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The cross-linking degree is a significant factor affecting the thermodynamic properties of resins, the cross-linking
degree of photosensitive resins is limited during Digital Light Procession (DLP) printing. We present a strategy for
double networks in epoxy resin to further improve the performances of printed structures via two different
processing methods. Epoxy acrylates and polyethylene glycol dimethacrylates crosslink by UV-light radiation
forming a light-induced network structure, and epoxy molecules crosslink under y-ray radiation forming a ray-

induced network structure. The two kinds of networks interpenetrate to form the interpenetrating polymer
network (IPN). The printed IPN specimens have the characteristics of high Young’s modulus (up to 4.89 GPa) and
fracture strain (as high as 30.4 %). The printed flowers and canister reinforced by short glass fibers (GFs)
exhibited rapid shape recovery behaviors. The IPN epoxy/GFs composites have good values in manufacturing
smart deployable structures, medical devices, and automobile shell parts.

1. Introduction

Shape memory polymers (SMPs) are a new kind of intelligent ma-
terial, which can restore temporary shapes to their original shapes under
the stimulation of external conditions. The common thermosetting
shape memory polymers are epoxy, cyanate ester, polyimide, bismalei-
mide, phenol-formaldehyde resin, and acrylate. The characteristics of
shape memory epoxy are low cost, ease of processing, corrosion resis-
tance, electric insulation, and excellent thermal and mechanical prop-
erties. It is widely used in aerospace, electronics, auto industry,
architecture, sports equipment, coating, and adhesive fields. The sig-
nificant drawbacks of the un-modified epoxy resin, including poor
toughness and low strength, restrict its engineering applications.

There are many published works on the reinforcing and toughening
of epoxy. The toughening mechanisms of epoxy resins are summarized
into three categories. The first method is to reduce crosslinking density,
the second is the chemical modification of main chains to decrease
segment mobility, and the third is to add a ductile phase, such as
carboxyl-terminated butadiene-acrylonitrile and amine-terminated
butadiene-acrylonitrile [1-6]. All these approaches can achieve the
purpose of toughness, but they also reduce the strength and thermal
stability of the resins. Therefore, an appropriate strategy for epoxy resin
with high strength and toughness is highly anticipated. A new solution
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to the above problem is constructing IPN in the resin. IPN consists of two
or more polymer networks that are individually cross-linked and
mutually penetrating, which can reinforce and toughen polymers
[7-10]. We mapped out the strategy for forming IPN in epoxy resin. The
first network is formed by UV-light radiation and then the second
network is formed by y-ray radiation. The toughening can be achieved
without sacrificing the strength and thermal properties of the resin via
the formation of the IPN in the resin.

In addition, complex structures of IPN toughened epoxy can be
molded by combining the above strategies with DLP printing technol-
ogy. DLP printing has the advantages of high printing speed and preci-
sion, which can print small and complex structures. DLP printer works in
a layer-by-layer curing mode. The time to print a layer needs a few
seconds or tens of seconds [11-15]. We set the layer time of 1 s to print
structures resulting in incomplete cross-linking reactions of the acrylates
and a low degree of cross-linking. The printed structures are reinforced
by UV post-curing to improve the structures’ cross-linking degrees and
thermodynamic properties [16-20]. Epoxy requires higher energy to
improve the crosslinking further. y-rays transfer power to the irradiated
material by ionization producing radicals and the radicals initiate cross-
linking reactions [21,22]. At present, the influences of UV and y-ray
radiations on the properties of materials are rarely studied, especially
systematic studies on the thermodynamic properties and shape memory
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properties under different UV radiation times and different y-ray doses.

We studied the preparation and printing process of epoxy-based inks
and CNTs-doped and CFs-doped composite inks. We found that post-
curing is a feasible method to enhance the thermodynamic properties
of the resins and the efficiency of DLP printing in our previous work
[23]. The reaction of epoxy and acrylic acid produces epoxy acrylate,
the reaction’s yield is about 68 %. Polyethylene glycol dimethacrylate
(PEGDMA) is used as a thinner to regulate the viscosity of the ink, so the
printing ink is a mixture of epoxy acrylate, PEGDMA, and epoxy. Epoxy
acrylate and PEGDMA crosslink by UV lights to form the light-induced
network, and epoxy molecules crosslink by y-rays to form the ray-
induced network. The two networks interpenetrate to strengthen and
toughen the resin.

2. Experiments and characterizations
2.1. Materials and the preparation of printable inks

Bisphenol A epoxy resin was purchased from Nantong Xingchen
Synthetic Materials Co. Ltd., China. PEGDMA, Acrylic acid, Triethyl-
amine (TEA), Toluhydroguinone (THQ), and 2,4,6-Trimethylbenzoyldi-
phenyl Phosphine Oxide (TPO) were provided by Aladdin. All reagents
were used as received.

0.4 mol acrylic acid and 0.2 mol epoxy resin reacted and stirred at a
constant speed at 75 °C, and the reaction was catalyzed by TEA and THQ
for 6 h. 0.07 mol PEGFDMA was added to dilute the synthetic and 2.0 wt
% photoinitiator, TPO, was dissolved into the mixture to obtain the
epoxy-based printable ink. 0.2 wt%, 0.5 wt%, and 1.0 wt% GFs were
added to the ink to obtain composite inks.

2.2. DLP printing and UV post-curing

The photosensitive epoxy-based ink was shaped by a DLP printer.
The printed specimens were washed and post-cured by a wash & cure
machine (Anycubic, China). The rated power of the machine light source
is 40 W and the wavelength of that is 405 nm. The specimens under
different post-curing times (0 min, 2 min, 5 min, 10 min, 20 min, 40 min,
60 min, 90 min) were labeled PPO, PP2, PP5, PP10, PP20, PP40, PP60,
and PP90, respectively.

2.3. y-ray radiation

The post-cured specimens were radiated by different doses of y-rays
(0 KGy, 10 KGy, 100 KGy, 1000 KGy) produced by a ®°Co radiation
source and labeled PPx-IRy (x = 0, 2, 5...... ; ¥y =0,1, 2, 3). The ex-
periments were carried out at the Heilongjiang Academy of Sciences
(Harbin, China).

2.4. Cross-linking degree

The size of printed specimens used to test cross-linking degrees is 80
mm * 10 mm * 1 mm. The specimens with different exposure times were
weighted and recorded as m;, and soaked in acetone for 72 h. Then they
were dried at 80 °C for 2 h. The oven-dried specimens were weighed
again and recorded as mj. The cross-linking degree (D.) is calculated by
the equation below:

D. =™ % 100% m

ny
2.5. Characterizations

The glass transition temperatures of the samples were tested using
the differential scanning calorimeter (DSC, METTLER-TOLEDO Corpo-
ration, Switzerland) with a 10 °C/min ramp rate and a dynamic me-
chanical analyzer (Q800TA Corp., US) with a 3 °C/min ramp rate and a
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1 Hz frequency. Thermogravimetry analysis (TGA) was carried out using
an analyzer (Mettler-Toledo, Switzerland) from 25 °C to 800 °C with a
10 °C/min ramp rate in high purity Ny atmosphere. Zwick/Roell Z010
(Zwick GmbH & Co. KG) Instrument was used to conduct the tensile test
at room temperature with a 2.0 mm/min strain rate. At least three
samples were tested for one formula. The surface and cross-section
morphologies of the samples were exposed using a scanning electron
microscope (SEM) (JSM-7600F, JEOL Ltd.). The samples were sputtered
with gold for 30 s before observation. Fourier Transform Infrared
Spectroscopy (FTIR) tested by the infrared spectrometer (Perkin Elmer
Corp., US) was used to analyze the changes in functional groups in the
samples.

2.6. Shape memory performances

The cycling shape memory behavior of the samples was character-
ized by a tensile fixture of the dynamic mechanical analyzer in
controlled-force mode. The instrument recorded the samples’ real-time
force, displacement, and temperature. The following equations were
used to calculate the shape fixity rate (R¢) and shape recovery rate (R;) of
every cycle.

R =5« 100% @
Emax — €0

R, = M % 100% 3)
(e — &)

where ¢ is the initial strain produced by a change in temperature, emay is
the maximum strain under load, ¢ is the fixed strain after cooling and
load removal, and ey, is the strain after recovery.

3. Results

The printable ink is a mixture of epoxy acrylate, epoxy, and
PEGDMA. To improve DLP printing efficiency, the layer exposure time is
set up for 1 s. The short exposure time can shape the ink, but the ink
cannot be fully cross-linked in such a short time. UV post-curing treat-
ment of the printed specimens is necessary. The specimens printed by
the DLP printer were exposed to 405 nm UV lights of the wash & cure
machine at different times. Their cross-linking degrees are calculated by
the mass ratio before and after soaking, which are exhibited in Fig. 1(a-
b). The cross-linking degree jumps from 86.6 % to 90.7 % in two minutes
and rises slowly, indicating that the unreacted allyl groups in the poly-
mer are quickly cross-linked. When the post-curing time is 60 min, it
reaches 93.7 % and cannot be improved significantly with the increasing
exposure time. Therefore, a post-curing time of 60 min is sufficient for
the printed specimens.

Four specimens with UV post-curing treatment of 0 min, 5 min, 20
min, and 60 min were exposed to different doses of y-rays. There was no
significant change in the color of the specimens irradiated by 10KGy and
100 KGy y-rays. At the same time, the specimens irradiated by 1000 KGy
y-rays change from light yellow to light brown. The discoloration may be
due to over-curing caused by the high dose y-rays.

The mechanism of polymerization and over-curing of the epoxy
acrylate is demonstrated in Fig. 2. The photoinitiator, TPO, is irradiated
by UV lights to produce free radicals, which initiate a chain reaction
leading to the polymerization of the epoxy acrylate. An epoxy acrylate
molecule contains two allyl groups, one allyl group is polymerized and
the other allyl group is polymerized in the same way forming the resin
with a 3D network structure finally. When the resin is radiated by 1000
KGy y-rays, polyacrylate is destroyed and degraded to produce radical
sub-products. Some C-O and C = O in the resin are easily broken to
produce free radicals by y-ray radiation, which are shown in red boxes.
These radicals are free to recombine within themselves, oxygen or
hydrogen resulting in the yellowing of the resin [24,25].

The formation and appearance of IPN are shown in Fig. 3. The UV



L. Wang et al.

(a) Light shield

—
Post-curing

EE_Z
N

UV curing oven

Composites Part A 162 (2022) 107146

fi 0 Ky

Y-rays

Cross-linking degree (%)

100 KGy
Y-rays

1000 KGy
y-rays

Post curing time (minutes)

Fig. 1. (a) DLP printer and UV curing oven, (b) The cross-linking degrees of specimens under different UV post-curing times and the post-cured specimens irradiated
by different doses of y-rays. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

light-induced network was initially formed during DLP printing and
fully developed in the process of UV post-curing. The UV light-induced
network was formed by polymerizing epoxy acrylate and PEGDMA
and labeled “Network #1” in the figure. Then, the post-cured specimens
are irradiated by y-rays. The epoxy reacted forming the ray-induced
network in the resin which was labeled “Network #2”. The two net-
works interpenetrate with each other forming the IPN [26-28].

3.1. The effects of UV post-curing and y-ray radiation on the thermal
properties of the specimens

DSC results of the post-cured and irradiated specimens are shown in
Fig. 4. There is a distinct step in the DSC curve. The temperature at
which the tangent from the midpoint of the oblique line intersects the
front baseline is the onset Tg [29-31], which is marked above the cor-
responding step.

The Ty of PPO-IRO increases from 56.6 °C to 73.7 °C with the
increasing UV post-curing time and the Ty of PPO-IR1 and PPO-IR2 show
a similar increasing trend. Compared to PPx-IR0 (x =0, 5, 20, 60), the T
of PPx-IR1 (x = 0, 5, 20, 60) have no significant change, and that of
PP20-IR2 and PP60-IR2 show a marked increase. The increase indicates
that 100 KGy y-rays contribute to the cross-linking reaction of epoxy in
the resin. Among PP60-IRy (y =0, 1, 2, 3), the T of PP60-IR2 is 82.6 °C
and is the highest, demonstrating that a new network is formed after 100
KGy y-ray radiation. However, the Ty of PP60-IR3 decreases compared
with PP60-IR2, which a combination of polymerization and degradation
might cause [32,33].

The weight-temperature curves of all specimens are shown in
Figure S1. The weight loss is slow in the first stage of the TGA curves,
which is caused by the release of small molecules in the resin. The initial
decomposition temperature, labeled Tsy, may indirectly reflect the
cross-linking degree of molecular chains in the resin, which is exhibited
in Table S1. For PPx-IR0 (x = 0, 5, 20, 60), the longer the UV post-curing
time is, the higher the Tso, is. The Tso, of PP60-IRO is up to 354.7 °C,
54.1 °C higher than that of PPO-IR0, which is caused by UV post-curing.

The Tsy, of PP60-IR0 decreases with the increase of y-ray dose illus-
trating that y-ray radiation accelerates the loss of small molecules. The
Tso, of PPx-IR1 (x = 0, 5, 20, 60) is the highest and that of PPx-IR3 (x =
0, 5, 20, 60) is the lowest among all the irradiated resins, which dem-
onstrates that 1000 KGy y-rays harm the thermostability of the resins,
resulting in degradation. The thermal degradation rates depend on the
resins’ crosslinking degree, which seems in agreement with the DSC
result.

3.2. The effects of UV post-curing and y-ray radiation on the mechanical
properties of the specimens

DMA can also test Ty of the specimens, and the curves of tan  and
storage modulus are shown in Figure S2. The data are listed in Table S2
and S3. The 3D bar graphs are shown in Fig. 5 and the changes in T and
storage modulus (at 30 °C) can be observed in the charts. The T of PPx-
IRO (x = 0, 5, 20, 60) increases from 50.3 °C to 65.7 °C with the
increasing UV post-curing time, which is similar to the DSC result. The
increase is caused by the formation of the UV light-induced network that
increases the cross-linking degree of the resin. The T of PPO-IRy (y = 0,
1, 2, 3) shows significant growth from 50.3 °C to 71.5 °C, which is
caused by the formation of the IPN network triggered by y-ray radiation.
The Tg of PP60-IRy (y = 0, 1, 2, 3) shows a slight increase of 2.9 °C after
1000 KGy y-ray radiation. The 1000 KGy y-rays have two different ef-
fects on resin: to promote the formation of the cross-linking network
structure and to destroy the network structure. The combination of these
two effects causes the slight increase.

The storage modulus of PPO-IRy (y = 0, 1, 2, 3) increases from 525.4
MPa to 2530.7 MPa with the increasing y-ray dose. The storage modulus
of PPx-IRO (x = 0, 5, 20, 60) increases from 525.4 MPa to 3124.3 MPa
with the increasing UV post-curing time. The increase demonstrates that
both UV post-curing and y-ray irradiation are beneficial to further cross-
linking of the resin. Among PP60-IRy (y = O, 1, 2, 3), the storage
modulus of PP60-IR2 is the highest, up to 4894.3 MPa, which is
attributed to the formation of the ray-induced network. The storage
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Fig. 2. Polymerization and over-curing of the epoxy acrylate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 3. The formation of IPN in the post-cured and irradiated specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

modulus of PP60-IR3 is 2587.3 MPa, and the decline is mainly caused by
the resin degradation by 1000 KGy y-ray radiation. The variation of
PP60-IRy (y = 0, 1, 2, 3) in storage modulus is consistent with that in Tg.

Stress—strain behavior is an important indicator in evaluating the
mechanical properties of the specimens. The stress—strain curves of all
specimens irradiated by UV light and y-rays are shown in Fig. 6 and the
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data on fracture strain and stress are listed in Table S4 and S5. The
fracture strain of PPx-IRO (x = 0, 5, 20, 60) decreased gradually from
28.5 % to 18.4 % with the increase of UV post-curing time. It is note-
worthy that the shape of the stress—strain curve changed significantly.
For PPO-IRO, the relationship between stress and strain is almost linear,
and elastic deformation occurs. For PP60-IRO0, the tensile stress increases
to a maximum value, then decreases. The specimen is further stretched,
its deformation concentrated in the material’s necking area, and finally,
the specimen is broken. The increase in fracture stress and decrease in
fracture strain is mainly due to the high cross-linking degree of the
specimen. The changes of PPx-IR1 (x = 0, 5, 20, 60) and PPx-IR2 (x = 0,

5, 20, 60) are similar to those of PPx-IRO (x = 0, 5, 20, 60). The fracture
stress increases and the fracture strain decreases. The stress—strain
relationship of PPx-IR3 (x = 0, 5, 20, 60) was almost linear indicating
that brittle fracture occurred in the specimens. The photos of PP60-IR2
and PP60-IR3 being pulled apart are displayed in Figure S3. Among all
specimens, the fracture strain of PPx-IR3 (x = 0, 5, 20, 60) is the lowest.
It is significantly lower than that of other samples demonstrating that
1000 KGy y-rays damage the specimens’ network structures leading to
stress concentration and fracture during stretching. From the results of
the DMA and tensile tests, the mechanical property of PP60-IR2 is the
most outstanding among all specimens.
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3.3. The bond change of the specimens after y-ray radiation

Infrared spectroscopies of PP60-IRy (y = O, 1, 2, 3) are shown in
Fig. 7, and three peaks with significant changes are magnified. A broad
infrared absorption band in the range 3100-3700 cm ! in FTIR spectra
is responsible for the O-H and N-H stretching vibrations, and the peaks at
2800-3000 cm ! are ascribed to the stretching vibrations of C-H [34].
Two peaks at 1244 cm ™! and 916 cm ™! are attributed to epoxy groups
[35,36], whose intensity reduce after 1000 KGy y-ray radiation. The
change demonstrates that the y-rays induce the crosslinking of epoxy.
The peaks at 1181 cm™! and 985 cm ™! are attributed to ether groups,
and that at 1724 cm ™! and 1297 cm ™! are ester groups [34,37,38]. The
two peaks (at 1297 cm™! and 985 cm™!) disappeared after 1000 KGy
y-ray radiation because the y-rays destroy them. The peaks of CH = CH
stretching mode at 1635 ecm™* and twisting mode at 810 cm ™! are also
observed [39,40], whose constant intensity means no free radical
polymerization. The position of some peaks changed after 1000 KGy
y-ray radiation. The peaks move towards a lower wavenumber
(redshift). The shift is caused by the combined action of the induction
effect and conjugation effect. There is no highly electronegative atom or
group in the material, the induction effect is weak. Therefore, the
redshift is mainly caused by the conjugation effect.

3.4. The surface and cross-section morphologies of the specimens

The effect of y-rays on morphologies of the samples was demon-
strated by the backscattered electron (BSE) mode of scanning electron
microscopy. BSE images of surface morphologies and cross-section
morphologies of PP60-IRO and PP60-IR3 are shown in Fig. 8. Some
pits on the sample surface are caused by the ink tank of the DLP printer.
Beyond that, there is no other difference before and after irradiation.
The white arrows in the figures indicate the thickness of the samples,
which is about 1 mm. The tensile fracture surfaces of PP60-IR0O and
PP60-IR3 are similar in appearance, and both have linear and fish-scale

patterns. y-ray radiation has no obvious effects on the morphologies.

The short GFs are added to improve the mechanical properties of the
resin, which has good light transmittance and has little effect on DLP
printing and UV light post-curing of the resin. An optical microscope was
used to observe the CFs morphology and estimate the fiber length, and
the GFs length distribution is shown in Fig. 9(a-b). The average length of
the GFs is about 63.2 pm. The cross-section morphology of short GFs
reinforced PP60-IR2 is shown in Fig. 9(c). The crack in the section is
radioactive, and the crack source is in the middle of the section, which
means a mixture of brittle fracture and ductile fracture. Select three
positions marked with blue boxes in the section for magnification
observation. Both fibers and pores can be observed in the cross-section.
The holes are caused by fibers fracture and extraction [41,42]. The fibers
are marked with solid circles and the holes with dashed circles as shown
in Fig. 9(d-f). The fiber divides the crack into two cracks as it expands,
demonstrating that the fibers inhibit crack growth, resulting in the
improvement of tensile properties. In addition, interfaces between the
printing layers and visible defects are not observed in the cross-section,
indicating high interfacial strength and tensile properties [43,44].

Different amounts (0.2 wt%, 0.5 wt%, and 1.0 wt%) of GFs were used
to reinforce the PP60-IR2 resin to obtain composites, named PP60-IR2-
0.2GF, PP60-IR2-0.5GF, and PP60-IR2-1.0GF. Tan & and storage
modulus curves, stress-strain curves, and thermogravimetric curves of
PP60-IR2-0.2GF, PP60-IR2-0.5GF, and PP60-IR2-1.0GF specimens are
shown in Figure S4. Ty decreased from 67.0 °C to 64.2 °C, because GFs
hindered the formation of the cross-linking networks. The strain at break
decreased from 18.4 % to 11.1 %, and the stress increased from 35.6
MPa to 42.7 MPa and increased by 20.0 % with the increasing GFs
content. The thermal stability of GFs reinforced composites was also
improved. Tsy, was increased from 317 °C to 350.5 °C and the carbon
yield rate rose from 6.6 % to 10.8 %, which exhibited a significant
improvement in thermodynamic properties.

The printed flowers and canister in short GFs doped composite ink
are in Figure S5. Different colors of temperature-sensitive powders are
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added to the composite ink to make the printed specimens beautiful and
temperature-sensitive. Surface morphologies of the printed chrysan-
themum and canister are shown in Figure S6. The printing layers and
short GFs on the surface can be seen in the BSE images of the printed

canister.
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Fig. 9. (a) Fiber morphology observed using an optical microscope; (b) GFs length distribution; (c-f) The cross-section morphology of short GFs reinforced PP60-IR2.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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version of this article.)
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3.5. Shape memory properties of the specimens after y-ray radiation

R¢ and R; are two critical indicators to evaluate the shape memory
behaviors of the resins, which can be obtained by the shape memory
cycle test. Four cycles are tested for each specimen and the results are
shown in Fig. 10. The stress is zero and the strain increases during the
heating stage of the first cycle, which is caused by the thermal expansion
properties of the resin. The strain caused by thermal expansion is labeled
the initial strain (¢g). The highest test temperature is 65 °C for PP60-IR0,
PP60-IR1, and PP60-IR2, which is 70 °C for PP60-IR3. The Ty of the
specimens determines the highest test temperatures. The strain reaches
its maximum under stress and the maximum strain is marked as emax.
When the sample is cooled to 25 °C, the strain reduces slightly after the
stress is removed, which was labeled as €. When the temperature rises to
the highest temperature again, the strain decreases to the lowest value
labeling €. The Egs. (2) and (3) are used to calculate Rf and R;. The
data are listed in Table S6. The average R¢ of PP60-IRO0 is 91.8 % and
reduces with increasing y-ray dose, which is caused by the breaking
chain segment between the crosslinking points. The average R; of PP60-
IRO increased after y-ray radiation illustrating the increase of shape re-
covery force, which is attributed to the increase of crosslinking points.

The thermal conductivity of specimens is an essential factor in
determining the shape recovery time. Flower fading experiments were
carried out in hot water at about 80 °C and schematic diagrams of the
flowers are inserted in the upper right side of the pictures as shown in
Figure S7. The thickness of chrysanthemum petals is about 0.5 mm and
the thickness of the receptacle is about 2 mm. The petals fade in 2 s, the
receptacle in 6 s. The 4D printed lotus has thicker petals and receptacles
and takes 100 s to fade. The results demonstrate that thin slices are more
prone to rapid reshaping and recovery.

A saffron chrysanthemum is selected to demonstrate the shape re-
covery process. Soak the blooming chrysanthemum in hot water (80 °C)
for 10 s, pull the petals together, and cool the flower to room temper-
ature. The gathered flower is cooled to room temperature to complete
the formation of the flower from blooming to gathering as shown in
Fig. 11. The 4D printed cubic undergoes a deformation from closing to
opening, and the canister (in Figure S8) reshapes from standing to
twisting. It takes about 20 s for the gathered chrysanthemum to bloom
fully and the cubic to close. The shape recovery process of the twisting
canister takes only 5 s, much shorter than that of the flower and cubic
because of the little distortion of the canister.

4. Conclusion

The UV light-induced network is formed after UV light post-curing of
60 min and the ray-induced network is formed by the crosslinking of
epoxy irradiated by 100 KGy y-rays. The printed IPN resins have the
characteristics of low Ty (57.3-82.6 °C) high storage modulus
(1.02-4.89 GPa), and high toughness (14.4-30.4 %). The yellowing and
thermodynamic degradation of the samples are caused by 1000 KGy
y-ray radiation, which is due to over-curing and destruction of the
network structure. The short GFs reinforced composites possess stable R¢
and R, in shape memory cycle testing and the chrysanthemum and
canister show rapid shape recovery behaviors. The high-performance
IPN composites have a desirable future in manufacturing smart
deployable structures, medical devices, automobiles, etc.
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