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Shape memory polymers are widely used in industrial applications. Despite extensive and continuous

research studies, it is still a great challenge to improve the mechanical properties without affecting their

shape memory properties. One approach to improving them is to seek inspiration from natural materials

that exhibit superior performance and provide an infinite source of design guidelines. Inspired by the

hierarchical architecture of nacre, we have prepared nacre-like shape memory epoxy–graphene

composites via freeze-casting, a technique to create lamellar materials with complex hierarchical

microstructures. Perpendicular to the lamellar direction, the fracture toughness of our composites is

�2.5 times that of the epoxy matrix, due to the synergy of extrinsic toughening mechanisms combining

crack deflection, crack branching, crack bridging, and friction between the layered platelets. We

achieved high damage-tolerance in our composites by having some degree of plasticity to relax stresses

in an epoxy layer. The shape memory properties can be activated using external heating. Due to the

electrical conductivity of graphene, we have also achieved electro-active shape memory composites.

Our approach suggests an avenue for producing bioinspired shape memory composites with good

mechanical and multi-functional properties by utilizing the design principles and strengthening/

toughening mechanisms active in nacre and other biological materials.
Shape memory polymers (SMPs) are known as a unique class of
smart materials that can be deformed or xed into temporary
shapes and then recover to their permanent shapes upon
exposure to certain stimuli, such as temperature,1,2 light,3

electricity,4,5 and magnetic elds.6 These stimuli-responsive
polymers have drawn attention for decades owing to their
potential for application in many elds, including aerospace,7

medical devices,1 robotics,8 and others. Research into varieties
of SMPs has grown rapidly in recent years, and many SMPs have
been discovered, such as dual-shape polymers,9 triple-shape
polymers,10 reversible shape memory polymers,11 and healable
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performance polymers.12However, these studies mainly focused
on the design of novel shape memory properties, and the
improving mechanical properties of SMPs with a homogenous
structure were restricted by mixing nanollers into the matrix.
It is worth noting that the mechanical properties of SMPs
have not been addressed from the perspective of designing
structures of materials in the scientic literature. Optimizing
the combination of mechanical and functional performance of
SMPs remains a major challenge.

Natural materials, such as nacre in seashells, wood, and
skin, to name a few, show exceptional mechanical and/or self-
healing properties. For example, nacre, which is composed of 95
vol% inorganic CaCO3 and 5 vol% biopolymers, has excellent
fracture toughness, which in energy terms is �3000 times
higher than that of its constituents. Nacre is essentially a lami-
nated composite, with a brick-and-mortar microstructure
designed for exceptional damage tolerance.13 Nacre provides
a gold standard for designing and fabricating novel materials.14

During the last few decades, many methods, such as layer-by-
layer assembly,15–18 inltration,19–21 evaporation,22,23 and elec-
trophoretic deposition,24–26 have been developed to fabricate
bioinspired structural materials, but these techniques are
mainly focused on producing lms, and are time-consuming
and size-limiting. Other techniques, such as the extrusion and
roll method27 and 3D printing,28,29 which are employed to
J. Mater. Chem. A, 2019, 7, 2787–2794 | 2787
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engineer bulk materials, cannot control the microstructure of
these composites precisely.

A more promising recent technique to fabricate nacre-like
bulk materials is freeze-casting, also called ice-templating.30,31

During controlled freezing of powder suspensions in water, the
micro/nano-materials are expelled and concentrated in the gap
between the ice crystals, forming porous lamellar structures.32,33

Deville et al.34 pioneered the fabrication of nacre-inspired
lamellar alumina (Al2O3) scaffolds by unidirectional freeze-
casting. Munch et al.35 further extended the technique by
producing an Al2O3–polymethyl methacrylate (PMMA) nacre-
inspired brick-and-mortar structure with outstanding mechan-
ical properties. The resulting properties of the composites show
strength comparable to that of Al2O3 (225 MPa) but their
toughness is an order of magnitude larger, with a fracture
toughness of above 30 MPa m1/2. In addition to ceramic parti-
cles or platelets,36–38 polymers or bers, such as chitosan (CS),39

silk broin,40 silica (SiO2) bers,41 and silicon carbide (SiC)
bers,42 can also be used to create structural materials by freeze-
casting. Graphene, with its exceptional mechanical properties
and high conductivity, is an ideal candidate for constructing
high performance structural materials.43–46 Freeze-casting is
frequently used to produce complex hierarchical structures and
composites with superior properties by incorporating graphene.
By mimicking the hierarchical structure of cork, Qiu et al.47

fabricated ultralight graphene-based cellular monoliths by
unidirectional freeze-casting. The foams are superelastic with
exceptionally low density. An elegant combination of freeze-
casting, inltration, and spark plasma sintering to fabricate
ceramic–graphene composites was recently reported by Picot
et al.;48 thus, the obtained graphene networks display self-
monitoring properties. However, these as-prepared graphene
foams needed the assistance of additives, such as L-ascorbic
acid (L-AA), PVA, and CS. Zhang et al.49 obtained a large-scale
aligned graphene oxide (GO) membrane by ethanol-assisted
freeze-casting without any additives. Aer thermal reduction
and O2-plasma treatment, the graphene membrane shows
highly efficient solar thermal generation.

Herein, we describe our method to fabricate GO scaffolds
via a tetrahydrofuran (THF)-assisted bidirectional freeze-
casting technique. Our scaffolds show an anisotropic large-
scale lamellar structure. Using thermal reduction to recover
the conductivity of graphene, the volume of the as-obtained
rGO scaffolds exhibited slight shrinkage and reduction
in weight due to the removal of oxygen-containing functional
groups. Shape memory epoxy (EP)50 was inltrated into
the rGO scaffolds, forming, aer curing, nacre-like shape
memory epoxy–graphene (E–G) composites. The resultant
composites show a good improvement of the fracture
toughness of the EP matrix (�2.5 times) and exhibit a shape
memory effect with thermal or electrical stimuli. Our
approach suggests an avenue for producing bioinspired
shape memory composites with good mechanical and multi-
functional properties by utilizing the design principles and
strengthening/toughening mechanisms active in nacre and
other biological materials.
2788 | J. Mater. Chem. A, 2019, 7, 2787–2794
Results and discussion

Designing the architecture of E–G composites is the critical step
for constructing novel structural materials. Modied bidirec-
tional freeze-casting was applied to assemble the hierarchical
layered structure ranging from nano/microscopic to macro-
scopic. Pre-fabricated GO was dispersed in deionized water to
obtain homogeneous 9mgml�1 and 15mgml�1 GO contents in
aqueous suspensions via ultrasonication, as shown in Fig. 1a
and S1.† Subsequently, these suspensions were frozen using the
bidirectional freeze-casting technique. During freezing, the ice
crystals grew along dual temperature gradients, expelling the
GO to concentrate between the gaps of layered ice. THF was
used as the anti-freeze agent, which decreased the freezing rate
and dramatically affected the crystallization behavior of the ice
with hydrogen bonds,51,52 thus contributing to the formation of
a large-scale aligned structure (see Fig. 1b).

Aer removal of the ice by freeze drying, the lamellar GO
scaffold had enough strength for easy handling (Fig. 1c). There
are many bridges between adjacent layers, endowing the GO
scaffold with integrity and strength (Fig. S2a†). To recover the
conductivity of graphene, the GO scaffold was sintered at 800 �C
for 1 hour in nitrogen. The color of the scaffold changed from
dark yellow to grey, as shown in Fig. 1d. The structure of the rGO
scaffold exhibited a large-scale lamellar morphology, while the
space between the layers was signicantly reduced (Fig. S2b†).
To achieve multi-functional composites, shape memory EP was
vacuum inltrated into the rGO scaffold. Aer curing at 130 �C
for 2 hours, nacre-like shape memory E–G composites were
obtained (Fig. 1e). GO scaffolds produced with 9 mg ml�1 and
15 mg ml�1 GO suspensions were named as GO-I and GO-II,
respectively. Corresponding to the GO scaffolds, the rGO scaf-
folds and shape memory E–G composites were denoted as rGO-I
and rGO-II, and E–G-I and E–G-II, respectively. For a control
sample, an rGO powder with the same content as the rGO-II
scaffold in E–G-II (�0.60 wt%) was added to the EP, forming
homogeneous composites by mixing and curing. The control
sample is denoted as E–G–H.

The scanning electron microscope (SEM) images of scaffolds
and composites display an anisotropic structure, as shown in
Fig. 2. The cross-section of the GO scaffold shows a lamellar
architecture, and the side of the scaffold is composed of large
lamellae with asperities (see Fig. 2a). The GO scaffold shows
a 3D interconnected network having a stable structure. The as-
obtained GO scaffolds do not contain any additives or reduced
agents, such as PVA, sodium carboxymethyl cellulose (SCMC),
sodium alginate (SA), or L-AA. Due to the oxygen-containing
functional groups graed to the surface of graphene, the GO
scaffolds do not display conductivity.

To recover the conductivity of the graphene, the oxygen
groups were removed by heating the scaffolds to 800 �C. Aer
high temperature treatment, the volume of rGO scaffolds
decreased to �80% of their original size, and the weight was
reduced to �50%. X-ray photoelectron spectroscopy (XPS) was
used to characterize the content of carbon and oxygen before
and aer the thermal reduction. Peaks of C1s at 284.8, 286.9,
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the fabrication of E–G composites: (a) preparation of the GO aqueous suspension with THF and then freezing by bidi-
rectional freeze-casting (b). The lamellar GO scaffold was obtained after freeze drying (c). Subsequently, heating was applied to reduce the GO
scaffold, forming an rGO scaffold (d). Finally, the E–G composite was produced by infiltrating with shape memory EP and curing (e).
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and 288.7 eV represent C–C, C–O, and C(O)O groups, respec-
tively, in Fig. S3a.†However, there remains only the C–C peak in
the spectra, as shown in Fig. S3b,† demonstrating that the
oxygen-containing groups have been completely removed from
the scaffolds. Themorphology of the cross-section clearly shows
a lamellar structure with the spacing between layers reduced to
�20–40 mm, as shown in Fig. 2b. The rGO scaffolds exhibited
good anisotropy, observed from different angles by SEM
(Fig. S4†).

Furthermore, the scaffolds are strong enough to be lled
with a second phase to obtain novel composites containing
Fig. 2 The microstructures of the scaffolds and E–G-II composite. The
a large lamella on the side (a2). After thermal reduction, the volume of the
(b1) and the asperities of a lamella (b2). The as-obtained E–G-II compos

This journal is © The Royal Society of Chemistry 2019
polymer, metal, or ceramic precursors. Shape memory EP was
used to construct multi-functional E–G composites via vacuum
inltrating EP into the rGO scaffold to remove voids in the
process of inltration. Aer curing at 130 �C for 2 hours, the
resultant E–G composite also shows an anisotropic structure.
The cross-section shows rGO layers separated by EP, forming
a lamellar composite. The thickness of an EP lamella is �20–
40 mm, and the side image of the composite shows a large EP
lamella similar to that of nacre, as shown in Fig. 2c. Therefore,
we have emulated the architecture of nacre to create well-
ordered lamellar E–G composites. Thermogravimetric analysis
GO scaffold shows a lamellar structure at the cross-section (a1) and
rGO scaffold shrinks, resulting in reducing of the space between layers
ite maintains a lamellar structure (c1 and c2).

J. Mater. Chem. A, 2019, 7, 2787–2794 | 2789
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(TGA) of EP and nacre-like E–G-II composites indicated that rGO
scaffolds did not degrade the EP (Fig. S5†).

The notched specimens were used in three-point bend
testing to evaluate the damage tolerance of our materials, with
the data shown in Fig. 3a. The force–displacement data for the
most part are given here as a means of comparison between
each other. The EP force–displacement curve rises and then
decreases rapidly (curve 1), resulting in the smooth fracture
surface (Fig. S6a†). The maximum force for the E–G–H
composite is slightly higher and decreases more slowly than
that of EP (curve 2), and there are many stress stripes on the
fractured surface (Fig. S6b†). Nacre-like E–G composites
required much higher force at failure and further displacement
due to the lamellar structure of the composites. Finally, the E–
G-II composite is remarkably better than E–G-I (curve 3 and
curve 4) because of the more aligned, regular lamellar structure
of E–G-II (Fig. S6c and d†). The calculations indicate that the
initial fracture toughness (KIC) of these materials rises with the
increase of the force at the end of the elastic regime, resulting in
the KIC of E–G-II being �1.5 times higher than that of EP, as
shown in Fig. 3b.

To provide an insight into the fracture process, fracture
experiments were performed using a SEM. The EP fails cata-
strophically with no stable crack growth, leading to poor frac-
ture toughness (Fig. 3c). In contrast, the E–G-II composite
displays a stable crack growth with a tortuous path. The
observed toughening mechanisms are crack deection, crack
branching, crack bridging, and friction when lamellae are
pulled out, as shown in Fig. 3d. The modulus (E) of the nacre-
like E–G-II composite reaches up to 1.35 GPa perpendicular to
Fig. 3 The fracture toughness and proposedmechanisms of E–G compo
(curve 2), E–G-I (curve 3), and E–G-II (curve 4). (b) KIC of EP, E–G–H, E–G
and the E–G–H composite. (c) EP shows straight crack growth. (d) The
Proposed fracture mechanisms such as crack deflection (red arrows), cra
between layers contribute to the superior fracture toughness. (e) The KJ
Comparison with the EP-based composites prepared by traditional m
toughness when taking extrinsic toughness into account.

2790 | J. Mater. Chem. A, 2019, 7, 2787–2794
the lamellar direction, which is slightly higher than that of EP
(Fig. S7†). According to the rising resistance curve (R-curve), the
maximum fracture toughness (KJC) of the E–G-II composite
perpendicular to the lamellar direction is measured to be
2.63 MPa m1/2 within the ASTM limit,48 which is �2.5 times
higher than that of EP, as shown in Fig. 3e. The critical strain
energy release rates (GIC) of EP and E–G-II composites are
743.43 J m�2 and 1517.19 J m�2, respectively. More importantly,
the work of fracture of the E–G-II composite is 4664.13 J m�2,
which is�6.3 times better than that of EP when taking extrinsic
toughness into account.

Fig. 3f shows the advantages of this bioinspired concept for
preparing nacre-like composites compared with other tradi-
tional EP-based composites. To investigate the increased frac-
ture toughness, the ratio of KIC (composites) and KIC (EP matrix)
was used to evaluate the toughening effects of different nano-
llers. The EP-based composites prepared by traditional
methods including solution mixing and melt mixing are
enhanced with common materials such as modied GO,53–56

functionalized graphene,57–61 carbon nanobers (CNFs),62,63

multiwalled carbon nanotubes (MWNTs),64 and clay,65,66 form-
ing homogeneous structures (the corresponding abbreviations
of specic nanollers are listed in Table S1†). However, the
ratios of KIC (composites) and KIC (pure EP) of these EP-based
composites range from 1.0 to 1.8 and rarely exceed 1.8 because
of the poor dispersion and homogeneous structures. Our as-
prepared nacre-like E–G composites show signicantly higher
fracture toughness due to stable crack growth depicted in
Fig. 3d; the feature has not been found in other traditional EP-
based composites. The ratio of KJC (E–G-II) and KIC (EP) for E–G
sites: (a) the typical force–displacement curves of EP (curve 1), E–G–H
-I and E–G-II. The KIC of nacre-like composites is higher than that of EP
E–G-II composite with the rGO scaffold has stable crack propagation.
ck branching (green arrows), crack bridging (blue arrows), and friction

C of E–G-II is of the order of 2.63 MPa m1/2 in terms of the R-curve. (f)
ethods, the nacre-like E–G-II composite shows surpassing fracture

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The shapememory properties of E–G-II composites. The composite can be fixed into various shapes such as a circle (a), twist (b), and fold
(c) by heating or exposure to current, forming temporary shapes that can be held below 30 �C. Upon heating or exposure to an appropriate
current again, these temporary shapes will recover to their original shapes. (d and e) Infrared thermal images of E–G-II composites. When
currents of 5 mA and 10 mA are applied to the composites with the shapes of a strip and star, respectively, the temperatures of these composites
increase dramatically, as observed from the infrared images with the elapse of time. (f) The one-way dual-shapememory mechanism of the E–G
composite. (f1) The permanent shape of the E–G composite. (f2) Non-activated chain segments are activated through heating or exposure to an
appropriate current. (f3) Induced deformation of the E–G composite under stress. (f4) Cooling this composite and forming a temporary shape
without stress. (f5) Recovering to its permanent shape upon reheating or exposure to current.
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composites reaches the value of �2.5, which is much higher
than that of the traditional EP-based composites.

In addition to superior fracture toughness, improved func-
tional performance is also urgently needed in composites for
many applications. One of those desired functional properties
is shape memory, the ability of a material to recover its original
shape with the right stimulus. We created shape memory
composites with excellent damage tolerance by inltrating
shape memory EP into our rGO scaffolds. EP is a good insulator,
and therefore, our control specimens (E–G–H) show non-
conductivity because the nanollers in the composite are iso-
lated, not connected, and thus cannot form conductive
pathways. Nacre-like composites with a 3D interconnected
network can demonstrate excellent electrical conductivity even
when the content of the nanollers is only 0.60 wt%. The
conductivity of E–G-II along the lamellar direction is �55 times
better than that of E–G-I due to the higher content of rGO. It is
also �6 times better as compared to its conductivity perpen-
dicular to the lamellar direction (Fig. S8†). The continuous
graphene network does not affect the shape memory properties
of E–G-II composites. Instead, it provides an electro-active
shape memory path. In other words, the shape recovery
behavior of our composites can also be triggered by electrical
current.

Consequently, E–G-II composites can be molded into various
shapes, such as a circle (Fig. 4a), twist (Fig. 4b), and fold,
(Fig. 4c) using heating or current stimuli under deformation
stress, forming temporary shapes, and then recover to their
permanent shapes upon the same stimuli (Fig. S9†). We utilized
the infrared thermal images to investigate the mechanism of
driving the shape memory effect by electricity. The results show
that the temperature of a strip sample increases in one minute
This journal is © The Royal Society of Chemistry 2019
when electrical current is applied (5 mA), which is recorded by
the infrared images (Fig. 4d). The composite with the shape of
a star also shows an excellent electro-thermal effect using
a constant current of 10 mA within a fewminutes (Fig. 4e). Once
the internal temperature of these composites reaches glass
transition temperature (Tg) (Fig. S10†), the shape recovery
behavior would be induced by Joule heating.

The proposed mechanism of a one-way dual-shape memory
cycle of such composites is shown in Fig. 4f. The shape memory
E–G composites with low cross-linking density and Tg are rigid
materials at room temperature (see Fig. 4f1). When these
composites are exposed to a temperature (T > Tg), they become
so elastomers because of the activated molecular chains
(Fig. 4f2). The external stress can change chain conformation
(Fig. 4f3), resulting in macroscopic deformation to x the
temporary shape when cooling to room temperature (Fig. 4f4).
Here, the deformation of the composites is held even aer
removing the stress owing to the freezing chains locking chain
conformation and storage of entropic energy (high energy
state). These composites recover their permanent shape when
heated or exposed to electrical current, which drives molecular
chains back to the lowest energy conguration8,9 (Fig. 4f5). We
have investigated the consecutive shape memory cycles in
a stress-controlled mode, as shown in Fig. S11.† The results
suggest that the strain shi shows little deviation aer four
cycles, demonstrating exceptional shape xity and recovery.

Conclusion

In summary, we have synthesized nacre-like shape memory
epoxy–graphene composites via freeze-casting. Depending on
the lamellar structure, the nacre-like shape memory composites
J. Mater. Chem. A, 2019, 7, 2787–2794 | 2791
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with only �0.60 wt% rGO content have stable crack extension.
During loading, the fracture mechanisms consisting of crack
deection, crack branching, crack bridging, and friction effec-
tively distribute the stress and dissipate much energy. Perpen-
dicular to the lamellar direction, the fracture toughness of
nacre-like shape memory composites is �2.5 times better than
that of pure epoxy and superior to those of epoxy-based
composites prepared by traditional methods. Furthermore, this
kind of nacre-like shape memory composite can be xed into
various shapes including a circle, twist, and fold, and recover its
permanent shape when heated or exposed to electrical current.
This bioinspired fabrication strategy provides an insightful
avenue for producing high performance shape memory
composites in the future.

Methods
Materials

GO was synthesized from graphite powder by a modied
Hummers' method.67 THF was purchased from Beijing Chem-
ical Works. Epoxy monomer E44 was purchased from Usolf
Chemical Technology Co., Ltd. Poly(propylene glycol) bis(2-
aminopropyl ether) (D230) as the curing agent was purchased
from Aladdin.

Preparing nacre-like E–G composites

Homogenous GO aqueous suspensions (9 mg ml�1 and 15 mg
ml�1) were fabricated by ultrasonic treatment (100W, KQ-
100DA). THF was added to the GO suspension (a xed ratio of
1 : 50, v/v) and then stirred for 1 hour. The GO suspension with
THF was transferred into a silicone mold (15.0 � 15.0 � 15.0
mm3) placed on the surface of steel. Liquid nitrogen was
utilized to cool one side of the steel plate, forming a tempera-
ture gradient. Aer solidication, the resultant frozen GO
suspension was transferred into a freeze dryer (<5 Pa, LGJ-12S)
to freeze dry for 2 days. Subsequently, the obtained GO scaffolds
were heated at 800 �C for 1 hour in nitrogen (tube furnace, SK-
G05125K) to prepare rGO scaffolds. EP monomer E44 and its
curing agent (D230) were blended, lled into the rGO scaffold
with a vacuum, and then cured at 130 �C for 2 hours (electric
drying oven, DH-101) to fabricate shape memory E–G
composites.

Characterization

A Quanta 250 SEM was used to observe the microstructure and
in situ fracture process of samples. TGA was performed on an
NETZSCH STA449F3 from 50 �C to 800 �C at a rate of 10 �C
min�1 in nitrogen. The XPS spectra of GO and rGO scaffold
surfaces were acquired using an ESCALAB220i-XL with mono-
chromatic Al-Ka. Differential scanning calorimetry (DSC 6200)
was conducted from 10 �C to 130 �C at a heating rate of 10 �C
min�1. Dynamic mechanical analyses (DMA Q800) were used to
determine the Tg at 1 Hz, 0.2% strain and a heating rate of 3 �C
min�1. The consecutive shape memory effect was evaluated
with a DMA Q800 at a heating rate of 10 �C min�1 and a cooling
rate of 5 �C min�1 in a controlled force mode.
2792 | J. Mater. Chem. A, 2019, 7, 2787–2794
Beams with a size of 14.0 � 2.5 � 2.5 mm3 were cut from
bulk materials and pre-notched with a water-cooled diamond
blade and then sharpened with a razor blade. E–G composites
were single-edge notched perpendicular to the lamellar struc-
ture. The notches of samples were �0.45–0.55 of their thick-
ness. Three-point bending (span: 7.75 mm) (SUNS UTM4103)
was used to test these samples at a rate of 0.06 mm min�1.
Samples (14.0 � 2.5 � 2.5 mm3) without a notch were painted
with a silver paste at both ends for an electrical test using a two-
probe method (Agilent E4980A) along and perpendicular to the
lamellar direction. The shape memory properties of composites
were obtained at a constant temperature heating stage (HP-
1515). Infrared thermal images were recorded on a Testo 871.

The mechanical calculation: KIC is calculated using the
formulas68

KIC ¼ PICS

BW 3=2
f ða=WÞ

f ða=WÞ ¼
3ða=WÞ1=2

h
1:99�ða=W Þð1� a=W Þ

�
2:15� 3:93a=W þða=WÞ2

�i

2ð1þ 2a=W Þð1� a=WÞ3=2

where PIC is the maximum load of the linear region of the load–
displacement curve, S the span, B the width, W the thickness
and a the notch, respectively.

KJ is calculated using39

KJ ¼ [(EJpl/(1 � n2)) + KIC
2]1/2

Jpl ¼ 2Apl

BðW � aÞ

Crack extension (Da) is given as

an ¼ an�1 þ W � an�1

2

Cn � Cn�1

Cn

Cn ¼ un/fn

Da ¼ an � a

and GIC is given as48

GIC ¼ KIC
2(1 � n2)/E

where E is the modulus of the composite, n is Poisson's ratio,
and Apl is the area under the force–displacement curve. an is the
crack length, un the displacement, and fn the force at each point
aer crack initiation.
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