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1 | INTRODUCTION

With the advancement of the aerospace industry, the
issue of space radiation shielding has received wide-
spread attention. In comparison with traditional
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Abstract

Resin-based composites used in spacecraft face risks from space debris and
high-energy charged particles during their long-term service in the space envi-
ronment. This work proposes a novel microcapsule (MC) and its cyanate ester
(CE) resin-based composites (CE/MCs) with self-healing ability and gamma
radiation shielding ability. The multifunctional epoxy/lead tungstate
(EP@PWO) microcapsules are developed through self-assembly method and
in-situ precipitation method. These microcapsules and curing agent 4,4’-
diaminodiphenylsulfone (DDS) are incorporated into the CE resin to form
resin-based composites with low curing temperature, self-healing ability, and
gamma radiation shielding ability. Various approaches including chemical
characterizations (X-ray diffractometer, fourier-transform infrared, energy dis-
persive spectrometer), microscopy (optical microscope, scanning electronic
microscope), and thermal analysis (differential scanning calorimeter, thermo-
gravimetric analysis) are utilized to demonstrate the successful encapsulation
of the EP resin by PWO shell and good thermal stability of this material. The
mechanical property, self-healing ability, and gamma radiation shielding prop-
erty are investigated via fracture toughness test and using a Nal
(TI) spectrometer. In comparison with pure CE resin, the fracture toughness of
the CE/MCs composites can increase by 66.5%, and the self-healing efficiency
can reach up to 56%, indicating that the microcapsules have good toughening
and self-healing abilities. The microcapsules and their composites also exhibit

good gamma radiation shielding properties.

KEYWORDS

applications, composites, mechanical properties, thermosets

aluminum alloys,"* resin-based composites have lower

atomic number, which can significantly reduce the sec-
ondary gamma rays after shielding against high-energy
proton and electron radiation. These composites also
have light-weight and high-strength characteristics,’
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which are ideal structural and functional integrated
materials for space radiation shielding. Cyanate ester
(CE) resins are often used as the matrix material of resin-
based composites because of their good mechanical
strength, dielectric properties and excellent processing
and forming properties.* These composites also have a
wide range of applications in spacecraft structural mate-
rials,” solar wing substrates,® and space optical systems.”
However, CE composites have some problems as shield-
ing materials in space environments. On the one hand,
CE resins contain plenty of low atomic number elements,
such as H and O, which have good shielding effects on
high-energy protons and electrons. But CE resins are not
as good at shielding secondary gamma rays generated by
the interaction of protons and electrons with other mate-
rials as aluminum alloys, which may result in an increase
in the total ionizing dose on the internal components of
the spacecraft.® On the other hand, CE resins have poor
fracture toughness and are prone to microcracks under
service loads, thus destroying the structural integrity of
the materials.”'® Meanwhile, spacecraft serve in a com-
plex space environment, especially in low Earth orbit,
which mainly includes high-vacuum and high-energy
charged particle irradiation.'™'* High-energy electrons
and protons irradiation further exacerbate the embrittle-
ment of CE resins, which poses a great threat to the nor-
mal operation, in-orbit reliability, as well as the lifetime
of spacecraft and is one of the main causes of spacecraft
material degradation and damage.'>'*

Given that CE resins are inherently brittle,"> and the
space environment exacerbates the embrittlement, micro-
cracks can easily appear within the resin during space-
craft service, which could seriously damage the structural
integrity of the materials. These microcracks must be
suppressed or repaired. Various methods can be used to
improve the fracture toughness of CE resins, thereby sup-
pressing the expansion of microcracks. The approaches
include the formation of an interpenetrating network
with thermoplastic resin by blending,'®'” addition of rub-
ber inclusions,'®'® and copolymerization with thermoset-
ting resins.’>>*> However, when cracks started to
propagate inside the material, localized filling repair
methods have to be used to solve this issue. These
methods include the plug/patch repairs, bolted plates,
and injecting resins.”> Nevertheless, these methods are
difficult to operate and cannot in-situ repair micro dam-
age within the material, thus adding extra weight to the
structure. Another approach is to incorporate microcap-
sules containing healing agents.”*** This extrinsic self-
healing concept was first proposed by White et al.*
When microcracking occurs in the material, the
expansion of the cracks causes the microcapsules to rup-
ture and release a healing agent to self-repair the

microcrack. Yuan et al.”’ first reported the use of epoxy/
poly(urea—formaldehyde) (EP@PUF) microcapsules for
the self-healing of CE resin, and they found that the addi-
tion of appropriate microcapsules not only imparts self-
healing capability to the materials but also increases the
fracture toughness. Gu et al.*® fabricated cyanate ester/
polyglycidyl methyacrylate (CE@PGMA) microcapsules
for the self-healing of EP resin, which also exhibited
excellent self-healing property. Although it has been
demonstrated that CE resins and EP resins can repair
each other, such composites with only self-healing func-
tion cannot meet the requirements of spacecraft. The
harsh physical environment and complex radiation envi-
ronment in space require structural materials to have not
only excellent mechanical property but also shielding
ability against mixed radiation fields. The traditional
method for enhancing the gamma radiation shielding
ability of resin-based composites is to add fillers with
high atomic number elements, such as lead, tungsten,
and tin.*® Lou et al.** encapsulated paraffin (Pn) with
lead tungstate (PWO) shell to prepare phase change
materials with gamma radiation shielding function. The
advantage of PWO shell over common microcapsule shell
materials is that it not only enhances the thermal stabil-
ity of the microcapsules, but also imparts excellent
gamma radiation shielding capability to them. However,
at present, there is no relevant report on microcapsules
with both self-healing function and gamma radiation
shielding function. Multifunctional composites with self-
healing function and excellent radiation shielding func-
tion can be obtained by adding self-healing microcap-
sules and radiation shielding fillers to the resin matrix.
However, adding different kinds of fillers to the resin
matrix may result in un-even distribution of the fillers
and greatly increase the weight of the material, which is
incompatible with the requirement for a light-weight
spacecraft.’’ Hence, a light-weight, high-strength mate-
rial with self-healing capability and effective gamma radi-
ation shielding capability must be developed.

In this work, we prepare a microcapsule with self-
healing ability and gamma radiation shielding ability. We
can obtain multifunctional composites by incorporating
such microcapsules as fillers into the resin matrix. This
new microcapsule with PWO shell and EP core material
is prepared via self-assembly method and in-situ precipi-
tation method, and mixed with DDS in CE resins to pre-
pare a new multifunctional resin-based composite
material with self-healing ability and radiation shielding
ability. When microcracks occur in the matrix, they will
destroy the microcapsules containing the healing agent.
The healing agent will react with the curing agent DDS
buried in the resin matrix to repair the broken area. The
PWO shell of the microcapsules enhances the gamma
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FIGURE 1
microcapsules [Color figure can be viewed at wileyonlinelibrary.com]

radiation shielding capability of the composites. This
multifunctional microcapsule and its CE resin-based
composites have the potential to be the next generation
structural materials for spacecraft.

2 | EXPERIMENTAL SECTION

21 | Materials

Bisphenol A epoxy resin (EP) was purchased from Kunshan
Jiulimei Electronic Materials Co., Ltd (Suzhou, China).
Bisphenol A dicyanate (CE) was purchased from Norna
Chemical Co., Ltd (Wuhan, China). Triethanolamine (TEA),
Lead (IT) acetate trihydrate (Pb [CH5COO],-3H,0), sodium
tungstate  dihydrate (Na,WO,-2H,0), styrene-maleic
anhydride copolymer (SMA, Mn ~ 28,000), and 4.4'-
diaminodiphenylsulfone (DDS) were purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2 | Preparation of microcapsules

As shown in Figure 1, the microencapsulated EP with
PWO shell was synthesized in an oil-in-water (O/W)
emulsion templating system. The synthetic procedure is
described as follows: in a 100 ml beaker, SMA (1.45 g),
E51 epoxy (10 g), and appropriate amount of TEA were
added into deionized water (75 ml), pH was controlled at

Formations of microcapsules and CE/MCs composites. CE/MCs, cyanate ester resin-based composites containing

8-9, and magnetically stirred at 80 °C for 10-20 min.
Then, the emulsion was placed on a homogenizer and
stirred at 16,000 rpm for 3 min. The emulsified EP resin
emulsion was then transferred to a 500 ml flask and mag-
netically stirred at 65°C. Subsequently, lead acetate
(Pb [CH;COOY],) solution (9.63 g, 140 ml) was added and
stirred at 500 rpm for 3 h. Thereafter, sodium tungstate
(Na,WO,) solution (8.35 g, 140 ml) was added and stirred
at 500 rpm for 8 h. Finally, the microcapsules were
washed three times with deionized water and anhydrous
ethanol, and then dried in a blast oven at 60 °C for 48 h.

2.3 | Preparation of CE/MCs composites
As shown in Figure 1, The CE resin-based composites are
prepared using the mold casting method. The formation
procedure is described as follows: in a 200 ml beaker, CE
resins were added and heated to 100°C. Until the CE
resin powder melts to a clear liquid, 1 wt% DDS was
added and magnetically stirred at 120°C for 30-40 min.
Then, EP@PWO microcapsules (2.5, 5.0, 7.5, 10.0, and
12.5 wt%) were added, and the mixture was stirred for
10-20 min. After that, the resin mixture was poured into
a pre-heated mold, and the mold was placed in a vacuum
drying oven for degassing, and curing according to the
following schedule: 130°C/2 h + 150°C/2h + 180°C/2h.”’
The samples were slowly cooled to room temperature in
the oven after curing.
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24 | Characterization

The chemical structures of the EP resin, PWO, and
EP@PWO microcapsules were characterized using
Fourier-transform infrared (FTIR/Nicolet iS5) spectra.
The spectra were taken on a transition mode in the 4000-
400 cm™ ! range. The crystalline structures of the shell
materials and EP@PWO microcapsules were determined
with an X-ray diffractometer (XRD/Bruker D8 Advance
diffractometer) with a 26 scan range of 5°-90° and scan
speed of 5°/min. The surface features of the EP@PWO
microcapsules and CE/MCs composites were investigated
by an optical microscope (OM/MR5000) and a scanning
electronic microscope (SEM/Hitachi S-4800). The particle
size of the microcapsules was measured with a laser par-
ticle size scanner (Malvern Mastersizer 2000). The ther-
mal behavior of the EP resin and the as-prepared
microcapsules were measured with a differential scan-
ning calorimeter (DSC/NETZSCH DSC 200 F3). The sam-
ples were heated from 30°C to 500°C at 10°C/min under
a pure nitrogen atmosphere. The flow rate of nitrogen
gas was 20 ml/min. The thermal stability of the EP resin
and the as-prepared microcapsules was characterized by
thermogravimetric analysis (TGA/NETZSCH STA
449 F5). The samples were heated from 30°C to 700°C at
10°C/min under a pure nitrogen atmosphere. The flow
rate of nitrogen gas was 50 ml/min.

2.5 | Fracture toughness testing and
evaluation of self-healing efficiency

The fracture toughness (Kjc) was measured by using stan-
dard single-edge notched beam (SENB) specimens under
mode I fracture conditions. First, use a grinder to cut a
notch in the middle part of the specimen, then use a razor
to lightly tap the bottom of the notch to create a pre-crack.
The size of the original crack was 0.45 W < a < 0.70 W.
After the specimens were tested at a constant 0.5 mm/min
displacement rate until fracture and healed at 200°C for

1 h, the healed specimens were examined by using the
same experimental parameters. Eight samples were tested
for each component. Kjc was calculated using®”:

3PS\a

K=YV~
€= 2BwW?

(1)

where P is the critical load, B is the thickness, W is the
width, S is the span, and Y is defined as follows:

Y =193 307(£)+1453(£)2 2511(ﬂ)3
—1. 07(5; 53(5, (g
a 4
25.80(—) , 2
+2550(2 @

The healing efficiency (i) of the specimens was calcu-
lated using®®:

. ’
Kicheaeda Healed specimen sfracture toughness

- - . o . / )
Kicorigin ~ Original specimen s fracture toughness

(3)

2.6 | Gamma radiation shielding
performance testing

The experimental device for the gamma radiation shield-
ing performance test is shown in Figure 2. ">*Ba (80 and
356 keV) and '*Cs (662 keV) sources with collimators
were used as gamma sources. A gamma spectrometer,
which consists of 3” x 3” Nal (T1) crystal, Al shell, and
DigiBASE, was used for testing the gamma radiation
shielding performance of the microcapsules and CE/MCs
composites. Certain amounts of microcapsule powder
were pressed into a 1 cm-diameter mold to obtain sam-
ples with a thickness of 5 mm. Direct resin-based com-
posites were used for the composite samples. The gamma
ray transmission factor (Ip/I) was measured by varying
the thickness for all the samples. The attenuation of pho-
tons is governed by the following relationship:

Gamma spectrometer

Samples ' '

3 7 X 3 7”7
Nal(T1) Crystal

Al shell

' FIGURE 2 Experimental device for

gamma radiation shielding
DigiBASE

performance test [Color figure can be
viewed at wileyonlinelibrary.com]

85U8017 SUOLILLOD 3A 1D 3qeal|dde ayy Aq pausenob ae sooiie YO ‘8sn Jose|n. 10} Ariq1T8UIIUO AB]IM UO (SUOTIPUD-PUB-SWBH WD A8 | 1M AfeIq 1 U1 |UO//SIL) SUORIPUOD pUe SWiB | 8U188S *[2202/0T/6T] Uo ARiqiauljuo A2|IM ‘(BenN) sonneuolisy puy sonneuoRY JO AseAlun BuilteN Aq 09zes dde/zo0T 0T/10p/woo A 1M AeIq Ul |uo//Sdny Woiy pepeojumod ‘0 ‘829260T


http://wileyonlinelibrary.com

RUI ET AL.

uuuuuuuuu

Applied Polymer_wiLEy-L s

I=1Ipe ™, (4)

where I denotes the transmitted photon radiation intensi-
ties, and I, is the incident one; y is the linear attenuation
coefficient; and & is the thickness (cm) of the samples.

Considering the density of the different samples, the
mass attenuation coefficient was calculated using:

u
/"m:;’ (5)

where 4, is the mass attenuation coefficient, and p is the
density (g/cm?®) of the samples.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of microcapsules
The chemical contents of the microcapsules were mea-
sured by XRD and FTIR. The XRD patterns of the micro-
capsules and PWO are shown in Figure 3a. The
diffraction peaks of the microcapsules at 20 = 27.55°,
29.78°, 32.90°, 44.92°, and 55.45° are attributed to the dif-
fraction of the planes (112), (004), (200), (204), and (312)
of PWO, respectively. This result indicated that microcap-
sules have the PWO component.

The FTIR spectra of the microcapsules, PWO, and EP
resin are shown in Figure 3b. The PWO shell materials
were obtained by grinding the microcapsules in a mortar
and washing with acetone, which can remove the EP
resin core. The peaks at 1476, 2856, 2920, and 2975 cm ™t

(a)
8
£ 7 &
~ gg g -
= g S MCs
;f L A
£
- o
]
=
PWO
T T (JCPDS 85-1857)
_ T . ?TTT AR LR
10 20 30 40 50 60 70 80 90
2 Theta (degree)
FIGURE 3

belong to characteristic peaks of stretching vibrations of
alkyl C—H belonging to —CH; and —CH,, confirming
the existence of EP resin as a hydrocarbon substance, and
the peak at 779 cm ' reflects the stretching vibration of
W—O0 in PWO.?? The characteristic peaks of EP resin and
PWO are also reflected in the FTIR spectrum of the
microcapsules. The FTIR results indicated that the micro-
capsules are composed of EP resin and PWO.

3.2 | Morphology and microstructure of
microcapsules

Figure 4a,b shows the optical image and SEM image of the
microcapsules, respectively. The figures demonstrate that the
microcapsule samples show an irregular spherical shape with
a dense shell. The surface roughness is due to the high con-
tent of Pb*" and WO,>" ions in the EP resin emulsion,
resulting in the rapid precipitation of PWO and the for-
mation of a dense PWO shell layer on the EP resin sur-
face. The surface morphology of the broken
microcapsules is shown in Figure 4c, and the partial mag-
nification of the broken region is illustrated in the small
picture. The PWO shell of the microcapsules has a dense
layer, while the EP resin core has a fluid shape. Figure 4d
shows the SEM image and EDS mappings of the micro-
capsules in the CE resins. The microcapsule shows a dis-
tinct core-shell structure. According to the EDS mapping
spectra, Pb, W, and O atoms existed in the shell of cap-
sules, demonstrating that the shell was largely composed
of PWO. The particle size statistics of the microcapsules
are shown in Figure 4e, and the average size is
around 43.6 pm.

T T
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v PWO | ] /
2 | P S | -
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g Nt MW~
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(a) XRD pattern of microcapsules, (b) FTIR spectra of EP resin, PWO, and microcapsules. EP, epoxy; FTIR, Fourier-

transform infrared; PWO, lead tungstate; XRD, X-ray diffractometer [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4
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(a) Optical image of microcapsules, (b) SEM image of complete microcapsule, (c) SEM image of broken microcapsule,

(d) SEM image and EDS mappings of microcapsules in CE resin, and (e) particle size distribution of microcapsules. CE, cyanate ester; EDS,
energy dispersive spectrometer; SEM, scanning electronic microscope [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 (a)DSC curves, (b) TGA curves, and (c) DTG curves of EP resin and microcapsules. DSC, differential scanning calorimeter;

DTG, differential thermogravimetric; EP, epoxy; TGA, thermogravimetric analysis [Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Thermal properties of
microcapsules

Figure 5a shows the DSC curves of the EP resin and
microcapsules. An obvious exothermic peak and heat
absorption peak can be found in the DSC curves of
microcapsules from 50°C to 450°C. The exothermic peak
around 326°C consists of two parts of reaction, one is the
curing reaction between the EP resin and the residual
anhydride SMA from the previous preparation process,
and the other is the self-etherification reaction of the EP
resin at high temperature. The tiny heat absorption peak

around 360°C is caused by the further decomposition of
the residual substances in the microcapsules.

Figure 5b,c shows the TGA and DTG (differential
thermogravimetric) curves of the EP resin and microcap-
sules. The decomposition temperature (T4) at 5% weight
loss and the temperature of the maximum rate of weight
loss (Tmax) for the EP resin are 247.1°C and 320.9°C,
respectively. The Ty and Ty, of the microcapsules are
334.3°C and 350.1°C, respectively. The results indicate
the enhanced thermal stability of the microcapsules. The
existence of inorganic PWO shell suppresses the decom-
position of EP resin and enhances the heat-resistant
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(c) photos of fractured composite and healed composite. CE/MCs, cyanate ester resin-based composites containing microcapsules [Color

figure can be viewed at wileyonlinelibrary.com]

ability of microcapsules. The as-prepared microcapsule
was washed with acetone to determine the encapsulation
efficiency of the microcapsules, and it showed a statistical
encapsulation efficiency of 24% calculated by mass. When
converted to volume calculation, the encapsulation effi-
ciency of the microcapsule is 69% due to the high density
of the shell layer. This high encapsulation loading is just
one requirement underlying the high self-healing effi-
ciency of microcapsules.

3.4 | Self-healing ability of CE/MCs
composites

The fracture toughness of the CE/MCs composite is
shown in Figure 6a. The CE/MCs composites show
increased fracture toughness compared with the pure
CE resins (0 wt%). The original fracture toughness (Kic
origin) increases by 17.5%, 37.3%, 45.1%, 27.6%, and
66.5% with 2.5, 5.0, 7.5, 10.0 wt%, and 12.5 wt% micro-
capsules, respectively. The toughening ability of the
CE/MCs composites comes from two aspects. On the
one hand, the EP resin reacts with the triazine rings in
the CE resin matrix to form oxazolidinone rings, and
the new cross-linked network increases the molecular
chain stiffness, which is macroscopically expressed as
an increase in material fracture toughness.”’” On the
other hand, the microcapsules are added as fillers dif-
fusely distributed in the resin matrix. When the resin
produces microcracks, the microcapsules will suppress
their expansion. After the healing schedule (200°C/1h),
the healed fracture toughness (Kic nealeq) r€COVers by
22.6%, 30.4%, 56.0%, 6.5%, and 5.0% with the compos-
ites containing 2.5, 5.0, 7.5, 10.0, and 12.5 wt% micro-
capsules, respectively. The self-healing capability of the
CE/MCs composites arises from the release of uncured
EP resin from the ruptured microcapsules, which

subsequently reacts with the residual amine curing
agent in the matrix to polymerize resin and re-bonds
the cracked surface. The self-healing efficiency () of
the composites first increases and then decreases with
the increase in the microcapsule content (Figure 6b). The
increase in # is due to the increased amount of EP resins,
resulting in more extensive coverage and bonding of
cracked surfaces. It is speculated that the reason for the
decrease of 7 is that the high microcapsule content affects
the flow of the healing agent and prevents the healing
agent from smoothly reaching the microcrack area.

The integrity and dispersibility of the microcapsules
in the resin matrix are crucial for the healing properties
of the microcapsule-based self-healing materials. The dis-
persion of the microcapsules in the resin matrix was
investigated from the cross-sectional SEM images of the
pure CE resin and CE/MCs composites. In Figure 7a, the
cross-section of the pure resin is smooth with obvious
faults. By contrast, the microcapsules in Figure 7b are dif-
fusely distributed in the resin. The intact microcapsules
(broken and irregular microcapsules) and dislodged PWO
shell fragments can be observed. The small picture in
Figure 7b shows a broken microcapsule in one portion of
the shell, and the rough PWO shell and EP resin can be
clearly observed. The fracture pattern of the resin matrix
is obscured due to the distribution of the microcapsules,
which can also indicate that the microcapsules can effec-
tively suppress the crack expansion. The self-healing per-
formance can be judged more intuitively by observing the
changes in the fractured section after being repaired. In
Figure 7c,d, the cured EP resin filled some of the cracks,
although some gaps can still be observed around the
cracks, indicating that the microcapsules’ self-healing sys-
tem cannot achieve the complete filling of the cracks,
which is possibly attributed to the large particle size of
the microcapsules and the long spacing between different
microcapsules.
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FIGURE 7 SEM images of the (a) pure CE resin section and (b) CE/MCs composite section after the fracture toughness test,
(c) fractured surfaces after being repaired, and (d) healing area. CE/MCs, cyanate ester resin-based composites containing microcapsules;
SEM, scanning electronic microscope [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Gamma radiation transmittance of the (a) microcapsules and (b) 2.5 wt% microcapsule content of the CE/MCs composites
with different thicknesses for the different gamma radiation energies. CE/MCs, cyanate ester resin-based composites containing
microcapsules [Color figure can be viewed at wileyonlinelibrary.com]
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3.5 | Gamma shielding performance of
microcapsules and CE/MCs composites

The gamma radiation transmittance of the microcapsules
and CE/MCs composites is displayed in Figure 8. Under
the same gamma radiation energy, the gamma radiation
transmittance calculated by I/I, decreases with the thick-
ness of the samples. The incident photons need to pass
through a longer shield material as the thickness
increases, and the attenuation rate will be greater. The
shielding ability of the microcapsules is better than that
of the CE/MCs composites, especially at low energy
(80 keV). This case is because the PWO shell of the
microcapsules is the effective ingredient shielding
gamma radiation, and the more shielding components
per unit volume, the more effective the absorption of
photons. Under the same thickness of the sample, the
shielding ability weakens with the increasing energy of
gamma radiation.

Figure 9 shows the gamma shielding properties of the
CE/MCs composites reflected by the linear and mass
attenuation coefficients at the different gamma radiation
energies. The linear attenuation coefficient values in
Figure 9a increase with increasing microcapsule content.
The minimum values are 0.11546, 0.11319, and
0.10293 cm ™! at 80, 356, and 662 keV energy. Meanwhile,
the maximum values are 0.53185, 0.27796, and
0.12619 cm ™! at 80, 356, and 662 keV energy. The gamma
radiation shielding capacity of the CE/MCs composite
material was improved by up to 364.25%, 145.57%, and
22.27% at 80, 356, and 662 keV energy compared with the
pure CE resin. This result can be attributed to the micro-
encapsulated filler with PWO shell being uniformly
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dispersed in the matrix, which enhances the chance of
interaction with photons and increases the attenuation
coefficient of the composites. The increasing trend of the
mass attenuation coefficient values in Figure 9b is consis-
tent with the increasing trend of the linear attenuation
coefficient at low energies (80 and 356 keV). However,
the values show a fluctuating trend at high energy
(662 keV). The minimum values are 0.09145 and
0.09139 cm?/g at 80 and 356 keV energy. The maximum
values are 0.36859 and 0.28439 cm?/g at 80 and 356 keV
energy. In comparison with the pure CE resin, the
gamma radiation shielding capacity of the CE/MCs com-
posite material was improved by up to 303.05% and
114.86% at 80 and 356 keV energy. Meanwhile, the values
at 662 keV energy are 0.08153, 0.07634, 0.08161, 0.09059,
0.09412, and 0.08746 cmz/g at CE/MCs composites with
different microcapsule contents. When the effect of den-
sity is taken into account, the shielding performance of
the CE/MCs composites with small amount of microcap-
sules is not as good as that of pure resin. However, the
shielding performance of CE/MCs with 10.0 wt% micro-
capsules is still improved by 15.44% compared to pure CE
resin. These results prove that the reasonable addition of
microcapsule fillers can significantly improve the gamma
radiation shielding performance of the composites.

4 | CONCLUSIONS

In this work, we have developed a novel microcapsule
and its CE resin-based composites. The microcapsules,
prepared by self-assembly method and in-situ precipita-
tion method, consist of EP resin core and PWO shell.
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(a) Linear attenuation coefficient and (b) mass attenuation coefficient of the CE/MCs composites with different contents of

microcapsules for different gamma radiation energies. CE/MCs, cyanate ester resin-based composites containing microcapsules [Color figure

can be viewed at wileyonlinelibrary.com]|
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Meanwhile, the composite material consists of microcap-
sules, CE resin, and DDS. When microcracks occur in the
material, the healing agent EP resin is released from the
microcapsules and reacts with the curing agent DDS in
the CE resin matrix to repair the microcracks. The PWO
shell imparts good thermal stability and encapsulation
properties to the microcapsules. In comparison with pure
CE resin, the fracture toughness of the CE/MCs compos-
ites can increase by 66.5%, and the self-healing efficiency
can reach up to 56%, indicating that the microcapsules
have good toughening and self-healing abilities. The
higher linear and mass attenuation coefficient for the
gamma radiation of the CE/MCs composites indicates
the good gamma radiation shielding properties of the
microcapsules. Therefore, our work provides a new micro-
capsule and its resin-based composite material with self-
healing ability and gamma radiation shielding ability,
where the CE/MCs composite with 7.5 wt% microcapsule
has the best self-healing performance, excellent fracture
toughness and gamma radiation shielding ability.
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