, swimmers, optical gratings,

soft actuators, morphing structures, self-healing materials, seal-
ant, etc,446:56.60

One limitation with open-celled polymeric foam persists in its
low strength and water absorption, which may restrict its appli-
cations to high moisture environments such as underwater
structures, outdoor structures such as sealant for expansion
joint in concrete pavement or bridge deck,®"®
microspheres filled polymer composites, also known as syntactic
foams, have been intensively studied over the past five decades
due to their high strength, dimensional stability, and low mois-
ture absorption compared to open-celled foams.'***~** The hol-
low microspheres include glass microspheres (microballoon),
polymeric microspheres, metallic microspheres, and ceramic
microspheres.*

etc. Hollow

However, there is currently a lack of understanding of two-way
SMP based syntactic foam in general and PCL-based syntactic
foams in particular, including physical, mechanical, and revers-
ible actuation properties. Herein, the first example of PCL-
based syntactic foam with 2W-SME under tensile load will be
discussed in this work. Glass microspheres were employed to
foam the PCL. The physical, mechanical, morphological, and
reversible actuation behavior will be investigated.

EXPERIMENTAL

Materials

The PCL used in the experiment was Capa™ 6506 from Per-
storp (Industriparken, Sweden). It is a high-molecular-weight
linear polyester supplied in powder form. The molecular weight
is 50,000 g/mol and the density is 1.1 g/cm’. Q-CEL 6014 hol-
low glass microspheres was purchased from Potters Industries
LLC (Barnsley, United Kingdom). The effective density is
0.14 g/cm® and the mean particle size is 85 pm with size rang-
ing from 5 to 200 pm. The maximum working pressure for the
glass spheres is 1.72 MPa. Benzoyl peroxide (BPO) and tetrahy-
drofuran (THF) were ordered from Sigma-Aldrich (St. Louis,
MO) and used without further purifications.

Synthesis of the Two-Way Shape Memory Syntactic Foam

PCL powder of 80 g and THF of 90 mL were firstly mixed well
in a 250-mL beaker. Glass spheres of 4.1 g (40% by volume of
PCL) and BPO of 8 g (crosslinking agent) were then added into
the beaker. The mixture was thoroughly but slowly blended for
at least 10 min to avoid generating large air bubbles. The mix-
ture was then poured into a polytetrafluoroethylene (PTFE)
mold and placed in a hood to allow air dry for 1 day. The
mold was then capped and clamped at four corners to cure the
mixture at 140°C for 20 min. The procedure was modified
from previous literature due to the incorporation of glass

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

45225 (2 of 12)

Applied Polymer

SCIENCE

microballoons.”® The cured mixture was then allowed to cool
down slowly overnight. A piece of white solid foam, i.e., cross-
linked PCL (cPCL) syntactic foam was produced. The density of
the foam is ~0.7 g/cm’, determined from the mass and the vol-
ume measurements. The mass was measured by a high accuracy
balance (10> g, XS105, Mettler Toledo, Italy), while the volume
was determined by displacement method. Similarly, crosslinked
PCL without glass microspheres was also prepared under
the same condition as control. The density of the cPCL is
~1.1 g/em’.

Chemical and Thermal Analysis

The chemical composition of the as-prepared cPCL foam was
characterized with FTIR using Nicolet 6700 spectrometer with
the scan range of 4000-600 cm~ ' (Thermo Scientific, Waltham,
MA). Differential scanning calorimeter (DSC) studies were con-
ducted using TA DSC 2920 (TA Instruments, DE). Samples of
about 5-10 mg were each placed in an aluminum pan and
scanned between —58°C and 90°C. The second heating curve
and first cooling curve are shown in the plot. The heating and
cooling rates of the DSC were 10°C/min. The purging rate of
the nitrogen gas was 30 mL/min.

Surface Visualization at Microscale

The as-prepared cPCL foam and cPCL were visualized with
scanning electron microscopy (SEM) (Quanta 3D FEG, Hills-
boro, OR) using secondary electrons. The sample surfaces were
coated with platinum for about 6 nm. The accelerating voltage
was 5 kV and the working distance was 9-9.5 mm.

Temperature Scan and Shape Memory Studies

Dynamic mechanical analysis (DMA) Q800 (TA Instruments,
DE) was used to run the temperature sweeps for the cPCL
foam and cPCL. It was also used to investigate the one-way and
two-way shape memory effect of the cPCL foam. The tempera-
ture sweeps were conducted in the multi-frequency-strain mode
using the tension clamp of Q800. The amplitude was 15 pm,
the frequency was 1 Hz, and the temperature sweep range was
—60 to 60°C. The temperature ramp rate was 3°C/min. The
two-way shape memory studies were conducted by tuning tem-
perature windows, external load, and programming levels dur-
ing the heating and the cooling cycles to study their influence
on the actuation levels. One-way shape memory studies were
also conducted with three heating and cooling cycles to calcu-
late the shape fixity (F) and the shape recovery ratios (R). The
shape fixity (F) and the shape recovery (R) ratios were calcu-
lated using egs. (1) and (2), respectively.

F = 100% X &f/¢; (1)
R = 100% X (gr—¢,)/es (2)

where €, is the prestrain under load, € is the fixed strain after
cooling and load removal, and ¢, is the recovered strain.

The coefficient of thermal expansion (CTE) of the ¢PCL foam
and the cPCL was also studied with DMA. The materials were
subjected to heating and cooling without external load to moni-
tor their natural responses to thermal change. For DMA studies,
all materials were cut into thin films with a dimension around
10 mm X 7 mm X 2 mm (length X width X thickness).
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Figure 1. Full (a) and zoom-in (b) views of the FTIR spectra of cPCL foam. [Color figure can be viewed at wileyonlinelibrary.com]

Compression Test

Hot compression tests for cPCL foam and c¢PCL at 50°C were
performed using eXpert 2610 MTS (ADMET, Norwood, MA).
The control software is MTESTQuattro. The temperature in the
thermal chamber was controlled by E5AC-T digital controller
(OMRON, Japan). The crosshead test speed was 1 mm/min.
The data acquisition rate was 1 Hz. The temperature of the
thermal chamber was first stabilized at 50°C. The ¢PCL foam
and the cPCL were then compressed to 76% strain, respectively
(i.e., after compression the height was 24% of its original
height). The stress during the process was closely monitored.

Stress Recovery Test

To investigate the recovery forces of the cPCL foam and the
cPCL, the materials were firstly cut into samples with dimen-
sions around 10 mm X 20 mm X 13 mm and then compressed
to 80% strain at room temperature using the MTS machine
(Alliance RT/5, MTS, USA). The instrument preload was 2.2 N
and the crosshead test speed was 1 mm/min. The data acquisi-
tion frequency was 10 Hz. The samples were held at the 80%
strain position for 13 min for structural and stress relaxation,
followed by temperature rising to 50°C to induce the stress
recovery of the samples. During the test, the samples were still
constrained in between the MTS crosshead without allowing
shape recovery, leading to fully constrained stress recovery. As
the test proceeded, the recovery force was tracked and recorded
by the MTS machine. The data acquisition frequency was 3 Hz
for stress recovery test.

X-ray Diffraction
The X-ray diffraction (XRD) analysis was performed on a Pana-
lytical Empyrean diffractometer by using Cu as the anode mate-
rial. The samples were scanned from 5° to 55° in a step size of
0.026° with generator voltage of 45 kV and current of 40 mA at
room temperature.

RESULTS AND DISCUSSION

Chemical Analysis of the Synthesized cPCL Foam with FTIR

The full and zoom-in FTIR spectra of the cPCL foam are shown
in Figure 1. The characteristic peaks of PCL are identified in
Figure 1(a) at 2943 cm” Y, 2865 em ™Y, and 1722 em™!, which
correspond to asymmetric CH, stretching, symmetric CH,
carbonyl  stretching, respectively. The

stretching, and
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semicrystalline nature of the cPCL is verified by the multi-
modal nature of the carbonyl peak as viewed in Figure 1(b).
The sharp stretching peak at 1722 cm ™! is associated with car-
bonyl stretching in the crystalline domain.”” The shoulder at
1737 cm™ ' results from carbonyl stretching in the amorphous
domain.”® This is further verified by signals in the fingerprint
region. For instance, the 1293 cm™' peak is associated with
C—0O and C—C stretching in the crystalline domain, while
1162 cm ™' can be assigned to C—0 and C—C stretching in the

- 70,71
amorphous region.

Thermal Analysis

DSC thermograms of the second heating cycle and the first
cooling cycle of the four specimens are shown in Figure 2. The
first heating cycles are not displayed because the thermal history
of the raw materials is always shown on the first heating cycles.
The four samples are cPCL foam, 280% tensile programmed
cPCL foam (280% was selected to have a sufficiently tensile
programmed sample in the group to evaluate the effect of pro-
gramming levels), ¢cPCL, and PCL powder reagent. The glass
transition of the purchased PCL powder reagent used in the
experiment is around —60°C, which is provided by the manu-
facture. It is close to the detection limit of the DSC instrument
as the cooling cycle can only go down to —58°C.

The cPCL foam has the lowest melting point (47.0°C) within
these four specimens, followed by 280% programmed cPCL
foam (49.8°C), cPCL (51.6°C), and PCL powder reagent
(56.3°C) as given in Table I. The melting temperature for semi-
crystalline polymer PCL after partial crosslinking is decreased.
This is because crosslink reduces the chain length and mobility
between the two neighboring crosslink points, preventing large
and perfect crystals from forming, and leading to lowered melt-
ing temperature. Therefore, the PCL reagent prior to crosslink-
ing has the highest melting point. Crosslinked PCL foams
[Figure 2(a,b)] have lower melting points than c¢PCL [Figure
2(c)] itself. This is due to decrease in crystallinity after adding
40% by volume glass spheres. Tensile programmed cPCL foam
has higher melting point than the non-programmed foam. The
difference is because tensile programming induced better chain
alignment and consequently higher crystallinity (strain induced
crystallization) and melting point of the material.”> The trend
for the comparison of the crystallization temperatures among
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Figure 2. DSC thermograms of (a) cPCL foam, (b) tension programmed cPCL foam, (c¢) cPCL, and (d) purchased PCL reagent. The second heating and

the first cooling cycles are shown in the plots.

the four samples is similar to that of the melting temperatures.
The enthalpy is proportional to the crystallinity of the samples,
which means that the programmed c¢PCL foam has the highest
crystallinity, followed by the PCL reagent, the cPCL, and the
cPCL foam.

Surface Visualization of cPCL Foam and c¢PCL with SEM

As structure relates closely to materials properties, it is impor-
tant to elucidate the microstructures of the newly synthesized
foams. High resolution SEM was employed to visualize the
cPCL foam and cPCL. For the cPCL foam sample, both glass
spheres and surrounding polymer matrix can be visualized by
SEM [Figure 3(a,b)]. In Figure 3(a), the glass sphere is almost
hiding in the matrix, and in Figure 3(b) it is on the matrix sur-
face. For the cPCL sample, a much smoother surface with the
line features can be seen [Figure 3(c,d)].

Comparison of the Thermomechanical Property of cPCL
Foam and cPCL

A big difference was observed when scanning the cPCL foam
and the c¢PCL films from —60 to 60°C with DMA as shown in
Figure 4. The glass transition temperatures of the materials are
acquired on the basis of the onset of storage modulus, the peak
of loss modulus, and the peak of tan delta. There is usually a
difference among the three T, values. The T, values for the
cPCL foam are higher than that for the cPCL, which is due to
the 40% volume fraction of the glass spheres. The glass spheres
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have a reinforcing effect and the mobility of the PCL chains in
the interphase region between the polymer matrix and the glass
spheres are affected and lowered.”” For both storage modulus
and loss modulus, the reduction in modulus values with
increasing temperature is much lower for the cPCL syntactic
foams, suggesting better thermal stability.

Two-Way Shape Memory Effect of the cPCL Syntactic Foam

PCL is known to display 2W-SME.**? It is interesting to know
the 2W-SME of the cPCL syntactic foam because of the better
thermal stability and lower cost of the composite. The two-way
shape memory performance of the cPCL syntactic foam was
studied using DMA by tuning temperature ranges, external
loads, and tension programming levels. Programming is a pro-
cess to obtain the chain segment orientation and the

Table I. Comparison of the Thermal Properties of the Four Samples from
Figure 2

Melting Crystallization Enthalpy
point (°C) point (°C) (Jla)
cPCL foam 47.0 16.5 14.2
Programmed 49.8 23.7 84.8
cPCL foam
cPCL 51.6 26.1 .5
PCL reagent 56.3 25.6 54.5

J. APPL. POLYM. SCI. 2017, DOI: 10.1002/APP.45225
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Figure 3. SEM photographs of cPCL foam containing glass spheres (a and b) and the relative smooth c¢PCL surface (c and d).

macroscopic shape shifting geometry.”> It is noted that the
programming load is different from the constant load used to
induce 2W-SME. When conducting programming, the material
is either stretched or compressed at an elevated temperature
above the glass transition temperature (hot programming) or
below glass temperature (cold programming). Then the
temperature is slowly cooled down with the load. Finally, the
programming load will be removed at the end of the program-
ming process. However, constant load is the external force
maintained on the material during the entire thermomechani-
cal cycles.
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An example of the two-way shape memory study is displayed in
Figure 5. The full plot is shown in Figure 5(a). For easier visual-
ization of the plot details, the zoom-in views of the first half of
the tuning process is displayed in Figure 5(b) and the second
half of the stabilized 2W-SME process is shown in Figure 5(c).
First, a thin film of the ¢cPCL foam was programmed (elon-
gated) to 134% at 55°C with 0.043 MPa load. The material was
then cooled down to 25°C at a cooling rate of 10°C/min to fix
the programmed shape. Afterwards, the 2W-SME working tem-
perature range and external load were tuned to investigate their
influences on the 2W-SME performance of the syntactic foam.
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Figure 4. Temperature sweeps of (a) cPCL foam and (b) cPCL acquired with DMA. The Y-axis is set the same for comparison. [Color figure can be

viewed at wileyonlinelibrary.com]
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Figure 5. Two-way shape memory effect of the cPCL syntactic foam. (a)
Full plot. (b) The first half of the plot. (c) The second half of the plot.
The temperature range (AT), contraction upon heating (CUH), and elon-
gation upon cooling (EUC) values are listed above the figure c. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

In the zoom-in view [Figure 5(b)], when increasing the load
from 0.022 to 0.031 MPa while keeping the temperature range
the same, the expansion upon cooling increased from 5.3% to
10.4% and the contraction upon heating increased from 4.7%
to 10.2%. When increasing the external loads to 0.041, 0.044,
and 0.048 MPa, the strain range shifted to higher values as the
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cycle number increased. This is a result of excessive external
load when inducing the 2W-SME. Therefore, the load was kept
at 0.033 MPa while investigating the 2W-SME with the change
of temperature ranges [Figure 5(c)]. Three temperature ranges
(AT) were selected as shown in Figure 5(c). The calculated
elongation upon cooling and contraction upon heating are
listed in the table above [Figure 5(c)]. It was noticed that
expanding the working temperature window of the 2W-SME
from 0 to 59°C to —30 to 67°C does not increase the strain
actuation. This is because the cPCL has a relatively narrow
melting (33.4-51.9°C) and crystallization (2.3-28.9°C) transi-
tions based on the DSC test results. Because the 2W-SME is
based on the melting and crystallization transition of the crys-
talline domains, widening the temperature window out of the
transition zone does not contribute to further enhancing the
2W-SME. In other words, it is also possible that the strain
reversible actuation of the 2W-SME is only large enough to
compensate for the normal physical behavior (contraction upon
cooling and expansion upon heating) of glass microspheres in
the temperature range from 0 to —30°C or from 59 to 67 °C.

Interestingly, a phenomenon was observed within the two-way
shape memory cycles of the syntactic foam in the orange box in
Figure 5(c). When heating from —30 to 63°C, the syntactic
foam elongated by 4.9%. Then the foam contracted by 12.8%
when kept heating the material from 63 to 67 °C. When cooling
the foam from 67 to 8°C, it elongated by 11.2%. Then the
material contracted 3.0% when keeping cooling from 8 to
—30°C. Therefore, the overall actuation of the 2W-SME is
around 8%. The similar phenomenon was observed in a PCL-
POSS (POSS: polyhedral oligomeric silsesquioxane) double net-
work,” a copolyester urethane network,”* and a polydopamine-
graft-PCL system®®; however the authors did not discuss about
the phenomenon. We think the reason is that the cPCL has a
relatively narrow melting (33.4-51.9°C) and crystallization
(2.3-28.9°C) transitions. Only when the temperature is within
the transition zones, the material displays the 2W-SME; outside
the transition zones, it behaves as a regular material, which
elongates upon heating and contracts upon cooling.

The CTE of the cPCL foam and the cPCL were studied to inves-
tigate the materials behavior in response to temperature change
without the influence of the external load. The CTE study results
are shown in Figure 6. Both the cPCL foam and the cPCL were
subjected to four heating and cooling cycles. In the first heating
cycle, both samples displayed clear strain increase. Then the
strain tends to stabilize. The last three cycles were used to calcu-
late the CTE of both samples. The ¢cPCL foam elongated to 1.1%
when heated from —10 to 65°C. It elongated another 0.4%
when cooled from 65 to 45°C. Continuous cooling of the cPCL
foam to —30°C led to a contraction by 1.4%. Heating the sam-
ple from —30 to —10°C resulted in a further contraction of
0.1%. Therefore, after one heating and cooling cycle, the strain
change is 0% which means the material went back to its original
length. The CTE value, which is equal to strain over temperature,
is 1.5 X 107* C7! (1.1%/(65 + 10) °C=1.5 X 10 * C ).

For the ¢PCL film, heating the material from —10 to 65°C led
to an elongation of 1.4%. Then, cooling the ¢cPCL from 65 to
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Figure 6. CTE of (a) the cPCL foam and (b) the cPCL.

45°C led to another elongation by 0.4%. Continuously cooling
the material from 45 to —30°C resulted in a contraction of
1.5%. Then heating the sample from —30 to —10°C contrib-
uted to a 0.1% contraction. Overall, the cPCL film has a small
creep effect about 0.2%. In other words, the cPCL film elon-
gated 0.2% after one complete heating and cooling cycle and
the CTE value is 1.9 X 107* C™' (1.4%/(65 + 10) °C=1.9 X
10°*c™.

After the comparison of the CTE effects between the cPCL
foam and the cPCL, it came to the conclusion that: (1) the
elongations upon cooling are 0.4% and contractions upon heat-
ing are 0.1% for both samples, which indicates that non-pro-
grammed/as-prepared cPCL foam and cPCL have small 2W-
SMEs; (2) the contraction upon cooling and elongation upon
heating for both materials are similar, in the order of 10™* C™'.

The cPCL foam was tensile programmed to 134% strain level
and the 2W-SME was observed immediately following the pro-
gramming step in Figure 5. What would happen when investi-
gating the 2W-SME at a lower tensile programming level? The
experiment result is shown in Figure 7. First, the cPCL foam
was stretched to 46% strain. Then the external load was
increased stepwise from 0.043 to 0.065 and then to 0.077 MPa.
However, no clear 2W-SME, i.e., material contraction upon
heating and elongation upon cooling, was observed. During the
cycle which indicated with a black arrow, an obvious creep
effect was observed when the cPCL foam was stretched to 82%.
The material demonstrated the 2W-SME with 2.9% contraction
upon heating and 17.5% elongation upon cooling, which
resulted from a creep effect under excessive external load. When
the external load was reduced back to 0.065 MPa, the 2W-SME
was observed for the entire time. However, the 2W-SME was
only relatively stable for the first three cycles. A creep effect was
seen for the rest four cycles. This study indicates that a suffi-
cient tensile programming is necessary for the cPCL foam to
display clear 2W-SME without creep.

One-Way Shape Memory Effect

In addition to the 2W-SME, PCL is known to show one-way
shape memory effect (1IW-SME).”* Hence, IW-SME of the PCL
foam was also investigated in this study by tension program-
ming and monitoring its shape recovery at the programming
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[Color figure can be viewed at wileyonlinelibrary.com]

temperature for three cycles. For the tension programming step,
the cPCL foam was first heated to 55°C, and then a tensile load
was applied to stretch the sample to 163%, 205%, and 258%
strain for each programming cycle, respectively. The sample was
then cooled down to room temperature to fix the temporary
shapes. Afterwards, the load was removed and the temperature
was elevated to 55°C to induce shape recovery. The shape fixity
ratios and the shape recovery ratios for the three shape memory
cycles are listed in Figure 8, from which high shape fixity and
shape recovery ratios of the ¢cPCL foam can be seen. Besides,
the shape recovery ratio increased to almost 100% after the 1st
cycle, this is also commonly seen in SMPs.>>”

Stress Recovery

Recovery force is an important index/parameter when evaluat-
ing SMPs. Herein, the recovery force of the cPCL syntactic
foam was also studied. As a comparison, both the ¢cPCL foam
and the cPCL were compression programmed to 80% strain at
room temperature (defined as cold programming, which was
below the melting transition temperature), and were held at this
strain level for 13 min. The stress of the ¢cPCL foam was 23.2
MPa when compressed to 80% strain, which slowly reduced to
16.8 MPa in 13 min. In contrast, the stress of the cPCL was

1404 05 80
1204 04
1 I 60
1004 o
— Los =t &£
X a g
T:’ 804 S|40 3
£ i R ©
= 60 & 2
n o 2
1 FO1 9D L 20 @
404 =
| 0.077
20 ! 0.065 0.0 5
] 0.043 i
0 oo B . . ——0.1
0 50 100 150 200 250
Time (min)

Figure 7. The influence of programming level on the 2W-SME of the
cPCL syntactic foam. [Color figure can be viewed at wileyonlinelibrary.
com]
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Figure 8. Three shape memory cycles of the cPCL foam. The shape fixity
ratios and shape recovery ratios are labeled in each cycle. [Color figure
can be viewed at wileyonlinelibrary.com]

87.5 MPa initially, which slowly dropped to 65.3 MPa in 13
min. The stiffness of the cPCL is higher than the cPCL foam at
room temperature as indicated by the compression test. This
can be attributed to the presence of air bubbles and tunnels in
the foam as evidenced by the SEM. This is also consistent with
shape memory epoxy based syntactic foam.®” During the stress
recovery process, the crosshead of the material testing system
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and plotted in Figure 9(b,d). For the cPCL foam, the recovery
force reached the maximum value 0.19 MPa in 26 min, followed
by a slow drop to 0.18 MPa in 48 min. As a comparison, the
recovery force reached the maximum at 0.83 MPa after 74 min
for the cPCL. The faster response in the cPCL foam is presum-
ably due to more efficient heat conduction due to the 40% by
volume glass microspheres. The lower maximum recovery force
for the cPCL foam can be attributed to the enclosed air bubbles
within the microballoons.

No crack formation was observed during the compression even
up to 90% of the strain for both samples. This serves as a good
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Figure 9. Programming and stress recovery studies of the cPCL foam (a and b) and the ¢PCL (c and d). (a) Compressive programming of thee cPCL
foam till 80% strain. (b) Tracking of the recovery stress of the programmed cPCL foam. (c) Compressive programming of the cPCL. (d) Monitoring the
recovery stress of the compressed cPCL. [Color figure can be viewed at wileyonlinelibrary.com]
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Table II. Analysis of XRD Results
20 —— cPCL foam
Programmed cPCL foam Crystallinity Full width at
PCL reagent Sample (%) half maximum (°)
154 cPCL foam 44.8 0.47
Programmed 61.3 0.39
cPCL foam
PCL reagent 50.9 0.39

Intensity (x10°)
°
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!
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Diffraction angle (2-Theta)

Figure 11. XRD intensity profiles of the cPCL foam, programmed cPCL
foam, and PCL reagent. [Color figure can be viewed at wileyonlinelibrary.
com]|

demonstration of the relatively soft and flexible nature of PCL
materials. The shape fixity ratio is 53% for the cold pro-
grammed cPCL foam and 57% for the cPCL. The shape recov-
ery ratios are 50% and 60% for the cPCL foam and the cPCL,
respectively. The lower shape fixity ratio and shape recovery
ratio are common for cold programmed one-way SMP or SMP-
based syntactic foam.”®””

The compression experiment was also conducted at 50°C
using as-prepared cPCL foam and cPCL. The results are
shown in Figure 10. When compressing the ¢PCL foam to
76% strain, the stress reached to 4.2 MPa and then stabilized
at 3.2 MPa. When compressing cPCL to the same level, the
stress was 18.6 MPa and dropped to 13.0 MPa in 14 min.
This indicates that the cPCL is also stiffer than the cPCL
foam at 50°C.

® Glass spheres L
L

Heating

_—b
—_
Continue

XRD Analysis

The XRD analysis was done for the cPCL foam, the pro-
grammed cPCL foam and the PCL reagent to examine the semi-
crystalline nature of the PCL related materials. The samples
were scanned from 5° to 50°, and only 20° to 25° were plotted
because no prominent peaks were observed in the rest scattering
angles, and fine details within 20° to 25° can be clearly viewed.
The intensity versus diffraction angles for all three samples are
plotted in Figure 11 and the analysis is shown in Table II. For
all three samples, two sharp and distinct peaks can be seen
around 21.4° and 23.7°, which are the representative peaks for
PCL and indicates that the samples are highly crystalline materi-
als.”*®® The peak intensity for the cPCL foam is decreased
compared to the PCL reagent, which is due to crosslinking and
40% Dby volume of glass spheres. For the 280% tension pro-
grammed cPCL foam, the peak area of the amorphous domains
is decreased significantly. The crystallinity is calculated based on
(% crystallinity) = (the two peak areas of the crystalline
domain)/(the two peak areas of the crystalline domain + the
peak area of the amorphous domain). The programmed cPCL
foam has smaller amorphous content which leads to a higher
crystallinity. The full width at half maximum (FWHM) is
inversely proportional to the crystal domain size (Scherrer
Equation). Comparing the values of the PCL reagent and ¢PCL
foam in Table II, the PCL reagent has larger crystal domain.
This is because crosslinking influenced the polymer chain align-
ment and mobility, and lowered the packing ability so that the
melting point, crystallinity, and domain size are all decreased.

Continue 99-
heating =
—t
Cooling G

1 @ h,
o
cooling 'if;‘x;mmﬂo
]

Il PCL crystalline domains
=7 Amorphous domains

Positive CTE zone

Two-way shape memory zone
(melting and crystallization)

Figure 12. Proposed mechanism for the 2W-SME of the cPCL syntactic foam. [Color figure can be viewed at wileyonlinelibrary.com]
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However, after 280% tension programming for the cPCL foam,
there is a decrease in FWHM value which indicates an increase
in the crystallinity.

Mechanism Elucidation

Based on the experimental results, the proposed mechanism for
the 2W-SME of the ¢PCL foam is presented in Figure 12. For
the as-prepared cPCL foam, there exist the crystalline domains
for the PCL (as evidenced by the XRD result with 44.8% crys-
tallinity in Table II), the amorphous PCL domains and the
glass spheres with varying sizes. With a tension programming
step (heating the foam, stretching the foam to a certain strain,
and cooling down to freeze the temporary shape), there was an
increase in the crystallinity (crystal size and amount), which
was commonly defined as strain-induced crystallization (SIC).
There was no influence on the glass spheres by the program-
ming step. The transitions of the cPCL foam after program-
ming were divided into two zones, a positive CTE zone where
material elongates upon heating and contracts upon cooling,
and a two-way shape memory zone where material elongates
upon cooling and contracts upon heating. Continuously heat-
ing above the two-way shape memory zone will lead to melting
of the crystallites and the material will be softened. With the
temperature in the positive CTE zone, both the ¢cPCL matrix
and glass spheres behaved following the common physics, i.e.,
expansion upon heating and contraction upon cooling. How-
ever, within the melting and crystallization transition zone, the
cPCL matrix behaved differently from the glass spheres. The
crystalline domains melted during heating which induced con-
traction of the foam while the glass spheres still expanding.
However, the expansion level of the glass spheres is much
smaller than the contraction of the ¢PCL matrix, leading to
contraction upon heating for the foam. During cooling, the
formation of the crystalline domains under the constant exter-
nal load induced obvious elongation of the cPCL matrix. Even
though the volume of the cPCL decreased under the load due
to the contraction of the unit cell perpendicular to the stretch-
ing direction, the growth of the unit cell parallel to the stretch-
ing direction leads to the obvious elongation of the cPCL."!
Similarly, this unusual expansion upon cooling for the cPCL
matrix exceeds the usual contraction upon cooling for the glass
microspheres, leading to expansion upon cooling for the foam.
After a one-time tension programming, this unique two-way
shape memory effect can continuously happen with a proper
selection of external load and temperature range (Figure 5).
Furthermore, by intentionally selecting the temperature range,
the foam can perform only in the positive CTE zone, or the
two-way shape memory zone, or both zones repeatedly after
the one-time tension programming.

CONCLUSIONS

A two-way shape memory syntactic foam was successfully pre-
pared with crosslinked polycaprolactone (cPCL) and glass
microspheres. The bidirectional reversible actuation was around
10% strain with a relatively large initial programming strain,
i.e., 134%. Programming was shown to be the key parameter to
tune a prominent 2W-SME of the ¢PCL syntactic foam. How-
ever, at non-programmed state, the cPCL foam still displayed a
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slight 2W-SME as demonstrated in the CTE study because the
semicrystalline nature of the material (44.8% crystallinity based
on XRD). The melting point of the cPCL foam was 47 °C based
on DSC and the glass transition temperature was —24°C from
the tan delta curve acquired from DMA. This cPCL foam also
possessed great one-way shape memory effect with >99% shape
fixity ratio and >98% shape recovery ratio after the first shape
memory cycle. The recovery stress of 80% compression pro-
grammed cPCL foam at 50°C was 0.19 MPa. The heating
induced contraction and cooling induced expansion are asym-
metry, due to the incorporation of 40% by volume of glass
microspheres, which has regular thermal behavior.
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