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In this investigation, a hard-to-handle shear thickening fluid (STF) is
successfully encapsulated for easy handling and re-processing. The
encapsulated STF is a promising impact-resistant material. Double-
walled macroscopic STF capsules are synthesized using a convenient
process by instilling diluted STF droplets into reaction solution. The
obtained STF capsules show good shear thickening response to
dynamic impact in comparison to quasi-static compression (154 times
higher absorbed nominal strain energy). The capsules' robustness and
capacity to absorb impact energy can be adjusted by varying the
reaction time and the amount of chloroform in the reaction solution.
This innovative method opens a new window to design and manu-
facture versatile impact-resistant materials and structures.

Materials with good impact resistance are increasingly deman-
ded to ensure the safety of personnel or equipment at a risk of
encountering impacts in scenarios ranging from military settings
(e.g., body armor, armored vehicles, and protective bastions) to
civilian ones (e.g., sports equipment, motor vehicles, and
sophisticated but delicate electronic devices)." Tremendous
efforts have been put into investigations on how to improve the
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impact resistance of materials. For example, superior impact-
resistant biomimetic composites with hierarchical multi-scaled
structures similar to nacre were recently synthesized artificially
by first studying natural objects and then using reverse engi-
neering to reproduce the hierarchical structures.

In addition to the primary consideration of impact resis-
tance, in some cases (e.g., bullet/stab-proof clothing as body
armor and kneepads as protective sports equipment), it is also
necessary for the material to balance flexibility to allow normal
body movements and protectiveness against accidental low-
speed and high-speed impacts. Shear thickening fluid (STF),
a non-Newtonian liquid whose viscosity increases rapidly with
increasing shear rate, especially after a threshold shear rate,*”
can deliver this balance as a unique impact-resistant material.*®
However, the practical applications of STF are restricted by its
physical and chemical properties, which include high viscosity,
hygroscopicity, and difficulty in handling or integrating into
structures. To overcome these disadvantages and increase the
stability of STF during its service life, it is important to explore
techniques for packaging this highly viscous fluid.

Investigations have focused on resolving or partially
resolving this challenge. For example, the STF alone or fabrics
impregnated with STF can be packaged and sealed using poly-
ethylene film to minimize the external influence from the
surroundings.®** To incorporate STF into polymer composites,
other porous structures such as foam, cellular solids, fibrous
matrices, and scaffolds'>'* have been adopted to carry and
reserve STF in the composites. In a patented work,*® STF spheres
were directly generated in a rubber matrix by first emulsifying
STF in immiscible rubber precursors and then converting the
precursors to a solid through chemical reaction. While these
approaches solve the problem caused by the external environ-
ment, they cannot eliminate the mutual interactions between
STF and the fabrics or polymers. Complexes with STF cores
enclosed by thermoplastic polymer tubes have also been fabri-
cated using a co-extruding method." However, the reprocessing
of this core-shell tubular structure into various matrices
remains challenging.

This journal is © The Royal Society of Chemistry 2017
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To completely overcome the above-mentioned disadvantages
and increase the stability of STF during its service life, it is of
great significance to explore techniques to tightly package this
highly viscous fluid. Encapsulation is among the most prom-
ising techniques to achieve this because it can not only solidify
the STF for easy handling, but also isolate it to minimize the
influence of the surrounding environment."*>> However, due to
the high viscosity of STF, the shear thickening effect, and the
multiple ingredients of STF,**** the encapsulation of STF
represents a significant challenge. Although numerous tech-
niques have been demonstrated for the encapsulation of solids
and liquids with relatively low viscosities,**® until now, no
investigations have been reported on the encapsulation of
liquids with high viscosity like STF.

In this study, a convenient and simple method for the
encapsulation of STF is proposed. STF droplets are generated
using a syringe, and the droplets are then instilled in reaction
solution in a container for encapsulation under shaking at room
temperature (Fig. 1a). After being diluted to 85 wt% (STF-85) with
5 wt% polyethyleneimine (PEI) with a molecular weight of about
600 and 10 wt% ethane diol (EDO) as diluent, STF is loaded into
a syringe with a needle to generate droplets. The reaction solu-
tion in the container is a mixture of 4.0 g diisocyanate pre-
polymer, Suprasec 2644, 6.0 ml toluene as the major solvent,
and variable amounts of chloroform to adjust the density and
the polarity of the solution. To better generate spherical droplets
in the solution, about 1.5-2.0 ml toluene is gently added drop-
wise to the surface of the mixture to form a density gradient after
the formation of a uniform mixture. With the needle located
about 3-4 cm above the reaction solution, the STF in the syringe

Fig. 1
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was slowly added into the reaction solution in the form of
individual droplets. When the instilled STF droplets contact the
reaction solution, the PEI diffuses across the interface and reacts
with Suprasec 2644, as schematically shown in Fig. S1,f to form
the preliminary polyurea membrane to enwrap the droplet. To
obtain uniform growth of the shell, the droplets are then gently
shaken using a shaker in the reaction solution for different
durations ranging from 5 to 180 min.

The STF adopted in the encapsulation process consists of
poly(styrene-alt-ethyl acrylate) [P(St-EA)] as the hard nano-
particles and EDO as the suspension medium. Fig. S2 and S37
show the morphology and size distribution of the P(St-EA)
nanoparticles in the STF, respectively. Almost all the nano-
particles are spherical, and their diameters are quite uniform,
ranging from 330 to 410 nm with an average of 377 + 34 nm.
Due to the adoption of EDO rather than some other poly(-
ethylene glycol), the STF used in this study has a relatively low
initial viscosity (~8Pa s, as shown in Fig. S4t), which is bene-
ficial to the encapsulation process. However, the original STF
still cannot be extruded through the small needle without
dilution because of the relatively high initial viscosity and the
shear thickening effect. Fig. S41 shows the rheological behav-
iors of the original STF and STF-85. The usage of EDO as
a diluent dramatically decreases the viscosity of the STF to
about 0.6 Pa s and eliminates the shear thickening effect
without increasing the complexity of the mixture by adding new
ingredients. The compositions of the original STF, STF-85, pure
PEI, and pure EDO were analyzed by thermogravimetric analysis
(TGA), as shown in Fig. S5.1 The weight percentage of the
nanoparticles in the original STF is about 50 wt%.

(b)

Polyurea shell
P(St-EA) shell \

STF capsule

Capsule shell

STF liquid

(a) Schematic showing the setup for STF encapsulation (not to scale). (b) Schematic showing the formation mechanism of the outer and

inner walls of the STF capsule (not to scale). (c) Optical image of the obtained STF-85 capsules with one enlarged in the inset. (d) A broken STF-85
capsule. The capsules in (c and d) were obtained with a reaction time of 60 min in RS-5.7. The scale bars in the inset of (c and d) represent 2 mm.
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Macroscopic STF capsules can be successfully synthesized by
the proposed simple device and simple process. Fig. 1¢ shows
an optical image of STF-85 capsules synthesized in reaction
solution containing 5.7 ml chloroform (RS-5.7) for 60 min. The
capsule in the yellow frame in Fig. 1c is enlarged in the inset to
show the general appearance. The capsules are dry and flow-
free, indicating that there is no leakage of the encapsulated
core liquid after the encapsulation process. In addition to the
perfect spherical shapes observed of most capsules, some
irregular shapes are also found, as illustrated schematically in
Fig. S6.7 The different shapes result from the instability of the
density gradient generated by the late addition of 1.5-2.0 ml
toluene because the density gradient changes gradually due to
the interdiffusion of the ingredients in the reaction solution
and the disturbance caused by the instilled STF droplets. Based
on the measurement of more than 50 individual capsules, the
average diameter of the capsules is 2.7 £ 0.2 mm, much larger
than those of microcapsules obtained using traditional encap-
sulation techniques.'®?**?*° Breaking one STF capsule with a steel
plate indicated that a large amount of liquid was contained
inside the capsule, as shown in Fig. 1d.

The microscopic structures of the STF-85 capsules were
observed using field-emission scanning electronic microscopy
(FESEM). As above, the imaged STF-85 capsules were synthe-
sized in RS-5.7 with a reaction time of 60 min. As shown in
Fig. 2a, the capsule has a very smooth outer surface, quite
similar to the polyurea walls of the microcapsules obtained by
Sun et al.**> Due to the high cross-linking density of the formed
polyurea walls introduced by the large amount of reactive
hydrogen atoms in PEI, the outer walls are very dense without
any visible pores under high-resolution SEM imaging (Fig. S77).
According to Sun et al.,*"** the polyurea shells of microcapsules
synthesized with ethylenimines (e.g, triethylenetetramine and
tetraethylenepentamine) have superior impermeability towards
both water and some organic solvents due to the highly cross-
linked, dense structure. This is very important to keep the STF
inside the capsules since it protects the STF from the
surrounding environment. Uniform wrinkles and minor
shrinkage can be observed on the capsule, which is character-
istic of most capsules synthesized by interfacial polymerization
due to the diffusion of core substances during the formation of
the capsule shell. Although the STF capsules in this study are
much larger (several millimeters) than other polyurea micro-
capsules (micron level) and lose more core substance due to the
diffusion and dissolution of EDO in the external solvent, the
level of shrinkage is much smaller than in most polyurea
microcapsules.*" Fig. 2b shows the cross section of a typical
capsule. The imaged sample was prepared by cutting the
capsule using a sharp blade followed by washing away the core
mixture. As can be seen in Fig. S8a,} the shell retains its original
shape after the removal of the inside core, demonstrating the
rigidity and robustness of the shell. Compared to the total
diameter of the capsule (about 2.7 mm), the thickness of the
shell (about 100 pm) means that there is a big chamber that can
reserve a large amount of STF inside. Fig. 2e shows the trend in
shell thickness measured from the cross sections of STF-85
capsules obtained with different reaction times of 30, 60, and
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120 in RS-5.7 (Fig. S91). The shell thickness increased with
increasing reaction time, indicating that more robust capsules
can be obtained with longer reaction time. Interestingly, the
shell has a double-walled structure (Fig. 2b), and the outer wall
can be totally peeled away from the inner wall, as indicated by
the arrow in Fig. S8b.T The cross section in the white frame in
Fig. 2b is enlarged in Fig. 2c and d, showing that the inner wall
is composed of closely packed P(St-EA) nanoparticles (Fig. 2c),
while the outer wall consists of a dense membrane decorated
with irregularly distributed P(St-EA) nanoparticles (Fig. 2d). It
can be concluded that the robustness of the STF capsule results
from both the tightness of the dense outer polyurea wall and the
thick inner wall of agglomerated nanoparticles.

The proposed mechanism of shell formation is illustrated in
Fig. 1b. Upon instillation of the diluted STF into the reaction
solution, the PEI near the interface between the STF droplet and
reaction solution immediately diffuses across the interface and
reacts with Suprasec 2644, which is attributed to the extremely
high reactivity between isocyanate and amine. Preliminary
polyurea walls form around the droplets to protect them from
collapse and reduce the interdiffusion of ingredients between
the core and the reaction solution. Although EDO is insoluble in
toluene, it is partially miscible with chloroform.** With
increasing immersion time in the reaction solution, EDO
gradually diffuses through the interface or the formed wall to
either dissolve in the reaction solution or react with Suprasec
2644 to generate polyurethane and thicken the outer shell.
Accompanying the diffused EDO, the P(St-EA) nanoparticles
migrate to the interface due to their high affinity for toluene and
especially chloroform in the reaction solution. Because of the
formed shell, the nanoparticles can only concentrate and
adhere to the inner side of the polyurea wall, resulting in the
formation of a thick inner wall. This step is necessary to form
robust STF capsules considering that the generated STF drop-
lets have sizes of up to several millimeters, while the maximum
thickness of the formed polyurea shell is only several microns or
several tens of microns. The influence of the solvent on the P(St-
EA) nanoparticles inside the capsule was minimized by the
outer polyurea wall. After being immersed in the reaction
solution for 60 min, the nanoparticle morphology does not
change perceptibly, and the diameter only slightly increases
from 377 + 34 nm to 380 + 25 nm (Fig. 2c and d).

This proposed mechanism was verified by two control
experiments in this investigation. To determine the function of
PE], diluted STF without the PEI was used in the encapsulation
process. The STF without the addition of PEI is not able to be
encapsulated completely. The STF droplets split into small
debris during the shaking process. Without the protection of
the preliminary polyurea membrane, the P(St-EA) nanoparticles
easily swell or even dissolve in the solvent from the reaction
solution. Fig. S107 shows the P(St-EA) nanoparticles in STF
droplets after being immersed in the reaction solution without
Suprasec 2644 for 5, 30, 60, and 120 min. The nanoparticles
were gradually swollen by the solvent (Fig. S11%), and a poly-
meric network resembling a loofah sponge formed at the
interface between the STF droplet and the solvent after 60 min
(Fig. S10d and et). Some very large P(St-EA) nanoparticles with

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Characterization of the formed STF-85 capsules: (a) a single STF-85 capsule with a smooth outer polyurea membrane; (b) double-walled
structure of the cross section of a manually broken STF-85 capsule; (c) inner wall of the STF-85 capsule; (d) outer wall of the STF-85 capsule; (e)
trend in shell thickness with respect to reaction time in RS-5.7; (f) TGA curves of the cores squeezed from STF-85 capsules formed with different
reaction times in RS-5.7; and (g) rheological behavior of the original STF, input STF-85 before encapsulation, and the core mixture squeezed from

STF-85 capsules with a reaction time of 60 min in RS-5.7.

diameters of up to 1 pm were observed after the droplets were
immersed in the solvent for 120 min (Fig. S10ff). This demon-
strates that the formation of the polyurea shell is critical to
protect the liquid core inside. To verify that the inner shell of
agglomerated nanoparticles support the large STF capsules,
another STF based on a silica nanoparticle suspension in EDO
was used for encapsulation via the same process. Although thin
outer shells formed around the STF droplets, the silica nano-
particles did not agglomerate on the inner side of the polyurea
wall due to the low affinity between inorganic silica and the
solvent in the reaction solution. Thus, no robust capsules were
formed regardless of the reaction time.

It can be seen that chloroform plays a key role in the reaction
solution during the encapsulation process. The function of
chloroform in the reaction solution is three-fold. First, due to

This journal is © The Royal Society of Chemistry 2017

the relatively high density (1.492 g ml~ " at 25 °C) of chloroform
compared to the main solvent toluene (0.865 g ml™" at 25 °C), it
can adjust the density of the reaction solution to match that of
the diluted STF. In this situation, the generated STF droplets are
suspended in the reaction solution instead of flowing to the top
or precipitating to the bottom, resulting in the formation of
a uniform shell. In addition, because it is partially miscible with
EDO, the chloroform can gradually dissolve the excess EDO in
the diluted STF to increase the volume fraction of suspended
nanoparticles in the core mixture after the encapsulation
process. Finally, because of its affinity for the P(St-EA) nano-
particles, chloroform can attract, swell, or even dissolve the
nanoparticles to form the inner wall of the STF capsule.

After the successful fabrication of the STF capsules,
mechanical tests, including quasi-static compression and low-

J. Mater. Chem. A, 2017, 5, 22472-22479 | 22475
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speed impact tests, were conducted to study the properties of
the obtained capsules using devices schematically shown in
Fig. S12a and b.} Fig. 3a shows the typical curves of nominal
stress versus nominal strain for the quasi-static compression of
single STF-85 capsules obtained in RS-5.7 with different reac-
tion times. Fig. S14-S161 show the trends in maximum nominal
strain, nominal strength, and nominal elastic modulus,
respectively. All three of these parameters increases with
increasing reaction time, consistent with the trend in shell
thickness shown in Fig. 2e.

Fig. 3b shows the typical stress versus nominal strain curves
under dynamic loading for the same STF-85 capsule. The
maximum detected stress decreases with increasing reaction
time from 5 to 120 min. For STF-85 capsules with a reaction
time of 5 min, stress was not detected during the early stage of
the impact process. Subsequently, stress sharply increases to its
peak value within a very short time at the end of the impact
process. The high-speed camera images show that before
reaching the peak stress value, STF was squeezed out and
sprayed like a normal viscous liquid, as shown in Video S1.f
This means there is no shear thickening effect for the encap-
sulated STF with a reaction time of 5 min, and the sharp
increase in stress is attributed to the direct pressing of the

Communication

sensor by the impactor after capsule failure. Upon increasing
the reaction time to 30, 60, and finally 120 min, the maximum
stress decreases, while the width of the peak increases
dramatically, and the stress is detected sooner after the
impactor makes contact with the capsule. The STF-85 capsules
obtained with reaction time of 180 min in RS-5.7 were also
subjected to dynamic impact test, as shown in Fig. 3b. It can be
seen that the maximum nominal stress increases again. The
increase can be attributed to the solidification of the liquid core,
as shown in Fig. S17,1 due to the excessive diffusion of the EDO
medium and the swelling of the P(St-EA) nanoparticles during
the long reaction time. By comparing the curves of the STF
capsules with different reaction times, it can be seen that the
liquid STF-85 capsules with reaction time of 60 and 120 min
behave more like the solidified STF capsules with reaction time
of 180 min under impact loading.

Fig. 3¢ shows the absorbed nominal strain energy (E,) of STF-
85 capsules with respect to reaction time under both quasi-
static and dynamic loading. The ratio of absorbed energy
under dynamic impact to quasi-static compression is also
shown. The nominal strain energy under quasi-static loading is
integrated until catastrophic failure of the tested capsule. In
contrast, the nominal strain energy under dynamic impact is
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Fig. 3 Mechanical response of a single STF-85 capsule under quasi-static compression and dynamic impact: (a) typical curve of nominal stress
versus nominal strain under quasi-static compressive loading; (b) typical stress versus nominal strain curve under dynamic loading; and (c)
comparison of the absorbed nominal strain energy for the STF-85 capsule with respect to reaction time under quasi-static compression and

dynamic impact.
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Fig. 4 Response of STF-85 capsules under impact loading. (a—e) and (f—]) digital images collected by a high-speed camera with a time interval of
200 ps to reveal the impact behavior of STF-85 capsules with reaction times of 5 and 60 min in RS-5.7, respectively. (k and |) schematic shapes of
STF-85 capsules with reaction times of 5 and 60 min in RS-5.7 at the early stage of impact (~200 ps), as observed by high-speed camera. (m and
n) flow behavior of the core liquid in a STF-85 capsule obtained with a reaction time of 60 min in RS-5.7 at the end of the impact (~800 ps) and
after impact (~1.4 s). (o—q) Deformation simulated by finite element method for different materials under impact at 200 ps: pure water with
a viscosity of 0.89 mPa s (0); pure glycerol with a viscosity of 1.4 Pa s (p); and solid rubber with an elastic modulus of 10 MPa (q). The scale bars in

(a—e), (f=j). (m), and (n) represent 5 mm.

integrated until the strain reaches 0.4 (before the vertical
dashed line in Fig. 3b) since it is impossible to identify cata-
strophic failure under dynamic impact. The absorbed strain
energy during both tests increases with increasing reaction
time, and the absorbed strain energy under dynamic impact is
much higher than that under quasi-static compression; the
ratio between them increases from about 34 for a reaction time
of 5 min to about 154 for a reaction time of 60 min and then
decreases to about 120 for a reaction time of 120 min. Although
the ratio of the absorbed strain energy between the quasi-static
and dynamic tests indicates a loading rate effect during the
impact process,* the rapid increase of the ratio and the trend in
the ratio with peak at a reaction time of 60 min suggest that the
shear thickening effect of the core liquid may play a significant
role during the impact process to absorb more strain energy.
Direct evidence of the shear thickening effect was obtained
by studying the encapsulated core mixture alone. The core
mixtures of STF-85 capsules were extracted and subjected to
TGA and rheological testing to characterize the core composi-
tion and rheological behavior, respectively. Fig. 2f shows the
TGA curves of the squeezed cores from STF-85 capsules ob-
tained in RS-5.7 with reaction times ranging from 5 to 120 min.
The volume fraction of the suspended P(St-EA) nanoparticles in
the core liquid gradually approaches that of the original STF
with increasing reaction time from 5 to 60 min and finally
exceeds that of the original STF at a reaction time of 120 min.
Fig. 2g compares the rheological behavior of the core squeezed
from STF-85 capsules formed with a reaction time of 60 min in
RS-5.7 to those of the original STF and the input STF-85 for

This journal is © The Royal Society of Chemistry 2017

encapsulation. A shear thickening effect can be observed for the
squeezed core mixture. However, this effect is not as strong as
the effect observed for the original STF. This discrepancy may be
attributed to the volume fraction of the suspended nano-
particles in the core of the STF-85 capsules obtained with
a reaction time of 60 min, which deviates slightly from that of
the original STF. Another possible explanation is that the STF
used in the rheological test absorbs moisture from the
surroundings during preparation, which involved the squeezing
of more than 60 capsules. Nevertheless, the results directly
verify the shear thickening effect of the encapsulated STF after
the encapsulation process.

The impact process was also recorded by high-speed camera
to investigate the impact behavior of the STF-85 capsules ob-
tained with reaction times of 5 and 60 min in RS-5.7, as
respectively shown in Videos S1 and S2. Fig. 4a-e and f-j
respectively show the freeze frames of the two videos with time
intervals of 200 us to reveal the deformation and failure
processes of the capsules. As shown in Fig. 4b (reaction time =5
min) and the corresponding schematic illustration in Fig. 4k,
a shape similar to a conical frustum was observed during the
early stage (~200 ps) of the impact process, indicating non-
homogeneous deformation. However, for the STF-85 capsule
with a reaction time of 60 min in RS-5.7, a shape similar to
a Chinese drum was observed in the same impact test, indi-
cating homogeneous deformation (Fig. 4g and the schematic
illustration in Fig. 41). The deformation of the STF capsule is
similar to that of an elastic golf ball hitting a steel target.*® This
indicates that the STF capsule comes to an equilibrium state

J. Mater. Chem. A, 2017, 5, 22472-22479 | 22477
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immediately during impact, suggesting that the encapsulated
STF transfers from a liquid to a solid during the impact process.

As can be seen in Video S2t and the freeze frame in Fig. 4i,
quite a few cracks (indicated by the arrows in Fig. 4i) appear
during the impact process, and the STF inside remains solid
rather than being squeezed and sprayed out like a liquid, as
shown in Video S1.tf However, after 1.4 s, this solid material
finally turns to liquid and covers the damaged sample, as
illustrated by the increased light reflection from the light-
emitting diode of the high-speed camera (Fig. 4n). Moreover,
in contrast to the raised curve of the damaged sample between
the impactor and holder right after the impact process
(Fig. 4m), a hyperbolic contour of the damaged sample was
observed after 1.4 s (Fig. 4n). This indicates that the leaked STF
from the capsule turns to liquid to wet the surface of the
damaged sample and forms the observed shape due to the
capillary effect in the small gap. The phenomenon captured by
the high-speed camera is consistent with the behavior recorded
by the stress—strain curves, which both demonstrate the effec-
tiveness of shear thickening in the STF after encapsulation. The
reversible change in the encapsulated STF from liquid to solid
upon dynamic impact and from solid to liquid after the impact
process means that the encapsulation process does not influ-
ence the behavior of the nanoparticles in STF.

The deformation pattern of a spherical material with
a diameter of 2.7 mm under similar initial impact velocity
(about 3 m s™') and energy as in the experiment was studied by
finite element analysis using Abaqus/Explicit. Three different
materials [pure water (thin liquid) with a viscosity of 0.89 mPa s;
glycerol (viscous liquid) with a viscosity of 1.4 Pa s; and rubber
(solid material) with an elastic modulus of 10 MPa] were
simulated for comparison. Fig. 4o0-q show the simulated
response of the three different materials upon impact. The
results indicate that non-homogeneous deformation occurs for
liquids like water and glycerol, while an equilibrium state is
reached for rubber. Meanwhile, the thinner liquid (i.e., water)
shows much more severe non-homogeneous deformation
compared to the viscous liquid (i.e., glycerol). The consistency
between the experiment and simulation suggests that the STF

[ RS-3.7
[ RS-4.7
12 | I RS-5.7

(@)

n
o
T

Nominal strength (o , KPa)

5 30
Reaction time (min)
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capsules fabricated with a reaction time of 60 min show a good
shear thickening effect and behave like a solid during impact,
while the capsules formed with a reaction time of 5 min still
behave like a liquid.

The above experiments show that the reaction time is a key
parameter in the encapsulation process in RS-5.7 to achieve STF-
85 capsules with shear thickening effect. As mentioned previ-
ously, chloroform also plays an important role in the encapsu-
lation process to control the volume fraction of suspended
nanoparticles in the core mixture of the capsules. Because of this,
STF-85 capsules synthesized in other reaction solutions with
different amounts of chloroform [3.7 ml (RS-3.7), 4.7 ml (RS-4.7),
and 6.7 ml (RS-6.7)] with other conditions kept the same were
also subjected to mechanical tests. Fig. 5a and b respectively
show the nominal strength under quasi-static compression and
absorbed nominal strain energy under dynamic impact of the
STF capsules obtained from the reaction solutions with different
reaction durations. Both the nominal strength and the absorbed
nominal strain energy increase with increasing reaction time in
the same reaction solution. In addition, for the same reaction
time, a larger amount of chloroform is beneficial for the forma-
tion of better STF capsules in terms of both nominal strength and
absorbed nominal strain energy. In RS-3.7 with less chloroform,
no robust STF capsules are obtained at the reaction times of 5
and 30 min. Although a longer reaction time can generate robust
STF capsules, it also results in the swelling of the P(St-EA)
nanoparticles, which may affect the shear thickening effect, as
indicated by the much lower absorbed strain energy of the STF
capsules obtained at 180 min in RS-3.7 (Fig. 5b). However, too
much chloroform in RS-6.7 is also undesirable because (1) all the
droplets float on the surface of the reaction solution, affecting the
formation of a uniform shell because of the density mismatch,
and (2) the large amount of chloroform leads to the rapid solid-
ification of the capsule core due to the faster diffusion of EDO
and the weaker shell because of the shorter time available for
shell formation. Consequently, STF-85 capsules obtained in RS-
6.7 were not investigated in this study. Based on these observa-
tions, the reaction solution with 5.7 ml chloroform (RS-5.7) is the
most suitable mixture for the generation of STF capsules.

[ rS-3.7
I RS-4.7
| RS-5.7

(b)

n

o e
= [
T T

Nominal strain energy (£ , MPa)
o
>
T

0.00

5 30
Reaction time (min)

60 120 180

Fig.5 Effect of the amount of chloroform in the reaction solution on the mechanical behavior of STF-85 capsules obtained from RS-3.7, RS-4.7,
and RS-5.7 in different reaction times: (a) nominal strength under quasi-static compression and (b) absorbed nominal strain energy.
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In summary, macroscopic STF capsules possessing good
shear thickening effect were successfully synthesized using
a simple process by instilling diluted STF droplets into a reac-
tion solution. Double-walled shells were formed; outer polyurea
walls were generated as a result of the interfacial reaction
between the PEI diffused from the core and the diisocyanate
pre-polymer, and the inner walls consisted of deposited P(St-EA)
nanoparticles. The thin and dense outer wall imparts imper-
meability to the shell, while the thick inner wall provides
a strong support for the large capsule. The chloroform plays an
key role in the reaction solution during the encapsulation
process because it can adjust the density and polarity of the
reaction solution, dissolve excess EDO from the diluted STF,
and attract the P(St-EA) nanoparticles to deposit on the shell. A
much higher strain energy can be absorbed under dynamic
impact loading compared to quasi-static compression loading,
indicating that the STF after encapsulation retains the shear
thickening effect to absorb the impact energy. The properties of
the STF capsules can be tuned by the reaction time and the
amount of chloroform added to the reaction solution. The
encapsulation technique used to produce STF capsules with
high robustness and ability to absorb strain energy provides
a new way to design and manufacture versatile impact-resistant
materials and structures.
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