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In this study, we report on a novel and effective approach for the encapsulation of the shear thickening fluid
in polyurethane polyurea double layer microcapsules. Under the action of dibutyltin disilicate as a catalyst,
CD-MDI
diethylenetriamine to form a polyurea outer shell. The results show that the shear thickening liquid was

reacted with polyethylene glycol to form polyurethane inner shell and reacted with
emulsified using liquid paraffin as a solvent and Span80 as a surfactant to form a lotion similar to water-
in-oil. The shear thickened droplets can be stably and uniformly dispersed to a diameter of 100 pm at
a rotation speed of 800 rpm min~t. The bilayer shell material achieves a good coating effect on STF,

which provides support for strength and stress conduction and improves the compatibility between STF
Received 20th December 2022 d | trix. The t h di t ist f th it vzed b
Accepted 18th February 2023 and polyurea matrix. The toughness and impact resistance o e composites were analyzed by
a universal testing machine and drop hammer impact tester. Finally, compared with the pure polyurea

DOI: 10.1039/d2ra08111c material, the elongation at break of 2% added amount is increased by 22.70%, and the impact resistance
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Introduction

With the increase in terrorism and international conflicts in the
world, the development of high-performance protective mate-
rials has become a hotspot and challenge. In the early stage,
rigid materials such as metals™* and ceramics®* are used to
prepare high performance protective materials against
mechanical impact. However, the disadvantages of being bulky,
inflexible, and discomfort have limited their widespread use in
the modern era. Therefore, materials with lightweight and good
impact resistance are increasingly demanded to boost the safety
factor in military (e.g., body armor and protective coatings) and
civilian settings (e.g., sports protective equipment and labor
protection).>”

To obtain materials with lightweight and good impact
resistance, shear thickening fluid (STF) is promoted, which is
a non-Newtonian fluid as its shear viscosity increases signifi-
cantly with the shear load, especially after a threshold shear
rate.®* Without any stimuli, the STF suspension system is fluid-
like. When the external force is applied to the suspension
system, the dispersed STF particles would change from the
order state to the disorder state, and the clusters are formed,
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of 1% added amount is the best, which is 76.81 N more than that of the pure specimen.

which leads to a sharp increase in the viscosity.''> However,
once the external force is removed, the viscosity of the system
quickly returns to the initial state.”>** Therefore, STF possesses
the “solid-liquid” property, which endows it with excellent
impact-resistant ability.'>'® For example, the gel-Kevlar fabrics
body armor material fabricated by STF and Kevlar has excellent
impact resistance.””*®* Under low-velocity drop tower loading,
the maximum center force of the material is 5768 N, which is
nearly half of neat Kevlar (11 414 N).*

To make the fluid-like STF practical, it is necessary to inte-
grate it with a bulky material. However, the inert properties of
STF, such as high viscosity, hygroscopicity, and fluidity as
a liquid, make it difficult to handle or integrate into the struc-
tures. To date, strategies such as sandwich or closed-cell
structure** are proposed to address the problem. However,
the shear thickened property of the STF is hindered because of
their rigid storage frames. Therefore, fabricating the STF
composites without sacrificing the impact resistance ability has
become a big problem.

It is well known to all that packaging STF by a polymer can
enhance the interaction between STF and the matrix, which
exerts the excellent rheological properties of STF. Besides,
spherical cladding facilitates stress conduction and uniform
distribution in the matrix, which broadens the scope of appli-
cation of STF. For example, Liu et al. employed an orifice
coagulation bath to produce capsules of STF.>* STF capsules
with an average diameter of 1.93 mm were successfully coated
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by studying the contents of calcium chloride solution, sodium
alginate, and surfactant in different concentrations. Besides,
Zhang and coworkers>** reported an encapsulation method for
STF. The solution composed of 85% STF, 5% PEI600, and 10%
EDO was added dropwise through the needle tube into the
reaction solution consisting of the diisocyanate prepolymer
Suprasee 2644, toluene, and chloroform. The resulting capsules
prepared by this method had an average diameter in the range
of 0.2-2.7 mm. These strategies are effective to fabricate
completely spherical STF capsules. However, due to the limited
pore size of the needle tube, the size of the prepared capsule
particles in these papers are too large, which makes the STF
capsule difficult to disperse into matrix materials. In addition to
that, these methods sacrifice the concentration of STF to be able
to drop droplets from the needle, which results in a decrease in
the shear thickening performance of the STF.

In this study, a method of encapsulating micron-scale STF
microcapsules with polyurethane polyurea double shell is
proposed. Firstly, under the emulsification of Span80, STF is
well-dispersed in liquid paraffin to form droplets of about 100
um. After that, the suspended droplets are successfully coated
by a polyurethane/polyurea (PU/PUA) shell through interfacial
polymerization. The microcapsule walls can provide excellent
cladding effect and mechanical support, which can maximize
the preservation of STF rheological properties and effectively
improve the high speed impact resistance of polymer materials.
In the end, the microcapsules can promote the mechanical
properties of polyurea. Through the drop hammer test, the
impact resistance of the polyurea composite is further improved
by the addition of microcapsules.

Experimental
Materials

4,4"-Diphenylmethane diisocyanate modified by carbodiimide
(CD-MDI) was purchased from Wanhua Chemical. Polyethylene
glycol (PEG, with a molecular weight of 200 g mol ') was
supplied by Chengdu Cologne. Silica microsphere (SiO,, 10% w/
v ethanol suspension) was provided by Weng Jiang Reagent.
Liquid paraffin was provided by Aladdin. Diethylenetriamine
(DETA) was provided by Aladdin. Dibutyltin disilicate (DBTL)
was provided by Aladdin. Span80 was provided by Aladdin.
Toluene was purchased from Sinopharm. Polytetramethylene
ether diol di-p-aminobenzoate (P1000) was provided by Sheng-
long Chemical. All reagents in this study were used without any
further purification unless otherwise specified.

Preparation of polyurea polyurethane bilayer STF
microcapsules

31 g nanosilica, 19 g polyethylene glycol, and 50 g absolute
ethanol were mixed and stirred for 10 min by a planetary stirrer.
After drying in a vacuum oven to remove absolute ethanol and
deformation by ultrasonication for 30 min, STF was obtained.
Then, 1.00 g STF, 18.75 g liquid paraffin, and 0.10 g Span80 were
mixed and stirred for 10 min with a magnetic bar at 800 rpm to
obtain an emulsion. After adding 10 uL dibutyltin disilicate and
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0.1 mL carbodiimide-modified 4,4"-diphenylmethane diisocya-
nate, the emulsion was stirred for 10 min. After the above steps,
0.05 mL diethylenetriamine was added to the reaction solution,
and the mixture was stirred for 5 min. After this, the mixture
was washed with toluene three times, followed by drying in
a vacuum oven at 60 °C for 8 h to obtain polyurea polyurethane
bilayer STF microcapsules.

Preparation of composite materials

16.00 g P1000, 4.00 g CD-MD], and 1.05 g polyurethane polyurea
bilayer STF microcapsules were mixed and stirred for 2 min by
a planetary stirrer. It was poured into a Teflon mold and cured
at room temperature for 24 h, followed by curing in an oven at
60 °C for 24 h to give a 1 mm thick composite polyurea material
(PM-STF-PUA). The preparation method of pure polyurea
sample was consistent with the above method but the micro-
capsule addition amount was 0%.

Characterization

A strain-controlled rheometer (ARES G2) was used to measure
the shear-strain-dependent rheology of the STF. Dynamic
frequency sweeps was carried out using 20 mm diameter
parallel plates with a gap of 1 mm at shear rates ranging from
0to 150 s .

The droplet morphology of the STF emulsion was observed
by a KH-8700 optical microscope.

The morphologies of the cross-sections of the microcapsules
and composites were observed by scanning electron microscopy
(SEM), and the samples were vacuum gold-sprayed before
testing.

The chemical structures of the microcapsules and raw
materials were conducted by Fourier transform infrared spec-
troscopy (FT-IR) using a Bruker TENSOR 27 attenuated total
reflectance (ATR) system. The samples were scanned averaging
32 scans over the wave number range from 4000 cm ' to
400 cm ™" with a resolution of 4 cm™".

Thermogravimetric analyzer (TGA, Q500) was used to analyze
the thermal stability and core content of the prepared micro-
capsules by comparing the TGA traces of the microcapsules,
core, and shell materials sing a sample weight of 8 mg with
a heating rate of 10 °C min " over the temperature range of 25-
800 °C under a nitrogen atmosphere.

Dynamic mechanical tests of PM-STF-PUA were performed
by the dynamic mechanical analysis machine (RSA G2) with
shear pattern. Samples were cut into small dumbbell with
10 mm length, 2 mm width, and 1 mm thickness. The
measurements were conducted at 1 Hz at heating rates of 3 °
C min~" from —80 to 120 °C.

The tensile strength and elongation at break of the
composites were tested by the universal testing machine WDW-
50F with a tensile rate of 200 mm min . Specimens were
trimmed into a dumbbell type with a test length of 10 mm,
which was wrapped with abrasive paper and adhesive cloth on
both ends to prevent slippage. For each formulation, at least five
replicate samples were tested for statistical accuracy.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The impact resistance of the composites was studied on
a drop hammer. A steel conical tip with a mass of 32 g was used
as an impactor. The single layer 35 x 35 mm® specimen was
securely clamped between two steel plates. The impactor
dropped freely from the height of 50 cm. The acceleration
sensor was set on the base to record the force changes during
the impact.

Dielectric measurements of the samples were recorded using
a Novocontrol broadband dielectric relaxation spectroscopy
(BDRS) in the frequency range of 10~ to 10” Hz with a diameter
of 20 mm and a thickness of about 1 mm. The dielectric cell was
electrically shielded in nitrogen gas atmosphere and isothermal
frequency scans were conducted in the temperature range of
—120 to 150 °C in steps of 5 °C. Temperature was controlled by
a Quattro system within + 0.1 °C. Experimental data were
theoretically analyzed using WinFit software supplied by
Novocontrol.

Preparation of microcapsules

As shown in Fig. 1, the preparation of the dual shell micro-
capsules includes three steps. Firstly, a micron-sized emulsion
was firstly obtained after stirring the mixture of STF, liquid
paraffin, and Span80 (as emulsifier) at a low rotation speed
(Fig. 1(a)). Then, the polycondensation occurs between the PEG
in the STF droplets and CD-MDI at the surface of the emulsion
to form a preliminary polyurethane shell layer (Fig. 1(b)).
Finally, the unreacted isocyanate on the surface of polyurethane
shell layer reacts with DETA to form a dense polyurea shell layer
(Fig. 1(c)). As a result, dual shell microcapsules are formed.
The dispersed particles adopted for the preparation of STF
are solid silica microspheres with a particle size of about
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150 nm, which plays a decisive role in the shear thickening
performance of STF, as shown in Fig. 1(e). To investigate the
shear thickening property of the STF, the rheological tests of
STF with different silica concentrations are carried out (details
in ESIt). As shown in Fig. 1(f), the viscosity of SiO,/PEG200
fluids firstly decreases with the increase in the shear rate, then
increases rapidly after a critical shear rate is reached. The
higher the concentration of silica, the lower the critical shear
rate and the faster the viscosity mutation. When the concen-
tration of silica is 68.5%, after a critical shear rate at 60 s~ was
reached, the viscosity increases rapidly and the value at the peak
was 28 times larger than the initial value. To make sure that STF
can be suspended in the solvent, the STF with lower concen-
tration (62.0%) is chosen. Nevertheless, the consumption of
PEG during the following reaction process will increase the
concentration of silica, which ensures the good shear thick-
ening performance (details in ESIT). This ingenious design not
only ensures the dispersion of STF but also maintains good
shear thickening performance.

The emulsification effect of STF in liquid paraffin was
observed by optical microscopy and the prepared double-
layered microcapsules, and the cross-sections of composites
were observed by SEM, as shown in Fig. 2(a). It can be seen from
Fig. 2(a1) and (a4) that STF emulsification in liquid paraffin is
well dispersed. The average droplet diameter is 100 pm with an
agitation rate of 800 rpm. As shown in Fig. 2(a2) and (a3), the
spherical particle size and double layered microcapsule wall are
190 pm and 14.31 pum, respectively. The surface of the micro-
capsules has a certain roughness, which is believed to be caused
by the uneven shrinkage of wall materials caused by the rapid
evaporation of solvent in the drying process and the certain

(e)
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@

200 nm

0 100 200 300 400 500
Shear rate (1/s)

Fig. 1 Schematic illustration of the preparation of STF microcapsules with a PU/PUA double-walled shell by interfacial polymerization. (a) STF
droplets dispersed in liquid paraffin; (b) STF microcapsules coated with polyurethane monolayer; (c) STF microcapsules coated with polyurethane
polyurea double layer; (d) washing and filtration process; (e) TEM image of silica microspheres contained in STF; (f) variation of shear thickening

with shear rate in different silica concentrations of STF.
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(a) Microcapsule topography of (al) emulsion under an optical microscope; (a2) microcapsules under an electron microscope; (a3) cross-

section of composite material under an electron microscope; (a4) size distribution of microcapsules. (b) Infrared spectra of (b1) STF; (b2) PU shell;
(b3) PUA shell; and (b4) microcapsules. (c) TGA curves of (c1) core materials; shell materials (c2) PU and (c3) PUA; (c4) microcapsules.

adhesion between microcapsules in the emulsion reaction. We
also used drop addition to prepare STF capsules for comparison
(details in ESIY).

To investigate the structure of the core material, pure wall
material, and microcapsules, the FTIR test was carried out, and
the results are shown in Fig. 2(b). The peak at 1082 cm
corresponds to the asymmetric and symmetric vibrations of the
Si-O-Si groups of the silica microspheres in the core material
STF, which could also be observed in the spectra of the micro-
capsules. In the spectra of b2 and b3, the carbonyl peaks in the
range of 1646-1543 cm ™" and the peak of the stretching vibra-
tion of -NH at 3279 cm ' are observed. The same absorption
peak also appears in the spectra of microcapsules, which
confirms the formation of polyurea and polyurethane. By
comparing the spectra of b3 and b4, the microcapsules and
polyurea have the same characteristic absorption peaks at
2922 cm~ ' and 2854 cm™', which further indicates that the
outermost layer of the microcapsules is the polyurea shell.
According to the infrared spectrum, the absorption character-
istic peaks of the STF and the polyurea-polyurethane shell can
be observed, which confirms the successful encapsulation of
STF within the microcapsules.

Besides, the thermogravimetric analysis of the double-
layered microcapsules, pure core material, and pure wall
material are shown in Fig. 2(c). According to Fig. 2(c1), the STF
shows only one thermal degradation stage from 150 °C to 370 °
C, which corresponds to the thermal decomposition process of

7388 | RSC Adv, 2023, 13, 7385-7391

the PEG contained in it. The weight of the pure core material
(STF) decreases rapidly at 225 °C. In comparison, the micro-
capsule with STF as the core shows two weight loss stages
(Fig. 2(c4)), indicating the successful encapsulation of STF in
the PU/PUA shell. Moreover, the initial decomposition
temperature of the microcapsule is quite close to that of the
STF, which indicates that the weight loss of the first stage at
240 °C mainly arises from the volatilization and decomposition
of the STF. By comparing Fig. 2(c2-c4), it clearly shows that the
decomposition temperature of the polyurethane shell and pol-
yurea shell is 320 °C, proving that the core material has a good
coating effect under PU and PUA shell. Compared to Fig. 2(c1),
the thermal weight loss temperature point of STF in micro-
capsule increases from 225 °C to 240 °C and the weight loss
speed of STF slows down. This indicates that the polyurea
polyurethane double-layered microcapsules have good thermal
protection to the core material. The polyurea polyurethane shell
can not only improve the service temperature of STF but also
slows down the leakage of STF.

The mechanical properties of composite materials

Because polyurea itself has good impact resistance and
mechanical properties, it is not easy to improve its performance
by adding fillers. However, the addition of this microcapsule can
increase the storage modulus of the composite material (details
in ESIf) and further improve its impact resistance. As shown in
Fig. 3(a), polyurea materials with different microcapsule

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanical properties of composite materials with different microcapsule content (1: pure; 2: 1%; 3: 2%; 4: 3%; 5: 4%) (a) schematic
diagram of drop hammer impact test and impact resistance of composites; (b) stress—strain curve of composite during the tensile process; (c)

tensile strength and elongation at break of the composites.

additions are cut into squares with the size of 35 x 35 mm. With
the addition of microcapsules increasing from 1% to 4%, the
average impact force obtained from the sensor firstly increases
and then decreases, which reflects that the impact resistance of
PUA specimens firstly decreases and then increases. This trend
can be illustrated by the negative correlation between synergistic
segment motion ability and shock resistance of the soft segment
of polyurea (Table 1). Both the innate properties of microcapsules
and the its dispersion in the matrix will affect the properties of
the composites. Firstly, microcapsules have good impact resis-
tance, which can improve the impact resistance effect of
composite materials. Moreover, soft microcapsules are beneficial
to improve the movement of chain segments in composite
materials, while an excess amount of microcapsules will form
aggregates, as shown in Fig. 3(a), thus affecting the movement of

© 2023 The Author(s). Published by the Royal Society of Chemistry

segments. Compared with the pure PUA specimens, the impact
resistance of 1% added amount is the best, which is 76.81 N more
than that of the pure specimen.

To investigate the mechanical property, the uniaxial tension
experiment is carried out and the results are shown in Fig. 3(b)

Table1 The Vogel-Fulcher—Tamman (VFT) fitting parameter, B, In(fo/
Hz), and the Ty values obtained by broadband dielectric spectroscopy

Sample In(fy/Hz) B (K) To (K)
Original PUA 24 1347 172
1% PM-STF-PUA 22 863 191
2% PM-STF-PUA 26 1839 156
3% PM-STF-PUA 22 963 188
4% PM-STF-PUA 21 727 199

RSC Adv, 2023, 13, 7385-7391 | 7389
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Fig. 4 (a) Three-dimensional plot of the dielectric loss vs. temperature and logarithm of the frequency for the PUA sample; (b) dielectric

broadband energy spectrum test; (c) curve of dielectric loss with frequency of polyurea composites with 1% PM-STF addition under different
temperature conditions. (d) The relationship curve of the maximum relaxation frequency of the polyurea « relaxation process and the
temperature (1000/T) under different additions, together with the corresponding fits to the VFT law.

and (c). The tensile strength of the PUA samples with different
content of microcapsules decreases slightly compared to the
pure PUA because the microcapsule packing affects the micro-
phase structure of the polyurea. This can be attributed to the
dominant role of the matrix polyurea on the mechanical prop-
erties of the composites. The presence of fillers reduced the
content and continuity of the polyurea, thus degrading the
mechanical properties of the composites. Soft microcapsules
are beneficial to improve the movement of the chain segments
in the composite and increase the elongation at break of the
composite, while excessive microcapsules will form aggregates,
which will affect the movement of the chain segments. The 2%
added sample shows the best tensile strength and fracture
elongation. With the increase in microcapsule additions, both
the tensile strength and elongation at break of the composites
firstly increase and then decrease.

Molecular mobility of composite materials

To figure out the reason why the microcapsule can increase the
mechanical and impact properties, the molecular dynamics in

7390 | RSC Adv, 2023, 13, 7385-7391

the polyurea elastomers were investigated by means of broad-
band dielectric spectroscopy over a wide temperature range
(Fig. 4(b)).>® Frequency and temperature dependencies of the
dielectric losses for the pure polyurea elastomer are shown in
Fig. 4. As shown in Fig. 4(a), the 3D diagram of pure PUA shows
two relaxation mode, « and v, which is corresponding to the
segment motion in the hard and soft phase, respectively.
Meanwhile, electrons or ions accumulate at the interface of the
soft and hard phases, leading to a very strong Maxwell-Wagner-
Sillars (MWS) interface polarization peak.

Fig. 4(c) is the dielectric loss of composite (1%PM-STF
addition) versus frequency at different temperatures. All
curves have a strong relaxation peak at intermediate frequen-
cies, which moves rapidly to a high frequency with the increase
in temperature. This relaxation corresponds to concerted
segment motion of the soft segments, which illustrates that the
cooperative segment motion of the soft segment gradually
strengthens with the increase in temperature, and the « relaxa-
tion process is strongly temperature-dependent.

By fitting the curve in Fig. 4(c) with HN and VFT equations
(details in ESIY), the B, In(f,/Hz), and the T, values are obtained

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Table 1). As shown in Table 1, it is worth noting that Ty, firstly
decreases and then increases as the amount of microcapsules
increases from 1% to 4%. This illustrates that the amount and
distribution of microcapsules jointly influence the synergistic
segment motion ability of soft segments. Soft microcapsules are
beneficial to improve the movement of the chain segments in
the composite, and T, gradually decreases with the increase in
the microcapsule content at low content. On the other hand,
large amount of microcapsules will form aggregates, as shown
in Fig. 3(a), thus affecting the movement of segments, and T,
will gradually increase. This result is consistent with the varia-
tion trend of the mechanical properties measured previously by
a universal testing machine.

Conclusion

In summary, micron scale STF microcapsules possessing good
shear thickening effect are successfully synthesized using an
interface aggregation process by dispersing STF droplets into
a reaction solution. Liquid paraffin plays a key role as a solvent
during the emulsification process because it can regulate the
density and polarity of the reaction solution so that STF is well
dispersed and suspended in it. Polyurethane and polyurea bilayer
shells can form a good coating effect on STF. The polyurethane
shell layer plays a preliminary stereotypic role in the STF droplets,
while the polyurea shell layer provides more solid protection. The
polymer microspheres in this study formed a good adhesive
interface with the polyurea. With the increase in microcapsule
additions, both the impact resistance and elongation at break of
the composites improve, and the tensile strength of the compos-
ites decreases. STF-loaded microcapsules improve the impact
resistance of composite materials. The dielectric spectrum VFT
equation fitting parameters of the composites is consistent well
with the variation trend of the mechanical properties measured
previously by the universal testing machine. Soft microcapsules
are beneficial to improve the movement of the chain segments in
the composite at low content, while a large amount of microcap-
sules will form aggregates, thus affecting the movement of
segments. The encapsulation technique for producing STF
microcapsules with high impact resistance and ability to absorb
strain energy provides a new approach for designing and fabri-
cating multifunctional impact-resistant materials.
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