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ARTICLE INFO ABSTRACT

For the shape memory polymers' (SMPs) applications in demanding, high performance scenarios are usually
limited by their poor mechanical performances during shape transformation. In this work, shape memory epoxy
composites (SMEPCs) with superior mechanical properties are fabricated by adding various short and continuous
carbon fibers (CFs) into neat shape memory epoxies (SMEPs) matrix. The resultant SMEPC's storage modulus E)
at room temperature is as high as 37 GPa, and the maximum recovery force exceeds 4.4 GPa, with good shape
memory capabilities. These properties are at least an order of magnitude higher than those in existing typical
SMP systems. The excellent mechanical properties of the fibers and their ability to retard crack propagation in
the matrix are believed to play an important role in achieving high moduli below and above the shape-memory
triggering temperature. The potential applications of such SMEPCs are demonstrated with wind blades.
Experimental results and numerical models regarding air flow velocity variation as initiated by shape change in
the blades indicate that our SMEPCs can sustain continuous stable mechanical state and provide variable wind
speeds. These CF reinforced SMEPCs can be employed as smart structural materials to automatically switch
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shapes in response to the change in environment, such as those seen in aero foils and energy harvesters.

1. Introduction

Shape memory polymers (SMPs) are a class of stimuli-responsive
smart materials that can be deformed into temporary shapes for ex-
tended periods before recovering to their original equilibrium shapes
with a triggering stimulus [1-3]. Compared with shape memory alloys
(SMAs) and shape memory ceramics (SMCs), SMPs have several unique
properties, including: (i) a large variety in potential activation me-
chanisms, such as heat, magnetism, electric fields, light, moisture, pH,
etc. [4,5]; (ii) massive (up to 700-1000%) recoverable deformation and
simplified processing requirements [6,7]; (iii) easy and programmable
control over key mechanical properties, including switch temperature
(Tsw), recovery force, multiple shape memory effects (SMEs), biode-
gradability, and functional grading potential [8,9].
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The latest developments in structural design, chemical synthesis,
and nanotechnology have enabled SMPs to realize complex transfor-
mation and body temperature triggering, but not structural applications
where high modulus and fast recovery are required [10]. Generally,
temporary shape deformation and shape recovery occur when the SMPs
are heated into a highly elastic state, which is accompanied by a rapid
decline in stiffness. Specifically, there is a large change in elastic
modulus (E) or storage modulus (E’) between the room temperature
(RT) and transformation temperature states, resulting in a dramatic loss
of basic mechanical performance [11]. Currently, the E’ over the T, of
SMPs is 1-30 MPa that means the samples are too weak in their heated
state to serve as useful structural materials. Actually, SMPs with ade-
quate mechanical stiffness during the transition process can have a lot
of technical significance [3].
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Fig. 1. Schematic illustration of SMEPCs preparation process with non-continuous (a) and continuous filler systems (b and c).

Both matrix materials selection and composites preparation are
well-regarded options to reinforce the mechanical properties of SMPs
[11,12]. Thermoset shape memory epoxies (SMEPs) are a good choice
of matrix materials given their high Ty, high shape fixation and re-
covery ratios, rapid shape response, superior environmental durability,
excellent dimensional stability, and easy processing [3,13]. Concerning
their SME, cross-linking reaction occurs during the curing process of
epoxy resin and the resulted cross-linking points guarantee the per-
manent shape; the glass transition temperature (T;) works as a switch of
shape change; the segmental flexibility and long enough chains provide
large enough deformation (forming temporary shape) above the Ti,.
The preparation of SMEP composites (SMEPCs) by adding fillers into
the matrix is often beneficial to the improvement of SME, mechanical
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properties, and functionality. Among various fillers, carbon fibers (CFs)
stand out as a lightweight carbon material that could add targeted
properties to the composites. Both short CFs (SCFs) and continuous CFs
are combined with polymers to form CF-reinforced composites that
demonstrate varying mechanical properties, electrical conductivities,
and thermal-responsive performances. Additionally, epoxy matrix can
be a good binder to produce composites with superior strength and
stiffness due to the good filler dispersion and strong interfacial bonding
between them [14-16].

There are already some literatures reporting the high performance
SMEPs, CF-reinforced epoxy composites, and their applications. For
example, one work from Feng's group reported the SMEPCs with NiTi
wires, showing much higher stiffness at elevated temperature than the
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pure SMEPs. Adding only 1vol% NiTi wires could increase the max-
imum recovery force from ca. 1.36 MPa to ca. 4.04 MPa [13]. Our
previous study showed a series of SMEP/multi-wall carbon nanotubes
(MWCNTs) nanocomposites with good comprehensive performance.
The addition of 0.75 wt% MWCNTs could significantly increase the E’ at
RT up to ca. 3.3 GPa and the recovery stress up to ca. 30 MPa at T, [3].
Moreover, a deployable truss structure made of the fiber reinforce
epoxy-based SMP composite was fabricated by Leng et al. [17]. The
materials' T, was around 100 °C, and their E’ reached 14.5 GPaat RT
and about 1 GPa at Tg,. Although the study on SMEPCs has progressed
steadily, the mechanical properties, especially the stiffness during shape
changing, still need further improvement.

In this work, a series of SMEPCs with ultra-high stiffness and good
SME using non-continuous and continuous fillers are systematically
investigated. The non-continuous fillers include SCFs with various
length-diameter ratios (r;,,p) and Al,O3 particles. The continuous fillers
comprise woven fabrics and pre-preg CFs. The resultant excellent me-
chanical properties can ensure these SMEPCs to be used in some in-
dustrial scenarios that need high stiffness of the materials, such as wind
blades. Therefore, the potential applications are demonstrated as de-
formable wind blades to simulate and test the wind speeds when the
blades’ compositions and shapes are changed. These CF-reinforced
SMEPCs can also be employed as smart structural materials to adapt to
the environmental changes, such as those seen in aero foils and energy
harvesters [18].

2. Material and methods
2.1. Materials

The epoxy resin E51, curing agent methylhexahydrophthalic anhy-
dride (MHHPA) and accelerator, N,N-benzyl dimethyl amine (BDMA) as
the matrix materials were based on our previous work [3]. Al,O3 par-
ticles with the diameter of 2-15 pm were provided by Evonik Degussa
Industries (Germany). T300 SCFs with the various r,p (6, 6-10, 33, and
400), T300 pre-preg CFs and CP3K-240 plain woven fabrics were pur-
chased from Jilin Jiyan High-Tech Fibers Co. Ltd. China, and Shanghai
Liso Composite Material Co. Ltd. China. All chemicals were used as
received.

2.2. Sample preparation

The preparation of non-continuous filler-based SMEPCs is indicated
in Fig. 1a. The preparation steps except the type of fillers were the same
as the previous work [3]. SCF with various r;,p from 6, 6-10, 33 to 400
are named as SCF1, SCF2, SCF3, and SCF4, respectively. The maximum
concentration of Al,Os;, SCF1-3, and SCF4 was 60 wt%, 25 wt% and
3 wt% because of the maximum addition under good filler dispersion
and easy sample preparation. The samples with hybrid fillers SCF3/
Al,03 were also fabricated and the filler contents were 30 wt%, 35 wt%,
and 40 wt%. All the concentrations in these composites are in weight
percentage (wt%).

For the preparation of continuous CF-based SMEPC materials shown
in Fig. 1b and c, the composite prepregs were constructed by impreg-
nating E51 resin with certain ratios of reinforcement T300 fibers and
cured under pressure. Next, the fibers were cut into the same size pieces
and cross piled layer by layer via hot pressing. We also adopted the
vacuum assisted resin infusion molding (VARIM) method to manu-
facture high-quality and large-scale woven fabric SMEPCs [19]. In the
process, dry preform fabrics were placed in an open aluminum pan
accompanying several layers laid such as polytetrafluoroethylene
(PTFE) release films, PTFE cloth, and flow medium. Then, a plastic
vacuum bag was attached to the top of the mold with sealant tape to
form a seal, and air was evacuated by a vacuum pump. After connecting
the components with epoxy resin and the pump, the mixed and de-
gassed resin from the external baker was then infused into the
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component until complete impregnation. Finally, the components were
kept in vacuum and cured. The filler content of these SMEPCs were
50 vol%.

2.3. Scanning electron microscopy (SEM)

The SMEPC samples were fractured in liquid nitrogen and observed
on SEM (Jeol SM-J7500F SEM, Japan and Hitachi S4800, Japan). All
the surfaces were sputtered with a thin gold film before observation.

2.4. Rheological behavior measurement

To satisfy the demands of low viscosity () during the casting pro-
cess, the 5 of samples with maximum filler content for each component
at 90 °C (the first curing stage temperature and the mold preheating
temperature) was characterized by a HAAKE MARS II rheometer
(Thermo Scientific, Germany) in cone-and-plate configuration (plate
diameter = 35mm, cone angle = 1°) under steady shear tests. The
shear rate was increased from 0.1 to 100 s~ *. The results of rheological
properties are shown in Fig. S1 in Supporting Information.

2.5. Thermogravimetric analysis (TGA)

The actual filler content and thermal stability were checked by a
TGA machine (TA Instruments Q500, USA) under nitrogen atmosphere
(60 mL min~') with the temperature range of 25.0-800.0°C at a
heating rate of 10.0 Kmin~?. Table S1 in Supporting Information has
the TGA curve extracted results of filler content of SMEPC samples.

2.6. Three-point-bending tests

Three-point-bending tests of the rectangular non-continuous system
SMEPC samples with dimensions 80 x 10 x 4 mm? were carried out on
a testing machine (Zwick/Roell BT2-FRO10TE.A50, Germany) at both
RT of ca. 25°C and Ty of ca. 170 °C. The span of the testing machine
was 64 mm, and the crosshead speed was 10 mmmin~'. We also de-
formed woven CF SMEPC samples with this machine for the bent
shapes.

2.7. Dynamic mechanical thermal analysis (DMTA) and SME analysis

The DMTA experiments were conducted in a single-cantilever mode
using a DMA Q800 (TA instruments, USA), with the temperature ran-
ging from 25.0°C to 250.0°C, heating rate of 3.0Kmin~?, and fre-
quency of 1Hz. The quantitative shape memory characteristics like
strain fixity ratio (Rg) and strain recovery ratio (R,) were tested and
calculated in force-control mode. The size of the samples used with
DMTA was 40.0 X 12.9 X 2.0 mm?>.

2.8. Simulating computation and experimental test of wind blades’ air flow
velocity

The SMEPC wind blades with different components, bending angles,
and blade shapes were prepared by designed mold. The compositions of
blades were pure SMEP, SMEP/Al,O3 composites, and SMEP/SCF3
composites. The diameter and thickness of the blade were 170 mm and
2 mm, respectively. During the process, one should be emphasized that
SME played a role in completely releasing blades from the mold. The
simulations about wind speed and pressure on the front and back of the
fan blade were implemented through COMSOL Multiphysics®. A por-
table anemometer (smart meter TES-1341, TES Touch Embedded
Solutions Inc, Taiwan, China) was used to test the air flow velocity in
various positions and bending angles (15°, 30°, and 45°) of the blades.
The set rotational speed was 600 rpm.



Y. Liu, et al.

0% Al,04

26% SCF2

N

Composites Science and Technology 177 (2019) 49-56

25% SCF1

¢ i e
)“ | 40% SOF3/AL,0,

] P %

Fig. 2. SEM images of the cryo-fractured surfaces of 60 wt% Al,O3 (a); 25 wt% SCF1 (b); 25 wt% SCF2 (c); 25 wt% SCF 3 (d); 3 wt% SCF4 (e); 30 wt%, 35 wt% and
40 wt% of SCF3/Al,03 (f-h). The small images inserted in parts a-e are the morphology of single particle and fiber.

3. Results and discussion

In this paper, the choice of filler depends on the enhancement
modes of the polymer-based composites: nanomaterial-reinforced
composites, particle/short fiber-reinforced composites, and continuous
fiber-reinforced composites. Al,O3 and SCF, as non-continuous systems,
were fabricated into SMEPCs with different filler contents including 0-
60 wt% Al,O3 (0, 20, 40, and 60 wt%), 0-25 wt % SCF1-3 (0, 15, and
25 wt%), and 0-3wt% SCF4 (0, 1, 2, and 3 wt%). After analyzing the
DMTA results of all these samples, as shown in Fig. S2 and Table S1 in
Supporting Information, we find that 60 wt% Al,O3; and 25 wt% SCF3
with the r,p of 33 have the best enhancement effect, which will be
discussed in Supporting Information as shown as Fig. S3 [20]. There-
fore, the results from non-continues filler system discussed below are all
based on these two kinds of fillers and their hybrids, like 60 wt% Al,O3,
25 wt% SCF3, and SCF/Al,05 (30 wt%, 35 wt%, and 40 wt%).

Fig. 2 shows the SEM images of cryo-fractured surfaces of the
SMEPCs with the addition of non-continuous system fillers. For all the
samples, the Al,O; particles, SCFs, and hybrid fillers have uniform
distribution in the SMEP matrix. The small images inserted in Fig. 2a—e
show the filler size of the single particle and fiber, which is consistent
with the size parameter in the materials’ specification. The fractured
surfaces of the hybrid filler samples are presented in different ways
because of the interaction between the particles and the fibers, and the
hybrid fillers are more likely to appear agglomerated in the matrix.

Fig. 3 shows typical stress-strain (0-¢) curves of the non-continuous
filler-based SMEPCs at both RT (25 °C) and Ty, (170 °C). The compar-
able data for E, stress at break (o;,), and strain at break (e,) are also
summarized in Fig. 3b-d and f. Overall, the sample with the fillers of
25 wt% SCF3 and 35 wt% SCF3/Al,03 exhibited the best comprehen-
sive mechanical properties, while the presence of more Al,O3 particles
effectively improves the stress along with a decrease in the strain. The
comprehensive mechanical properties covering stiffness and deform-
ability are enhanced by SCF3 with the r; , of 33 due to the retardation
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effect of SCF on cracks. As shown in Fig. 3b, the quasi-static mechanical
results from the three-point bending tests are basically consistent with
the results from the DMTA. At RT, 40 wt% hybrid filler samples have a
lower E and the lowest o}, and ¢},, which results from too much hybrid
filler dispersing poorly in the epoxy matrix, leading to greater viscosity
and more agglomeration defects.

According to Fig. 3e and f, when the temperature increases from
25°C to 170 °C, all the SMEPC samples become much more ductile, as
evidenced by the lower E, lower oy, and higher e,. This observation
shows that the mechanical performance is strongly dependent on the
temperature, and the reinforcement of the fillers shows similar ten-
dencies. Although the strain values at break in Fig. 3a and e do not
show great improvement from the numerical results as the calculation
method of strain in three-point bending tests, the samples in fact de-
monstrate good deformation ability around T, and they can even fold
into a U or V shape during testing. Three-point bending tests involve
bending, compression, and tension, which is different from the simple
tensile or compression test. These have been considered in the testing
results.

The SMEPC materials with the addition of longitudinal direction
pre-preg CFs, transverse directional pre-preg CFs, and isotropic woven
CFs were fabricated and characterized as shown in Fig. 4b in compar-
ison to the non-continuous systems as shown in Fig. 4a. The results of
longitudinal directional pre-preg CF samples achieve maximum E’ of
37 GPa and 4.4 GPa at RT and above Ty,, respectively. In contrast, the
stiffness at RT and the recovery force above T, of the continuous CFs
reinforced SMEPCs are an order of magnitude higher than those in non-
continuous systems. This indicates that below and above Ty, (the whole
shape deformation and recovery process), the SMEPC materials keep
superior mechanical performance because both of the E’ reach GPa
level, which is the basis for structural materials or implementation in
related applications. It also indicates that continuous fiber reinforce-
ment is directional, so the woven CF sample exhibits good mechanical
performance but not as high as that in longitudinal direction of pre-preg
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Fig. 3. 0-¢ curves (a, e) and material component dependence of E (b, f), o}, (¢), &, (d) for SMEPCs with non-continuous fillers. Among them, testing temperatures of a-d

and e-f are 25 °C and 170 °C, respectively.

samples. The transverse directional reinforced pre-preg CF samples
show no advantage of the long fibers. All the SMEPC samples described
have good SME as shown in Fig. S4 in Supporting Information.

In summary, Fig. 5 shows a comparison of the mechanical perfor-
mance at RT and Ts, among our SMEPCs and some typical shape
memory materials (SMMs) reported in literature
[2,3,12,13,15-17,21-31]. The SMA-based composites demonstrate a
high recoverable stress up to 10 GPa, but the SME and the Ty, are
single, usually confined to 53 °C. In contrast, the typical thermoplastic
SMPs like polyethylene (PE), bio-based polyester (BE), polyurethane
(PU), and polycyclooctene (PCO) have biocompatibility, and large
tensile fracture strain but low fracture stress even below 3 MPa. The
SME and mechanical properties of general thermoset SMPs using epoxy
resin and polyimide (PI) as substrates are in between them. For most of
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polymer-based SMMs, the mechanical properties are nearly lost during
the shape transformation, losing basic strength and stability which are
needed for the real applications. For our SCF3 samples, the introduction
of 25 wt% SCF increases the E’ from ca. 2.3-6.1 GPa and improves the
recovery force during shape memory cycles from 33 to over 300 MPa.
Continuous CF reinforced SMEPCs have further improved E’ to the level
of GPa at both RT and T, stages, at an order of magnitude to ensure
sufficient mechanical strength irrespective of shape memory stage. Such
properties approach or exceed most of the SMA composites available in
the market.

Enhanced composites are expected to be used in the high-perfor-
mance scenarios to ensure the required mechanical properties. In ad-
dition to the SME, the materials or the structure will be endowed with
some extra functions or produce higher efficiency. To show the
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potential applications of these SMEPCs with superior mechanical and
shape memory performances, we designed and prepared a series of
typical wind blades with various components and shapes, as shown in
Fig. 6. The SMEPC blades were prepared by cast molding and released
from the mold through SME. Each flat or bent blade was placed on a fan
motor, connected to the power supply, and spun. At the same time, a

Blades preparation

Blades deformation I{F

15° |"' 30° ‘|

portable anemometer was used to test air flow velocity from three fixed
positions (1, 2, and 3) as marked by the red crosses in Fig. 6.

Taking 25 wt% SCF3 blades as an example among the three kinds of
blades as shown in Fig. 6, the results of wind velocity over time are
shown in Fig. 7 under various bending angles of 15°, 30°, and 45° at
three positions of the center, middle, and outer edge. The airflow speed
of all three bending angles at position 1 is very low, which is close to
zero. Along the outer edge of the test position, the wind speed increases
obviously. Among different bending angles of the SMEPC blades, the
30° bending shows the maximum wind velocity. Compared with the
polymer fan blades (the wind speed is usually 9-10ms ™!, bending
angle is 20-30°), high modulus fan blades have little influence on the
wind speed, and this high modulus often is necessary in industrial ap-
plications. All the bent blades can achieve good shape recovery, that is
from bending angle to flat state (angle is 0°). The recovery results are
shown in Fig. S5 in Supporting Information.

The simulating computation about the wind speed and pressure on
the front and back of the fan blades has been investigated through
COMSOL Multiphysics” as shown in Fig. 8. The pressure on the front
and back of the blade is mainly concentrated on the tip and middle of
the blades and the connection of positive and negative pressure is lo-
cated between them. The calculated results on distribution and value of
wind velocity are consistent with the experimental data. As the wind
speed increases along the outside direction, a wind zone will be gen-
erated around the fan blade, and the area of the wind zone will expand
with the increase of the bending angle. The deepening in bending angle
will cause the concentration of wind speed and hinder the outward
transmission of wind.

It indicates from both results of experiment and simulating com-
putation that changes in the shape of these SMEPC blades will result in
different wind velocity under the same power supply. Similarly, if the
power source is changed into wind motion, the various blade shapes

Fig. 6. Photographs showing the process of SMEPCs wind blades' preparation, deformation, and wind velocity tests.
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will also bring different kinetic energy conversion and efficiency as the
air speed and direction vary.

4. Conclusions

A series of CFs reinforced SMEPCs with superior mechanical prop-
erties and SMEs were fabricated with various forming methods, and
their comprehensive properties and potential applications were sys-
tematically investigated. The stiffness at RT and T, during shape
changing for the continuous CF based SMEPCs can exceed 37 GPa and
4.4 GPa, respectively under good shape memory fixation. Furthermore,
these SMEPCs demonstrate good recovery and fast response due to the
excellent mechanical properties of the fibers and the retardation effect
on the crack propagation from the epoxy matrix. In addition, typical
wind blades with various components and shapes were designed and
prepared demonstrating the potential applications of these SMEPCs.
The experimental and numerical simulation results for the air flow
velocity with various shapes match well. These CFs reinforced SMEPCs
are expected to be used as morphic smart structures in the fields of
structural engineering.
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