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Self-healing materials as a type of promising smart materials are gradually applied to

electronics, biology, and engineering. In this study, we used in situ polymerization to

make melamine-formaldehyde (MF) resin microcapsules to wrap the epoxy oxide as

a repairing agent and Cu(MI)4Br2 as a latent-curing agent to protect epoxy oxide E-

51 from broken melamine-formaldehyde resin microcapsules. In addition, graphene

oxide was used as a reinforcing phase through its two-dimensional-layered structure to

increase the tensile strength to 41.91 MPa, which is higher than the initial materials. The

melamine-formaldehyde capsules and latent-curing agents were uniformly distributed in

the materials according to the digital photos and scanning electron microscope (SEM)

pictures. It is worth noting that the mechanical strength of the broken materials can be

restored to 35.65 MPa after heating to 130◦C for 2 h to repair the damage, and the

self-healing efficiency reached up to 85.06%. Furthermore, we also fabricated the 4D

printed material with a tensile strength of 50.93 MPa through a 3D printer. The obtained

materials showed excellent repair effect, with a recovery rate of up to 87.22%. This

study confirms that the designed self-healing system has potential applications in many

areas due to its excellent self-healing performance, which provides valuable guidance

for designing the 4D system.

Keywords: 4D printing, self-healing, microcapsules, polymermatrix composites, smart materials

INTRODUCTION

Smart materials have attracted widespread attention due to their shape and properties which
can be altered with external environment changes, such as light, electricity, and magnetism (Wu
et al., 2019). 3D printing smart materials, which are also referred to as “4D printing,” change
configurations over time. So far, 4D printing has been used to develop many types of smart
materials, such as shape-memory materials (Cheng et al., 2020), smart gel materials (Jang et al.,
2020), and self-healing materials (Chen et al., 2016), which demonstrated great applications in the
fields of biology (Aronsson et al., 2020; Kim et al., 2020), medicine (Javaid and Haleem, 2020; Lin
et al., 2021), and bionics (Correa et al., 2020). Among them, the self-healing materials used for 3D
printing mainly comprise soft active materials (SAMs), as a type of polymer, which can be mainly
divided into five parts: engineering plastics (such as polyethersulfone, poly-ether-ether-ketone,

Frontiers in Materials | www.frontiersin.org 1 April 2021 | Volume 8 | Article 657777

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.657777
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmats.2021.657777
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.657777&domain=pdf&date_stamp=2021-04-16
https://www.frontiersin.org/articles/10.3389/fmats.2021.657777/full
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles


Ma et al. Self-Healing System for 4D Printing

and polyphenylene sulfide), bioplastics (such as polylactic acid
and polycaprolactone), thermoset materials, photosensitive resin,
and polymer gels (Tan et al., 2020). The polymer should
be selected and designed to achieve the properties required
in accordance with the different environments and chemical
properties. Wei et al. (2017) proposed 3D direct-write printing
of ultraviolet (UV) cross-linking poly(lactic acid)-based inks,
and its tensile strength reached 1.7 MPa. Shiblee et al. (2019)
developed a shape memory hydrogel, which contains poly (N,N-
dimethyl acrylamide-co-stearyl acrylate) [P(DMAAm-co-SA)],
with the tensile strength of only 4.57 MPa. Although SAMs are
characterized by high-tensile deformation and simple molding,
their low-tensile strength limits their wide application (Enriquez-
Cabrera et al., 2020). Therefore, some researchers are targeting
hard materials.

Hard materials, which are aptlynamed, have generally high-
tensile strengths. However, most hard materials cannot heal
the physical damage autonomously, which is self-healing. The
microcapsule strategy is one of the most prevalent self-healing
strategies for hard materials, encapsulating substances that can
produce healing effects without being affected by the curing of
hard materials. When the microcapsules are broken, the coated
core material flows out, and the corresponding chemical reaction
occurs to achieve a self-healing effect. Zhao et al. (2020) prepared
a microcapsule-type latent-curing agent with imidazole (IZ) as
the core material, which is prepared by interfacial polymerization
of triethanolamine (TEOA) and diphenylmethane diisocyanate
(MDI). The tensile strength of IZ/E-51 reached 13.2 MPa.
Nevertheless, the combination of microcapsules and graphene
oxide (GO) has a wide range of applications in many areas
in recent years, such as self-lubrication (Li H. et al., 2020;
Li X. et al., 2020), thermal conductivity (Zhou Y. et al.,
2020), and functionalization (Zhou Y. et al., 2020). Without
doubts, GO itself has excellent properties, such as high specific
surface areas, superb tensile strength, and electrical conductivity
(Khan et al., 2020). On the one hand, recent studies on the
combination of GO and microcapsules are mainly focused
on the modification of GO to the microcapsules themselves.
Ma et al. (2020) conceived a graphene-modified self-healing
microcapsule, 1,6-diaminohexane as the inner core, and GO-
isophorone diisocyanate (IPDI)-based prepolymer as the outer
core. The results showed that the GO-modified microcapsules
obtained a spherical shape with a mean diameter of 0.50
µm, and self-healing efficiency reaches 80.43%. A self-healing
microcapsule material encapsulating linseed oil, using polyether
ammonia molecules sutured with GO as the shell layer, was
prepared by Li et al. (2019); the impedance modulus of the
composite coating after healing was four orders of magnitude
higher than that of pure polyurethane. On the other hand, some
researchers have also incorporated GO into polymer substrates
to prepare microcapsules self-healing systems with high-tensile
strength. Akhan et al. (2020) developed UV-cured polyurethane
GOnanocomposite microcapsules with a self-healing coating; the
tensile strength of the self-healing coating came up to 36.10 MPa,
which is the highest. As one of the hardmaterials, epoxy oxide has
excellent mechanical properties and low shrinkage (less than 2%)
(Farooq et al., 2020), so epoxy oxide remains virtually invariable

in volume after 4D printing and curing, with a slight increase
in its original mechanical properties. For thermosetting hard
resin, epoxy oxide requires the addition of curing agents to
repair the damage (Gholipour-Mahmoudalilou et al., 2018; Gao
et al., 2020; Seidi et al., 2020). The mechanical properties exhibit
differently depending on the types of curing agents (Haddadi
et al., 2019; Xie et al., 2020). The combination of epoxy oxide,
microcapsules, graphene oxide, and 4D printing can be formed as
a sort of self-healingmaterial with high tensile strength and stable
properties, showing a great potential for application in biology,
medicine, and bionics.

In this study, we present a method to prepare the epoxy
oxide-based self-healing system for 4D printing (Scheme 1).
Microcapsules and Cu(MI)4Br2 served as the healing units
and latent-curing agents, respectively. Meanwhile, GO was also
incorporated into the epoxy oxide self-healing system as the
toughening phase to provide higher tensile strength. It is worth
noting that the tensile strength of 4D printing GO that modified
microcapsules of the epoxy oxide self-healing system can reach
50.93 MPa (the tensile strength of pouring samples with the
same components is only 41.91 MPa), much higher than SAMs.
When the scratches were healed, the tensile strength could still
be restored to 44.42 MPa, with a high healing efficiency of up
to 89.98%. The development of 4D printing epoxy oxide self-
healing system will extend the usage of the new self-healing
system and will be beneficial to a variety of practical 4D-printing-
related applications, including material surface protection and
aerospace structures.

MATERIALS AND METHODS

Materials
Epoxy oxide (E-51), n-octanol, 2-methylimidazole (2-MI), and
cupric bromide were supplied by Shanghai Macklin Biochemical
Co., Ltd., China. Urea, melamine, tetraethylenepentamine
(TEPA), and sodium dodecylbenzenesulfonate (SDBS) were
obtained from Tianjin Guangfu Fine Chemical Research
Institute, China. Formaldehyde was made by Liaoning Quan Rui
Reagent Co., Ltd., China.

Preparation of Epoxy Oxide
Microcapsules
The microcapsules, with phenolic resin as the wall and epoxy
oxide as the core, were prepared via an in situ polymerization
microencapsulation process. The fabrication method consisted
of three steps, which can be described as the following: First,
melamine (3.2 g), urea (0.8 g), and formaldehyde solution (2.7 g)
were mixed in a 100 mL beaker equipped with a magnetic
stirrer. The pH value of the solution was adjusted to 8–9 by
slowly adding TEOA solution and continuing reaction for 1 h
under 70◦C. Second, a certain amount of epoxy oxide E-51 was
added to 100 mL of 1 wt% aqueous solution of SDBS with
the above phenolic resin at 25◦C. The mixture was stirred at
700 rpm for 10 min to form an emulsion. Third, the pH of the
reaction mixture was slowly tuned to 3–4 by adding 0.1 mol/L
hydrochloric acid. The resultant microcapsules were filtrated and
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SCHEME 1 | Preparation of the epoxy oxide-based self-healing system for 4D printing.

washed with acetone, ethanol, and deionized water several times
to remove impurities. The synthesis reaction equation is shown
in Supplementary Schemes 1–3.

Preparation of the Latent-Curing Agent
CuBr2 (11.17 g, 0.05 mol) and 2-MI (16.42 g, 0.2 mol) were
dissolved in the beaker with methanol solution (50 mL) by
ultrasonication. Then, the two solutions were mixed and stirred
at 25◦C for 24 h. The sediment was obtained by centrifugation
and dried at 50◦C in a vacuum oven for 6 h.

Preparation of the 3D Printing Sample
About 0.3 wt% (based on the E-51 epoxy oxide) GO was added
to 10 g epoxy oxide and stirred magnetically for 30 min at
800 rpm, and sonicated for 30min, and then, 1 g of microcapsules
and 0.2 g of the latent-curing agent were added sequentially
and stirred magnetically at 400 rpm for 5 min; at the same
time, 0.15 g of TEPA was added through the whole process and
additionally stirred magnetically for 2 min. All of the above steps
were carried out at 25◦C. The mixture was degassed by vacuum
to remove the air mixed into the mixture during the mixing
process. The degassed mixture was then added to the resin bath
of the 3D printer (Nordson ASYMTEKCNDSQuantumQ-6800,
American). A STLfile of the structure, which we designed, was
loaded into Fluidmove software in order to generate a series of
G.codes. The thickness of the single print layer was set to 500µm.
The 3D printer then read the G.code and printed layer by layer at
the printing speed of 1 mm/s by using the syringe print head in a
predetermined path. The whole process was carried out at 60◦C.
The finished product was removed from the substrate and cured
at 80◦C for 2 h.

Preparation of Pouring Sample
About 0.3 wt% (based on the E-51 epoxy oxide) GO was added to
10 g epoxy oxide and stirred magnetically for 30 min at 800 rpm,
and sonicated for 30min, and then, 1 g of microcapsules and 0.2 g

of the latent-curing agent were added sequentially and stirred
magnetically at 400 rpm for 5 min; at the same time, 0.15 g TEPA
was added through the whole process and additionally stirred
magnetically for 2 min. All of the above steps were carried out
at 25◦C. The mixture was poured in a preheated Teflon mold,
which was preheated at 100◦C, vacuumed to remove air bubbles,
and heated at 80◦C for 2 h. The samples were allowed to cool at
25◦C and were then removed.

Preparation of Self-Healing Samples
The surface of samples was cut a scratch with a depth of 1 mm,
with an scalpel. Then, the scratch samples were immediately
heated at 130◦C for 2 h. The self-healing process of the sample
was recorded by taking photographs. Healing performance was
confirmed by comparing the tensile strength of original, scratch,
and scratch repair samples.

Characterization
Micrographs of themicrocapsules were takenwith Field Emission
Scanning ElectronMicroscope (FE-SEM) (Hitachi, Regulus 8220,
Japan) at 5 kV and a current of 10 µA. FTIR studies were
conducted on a Bruker spectrophotometer (ALPHA, German).
The powdered samples of 2-MI and Cu(MI)4Br2 weremixed with
KBr at a ratio of 1:100 to produce tablets for FTIR measurement.
The thermogravimetric analysis of 2-MI, Cu(MI)4Br2, and
microcapsules were conducted by Mettler Toledo TGA 2
(Switzerland) at air atmosphere with the heating interval ranging
from 25 to 800◦C and at the speed of 5◦C/min. The tensile
strength of pouring samples and 3D printing samples were
tested by Instron 3400 (United States), and the tensile state was
2 mm/min under 5 kN load.

RESULTS AND DISCUSSION

The capsules present a regular spherical configuration, and
their size was uniform, which prove the correctness of the
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FIGURE 1 | SEM micrograph of (A) urea-formaldehyde-encapsulated epoxy oxide and (B) microcapsule shell (C); cross-sectional of the sample (D) without and (E)

with GO modification.

colloid theory (Figures 1A,B). The diameters of microcapsule
are about 10–12 µm, and their surface is smooth, which is
caused by precipitation, aggregation, and deposition of polyuria;
microcapsules with rough shell morphology have also been
reported (Keller et al., 2007). Due to the brittle nature of
microencapsulated shells, after the microcapsules were ruptured
by compression force, a clear image of a core-shell structure
of microcapsule can be observed under SEM (Figure 1C). It
can be clearly seen to have a width of 0.7–1.5 µm, proving
that the microcapsules are the core-shell structure rather than
a mixture state. The cross-section of the self-healing system
without GO is smooth and appears to have no obvious structure
(Figure 1D). When the self-healing system was modified with
graphene oxide, its cross-section shows clearly that GO sheets
were formed with a tightly layered structure, comprising waves
that look like fine alternating layers (Figure 1E). The reason is
that the reactive groups achieve robust interaction with epoxy
oxide through covalent or hydrogen bonding, which greatly
improves the interfacial compatibility of the GO with the epoxy
oxide matrix (Yu et al., 2019). The structure of the self-healing
system changes from disorder to layer, with the addition of
graphene oxide, which will improve its toughness to a great extent
(Ye et al., 2014).

2-methylimidazole can react with copper ions to form stable
metal complexes with square pyramidal geometry, namely,
Cu(MI)4Br2 (Zhu et al., 2015). Br− occupies two vertices, and
MI groups are distributed at the four vertices in the middle of the
diamond. Improving the temperature will lead to the dissociation
of Cu(MI)4Br2 and the release of MI groups, which will react
with epoxy oxide to change the repair effect (Supplementary

Scheme 4; Pilawka and Maka, 2011; Tripathi et al., 2015). The
FTIR spectra of 2-MI and Cu(MI)4Br2 are illustrated in Figure 2.
All of the characteristic bands of the MI group can be clearly

FIGURE 2 | FTIR spectra of 2-MI and Cu(MI)4Br2.

observed, including N–H stretching at 3,400 cm−1, N–Hwagging
vibration at 650 cm−1, C–N stretching at 1,600 cm−1, C = N
stretching at 1,700 cm−1, = CH rocking vibration at 1,460 cm−1.
But, in the FTIR of Cu(MI)4Br2, the N–H stretching cannot be
observed. That is because the H on the nitrogen atom of 2-MI
secondary amine reacts with Cu ions. The appearance of these
peaks shows that Cu(MI)4Br2 was successfully prepared.

Figure 3A illustrates the TG and DTA curves of epoxy oxide
microcapsule. The evaporation of water is mainly below 113◦C.
When the temperature reached 316◦C, the wall of microcapsule
decomposed. The core material began to evaporate in large
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quantities due to the loss of protection of the wall under high
temperature. Figure 3B shows the TG curves of 2-MI and
Cu(MI)4Br2. 2-MI begins to decompose at 152◦C, while the
decomposition temperature of Cu(MI)4Br2 is 216◦C, suggesting
the improved thermal stability of MI groups after forming a
complex. The schematic diagram of the self-healing system

is shown in Scheme 2. The microcapsules and the latent-
curing agent Cu(MI)4Br2 are evenly embedded in the epoxy
oxide substrate. Under the action of external destruction, the
microcapsules will break, leading to the flow out of epoxy
oxide. In addition, the Cu(MI)4Br2 will be decomposed at high
temperature in the MI group, which will solidify the epoxy

FIGURE 3 | (A) TG and DTA curves of epoxy resin microcapsule. (B) TG curves of 2-MI and Cu(MI)4Br2.

SCHEME 2 | Schematic diagram of scratch repair principle.
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FIGURE 4 | Tensile curves of samples with different contents of

microcapsules.

oxide at the damaged area to achieve the purpose of repair.
Therefore, the core-shell structure also ensures the integrity of
the epoxy oxide inwardly under high temperature, which will
not be thermally decomposed and react with the MI groups
cured by the high-temperature decomposition of the latent-
curing agent Cu(MI)4Br2. Meanwhile, the stabilized complex
structure of Cu(MI)4Br2 ensures that the MI groups will not
react with the epoxy oxide matrix when heating at 100◦C but
will decompose out of the complexed structure when it reaches
130◦C and then react with the epoxy oxide overflow from
microcapsules for curing.

Figure 4 shows the effect of different contents of
microcapsules on the mechanical properties of the system.
With the increasing number of microcapsules embedded, the
tensile strength of the sample first shows an increasing trend and
then a decreasing trend. Microcapsules in epoxy oxide can be
seen as “enlarged” vacancy defects, and epoxy oxide substrate
surface area can be enlarged. When the fracture crack extends
to the location where the microcapsules are in contact with the
epoxy oxide, there is an interface problem between shell materials
of microcapsules and epoxy oxide matrix because both materials
are different (Yuan et al., 2019). The walls of the microcapsules
allow the stress to be dispersed rather than following a straight
line. The distance between microcapsules reached the optimum
distance when 10% content of microcapsules was added to the
epoxy oxide matrix. While the sample is stretched, the distance
of atoms, molecules, and other components at the fracture
increases, the repulsive force decreases, and tension occurs
macroscopically; a greater tensile stress is needed to make the
sample fracture because the microcapsules disperse the stress
and reduce the strain, which makes the final manifestation
of large stress and a small strain, resulting in a large Young’s
modulus. When the content of microcapsules is 5%, the distance
between microcapsules increases so that few parts of the tensile
stress will extend between the walls of microcapsules and epoxy
oxide, augmenting its tensile strength. When the content of

TABLE 1 | Four kinds of samples with different compositions.

Cu(MI)4Br2 Microcapsule Graphene oxide

Sample 1 × × ×

Sample 2
√

× ×

Sample 3
√ √

×

Sample 4
√ √ √

microcapsules increased to 15 and 20%, the distance between
microcapsules decreased, but the existence of microcapsules
greatly reduces the continuity of epoxy oxide substrate,
the macroscopic tensile strength decreases sharply, and the
microscopic displacement of atoms and molecules is greatly
restricted, so that the elastic deformation decreases sharply
and fracture occurs at small displacement, which results in the
decrease of its tensile strength. In order to make the sample
possess optimum tensile strength and repair efficiency, we chose
the blending amount of microcapsule to be 10 wt%.

The effect of GO on the tensile strength of the sample, which
contains microcapsules and Cu(MI)4Br2, is carefully investigated
as shown in Figure 5. Test results showed that the tensile
strength of the samples increases significantly with increasing
GO content. The enhancement of GO to the tensile strength of
the sample is mainly due to the chemical bonding between GO
and Cu(MI)4Br2/microcapsule/epoxy oxide segments in the GO-
modified microcapsule self-healing system. The strong interfacial
covalent bonding is favorable to the loading transfer from the
polymer matrix to GO, with superior tensile strength (Xia
et al., 2015). Furthermore, because of the immense modulus
difference between GO and epoxy oxide, GO functions as a
stress-concentration point and induces microcracks around it,
which consumes additional fracture energy to improve the tensile
strength (Chen et al., 2017).

Several experiments have been conducted to analyze the
effect of each component on the overall performance. Table 1

FIGURE 5 | Tensile curves of different GO content.
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FIGURE 6 | (A) Tensile strength of pouring samples; (B) scratch repair pictures of pouring samples; (C) tensile strength of 3D printing samples; (D) scratch repair

pictures of 3D printing samples.

FIGURE 7 | (A) Tensile strength of broken repair samples, (B) broken repair physical drawing of pouring samples, and (C) 3D printing samples.

shows four kinds of samples with different compositions. Their
corresponding repair experiment and tensile strength are shown
in Figure 6. According to Figure 6A, samples without added
microcapsules cannot achieve a self-healing effect. It indicates
that microcapsules are the necessary healing units in the
self-healing system. While the microcapsules were incorporated

into the epoxy oxide matrix (sample 3), the tensile strength
increased to 0.45 MPa compared with that of sample 2,
demonstrating that a small portion of the stress was dispersed,
along with the shells of the microcapsules and the epoxy oxide
matrix, resulting in an increase in the tensile strength. The
tensile strength of GO-modified samples (sample 4) can restore
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to 85.04%, while the sample 3 without GO-modified samples only
restores to 63.07%. This demonstrates that GO as a toughening
phase can improve to some extent the reduction of the tensile
strength of the samples due to the lower continuity of the
epoxy oxide matrix, which is caused by the incorporation of
microcapsules and latent-curing agents Cu(MI)4Br2. The stress
diffused in the network structure, which was composed of GO
and epoxy oxide matrix, which required higher stress to fracture
the sample, and the tensile stress increased. The tensile strength
curves and the scratch repair pictures of 3D printing samples are
shown in Figures 6C,D. After 3D printing, the tensile strength
of the sample is 21.51% higher than the pouring sample 4.
After repair, the tensile strength of 3D printing sample can be
restored to 87.23%, which is higher than that of the pouring
sample at 85.04%. Because the potential difference inside the
epoxy oxide is smaller than the gravitational force between the
microcapsules, the little number of microcapsules coalesces and
sinks. Nevertheless, the 3D printed samples were printed directly
layer by layer, with a thickness of 500 µm, and cured by heating
while printing. This minimized the settling of the microcapsules,
and the dispersion of each component in the epoxy oxide
was higher in the 3D printed samples compared with the
pouring samples, which showed the macroscopic improvement
of tensile strength.

At the same time, we also text the extreme situation of the
sample. The tensile strength of the broken and repair of samples
are given in Figure 7. The pouring samples 1, 2, and 3 cannot
repair the broken, but sample 4 and 3D printing sample can
repair the broken. After repair, the tensile strength of sample
4 can be recovered to 98.90%, and the tensile strength of 3D
printing sample can be recovered to 89.97%. Unlike scratch
repair, the broken repair efficiency of Sample 4 was higher than
3D-printed samples. It can be explained that, because the internal
potential difference of epoxy oxide is less than the gravitational
force between microcapsules, a small number of microcapsules
coalesce and sink, which makes the dispersion of microcapsules
uneven and epoxy oxide flow from the broken microcapsules
to gather in these sinking parts. The repair efficiency of the
pouring sample was increased to 98.90% because the two sections
of the fracture overlapped together at both ends under the
external force, while the epoxy oxide overflowing from the
aggregated microcapsules deposited at the bottom of the sample
was squeezed and spread in all directions, causing the non-
uniformity of the repair (the repair efficiency of the upper part of
the sample was lower than that of the lower part). The 3D-printed
sample had the maximum repair efficiency of 89.97% because the
repair area was only around the broken microcapsules due to a
less settling phenomenon.

CONCLUSION

In summary, we report an approach to develop a GO-
modified microcapsule self-healing system for 4D printing.

The measurement of SEM showed that the epoxy oxide
microcapsules, as the healing unit, have a smooth surface,
uniform particle size at 10–12 µm, and 0.70–1.5 µm
microcapsule shell thickness. The thermodynamic measurement
indicated that the thermal decomposition temperature of the
prepared microcapsule is 316◦C, which can largely protect the
epoxy oxide inside the microcapsules from decomposition under
high temperature. The tensile measurement has shown that the
tensile strength of the 3D printing sample modified by GO was
21.51% more than the pouring sample, reaching to 50.93 MPa.
Physical restoration experiments have proved that scratch repair
efficiency comes up to 87.23% and broken repair efficiency carries
to 89.97%. The incorporation of 10 wt% microcapsules can
improve the tensile strength of the samples, which is attributed
to the dispersion of stress between the microcapsule shell and
the epoxy oxide matrix. The incorporation of a 0.3 wt% (based
on epoxy oxide) GO further increased the mechanical strength
of the sample, which is facilitated by chemical bonding between
GO and Cu(MI)4Br2/microcapsule/epoxy oxide segments and
the immense modulus difference between GO and epoxy oxide.
This GO-modified microcapsule self-healing system holds great
potential in the field of engineering, surface protection, and
electronic packaging.
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