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Abstract

The low-velocity impact behavior of shear thickening fluid (STF) impregnated
aramid fabric having different numbers of layers was investigated throughout this
study to determine a relationship between the number of layers and perforation
energy. Firstly, STF solutions, including polyethylene glycol, silica nanoparticles,
and ethanol, were prepared by mixing with a homogenizer. Solutions containing 5%,
10%, and 20% silica nanoparticles by weight were prepared, and rheological analysis
was performed. 20% weight fraction solution showed the optimum thickening
behavior among the three solutions. After thickening behavior and the critical shear
rate were determined from rheological analysis, the solution was impregnated into
the aramid fabric. Then, specimens with different numbers of layers, from 1 to 8,
were prepared for low-velocity impact experiments. A drop-weight impact test was
applied at different energy levels from 20 J to 240 J, and perforation energy was
determined. Finally, an equation that has a form of power function was fitted to use

it for potential energy absorption applications such as ballistic impact.

1. Introduction

Shear thickening fluids (STF) are the solutions in
which nanoparticles are dispersed in a polymer phase.
They can be defined as non-Newtonian fluids that do
not follow Newton's viscosity law. In Newtonian
fluids, viscosity remains constant as the shear rate
increases, whereas in shear thickening fluids,
viscosity increases with an increasing shear rate, and
the fluid behaves like a solid for an instant. The
fundamental reason for this behaviour is that the silica
nanoparticles in STF are dispersed and homogeneous
when no stress is applied. When the shear stress is
applied, silica nanoparticles come together and show
agglomeration behaviour, due to the polymer phase in
the solution. There are various applications of shear
thickening fluids in the literature [1]-[21]. One of the
most common applications of STF is the
impregnation of the aramid fabric to increase its
energy absorption capability.
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The first study on the impregnation of aramid
fabric was conducted by Lee et al.[22]. STF,
including silica nanoparticles with a diameter of 450
nm particles impregnated with woven Kevlar fabric,
was tested by shooting with a bullet having a speed of
244 m/s. They found that the 2 ml STF-impregnated
Kevlar fabric, consisting of 4 layers, showed 42% less
deformation compared to the bare 4-layer Kevlar
fabric.

Avila et al. [23] achieved a dual-phase
formation by dispersing calcium carbonate and
nanosilica fillers in polyethylene glycol (PEG) and
ethanol, and they enabled the spread of these fillers
into aramid fiber fabric. This method increased the
inter-yarn friction and bullet deformation. They found
that a composition of 25% nanosilica and 75%
calcium carbonate by weight yielded the best results.
They observed that the ballistic performance of a 32-
layer aramid fabric was equivalent to that of a 19-
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layer aramid fabric impregnated with
nanosilica/calcium carbonate solution.

Giirgen and Kushan [24] synthesized multi-
phase STFs by adding varying amounts of silicon
carbide (SiC) to a silica- and PEG-based solution.
They conducted ballistic tests on aramid fabrics
impregnated with multi-phase STFs using lead-core
bullets at a speed of 330 m/s. Rheology tests revealed
that single-phase STF samples exhibited more
thickening behavior compared to multi-phase STF
samples. However, aramid fabrics impregnated with
multi-phase STFs provided significant benefits,
especially in reducing trauma depth. They mentioned
that the potential drawback of multi-phase STF
samples was their increased areal density.

In another study by Giirgen and Kughan [25],
three different ceramic fillers, namely silicon carbide,
aluminum oxide, and boron carbide, were added to
STFs in various weight percentages within the
composite. The researchers investigated the
rheological effects of these added fillers on the STFs.
They found that these additions significantly
influenced the thickening behavior of the STFs. For
instance, at 60°C and with a 5% weight of filler, the
composite containing aluminum oxide exhibited the
highest thickening behavior.

Khodadadi et al. [26] prepared STFs
containing silica nanoparticles at weight percentages
of 15%, 25%, 35%, and 45%. They examined the
energy dissipation performance of solutions. In
ballistic tests, they observed that fabric impregnated
with STFs showed increased energy dissipation
values, but STFs with a high percentage of nanosilica
filler started to have negative effects. They
determined that the specific energy dissipation value
of the Kevlar fabric impregnated with 15% filler STFs
was lower than that of the bare Kevlar fabric. On the
other hand, the Kevlar fabric impregnated with 35%
filler STFs exhibited a 2.3 times higher specific
energy dissipation value compared to the neat Kevlar
fabric.

a

Qin et al. [27] synthesized a new type of STF
and impregnated it into Kevlar fabric, then subjected
it to a dynamic penetration resistance test. They found
that the new type of STF, containing silica
microspheres and ionic liquid, exhibited a unique
double-continuous shear thickening behavior. They
achieved the optimum dynamic penetration resistance
with 34.89% by weight of STF-impregnated fabric.
They observed that the newly synthesized STF
significantly increased inter-yarn friction.

In this study, three different solutions with
different silica nanoparticle weight ratios (5%, 10%,
and 20%) were prepared and their rheological
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behaviors were examined. According to the results, in
the final step of the rheological analysis, STF with
20% silica concentration was prepared and soaked
into aramid fabric. Additionally, 20% silica
concentration is the optimum rate in most published
studies because the high amount of silica in STF may
create an agglomeration problem at the preparation
stage of the fluid. After the impregnation process is
completed, different numbers of layers of aramid
fabric are subjected to a drop-weight impact test to
determine their energy absorption capabilities. After
determining the “number of layers-perforation
energy” relationship, the equation was obtained by
the curve fitting method. This equation may be used
to determine how many layers of fabric are needed for
ballistic protection at different ballistic protection
levels.

2. Material and Method

Shear thickening fluid solution was prepared by using
polyethylene glycol (PEG) 200 (Merck), ethanol, and
hydrophilic fumed silica nanoparticles, which have a
12 nm diameter particle size (Aerosil 200, Evonik).
First, PEG and ethanol were mixed by homogenizer
(IKA T18 Basic Ultra Turrax) for 15 min at 3000-
3500 rpm (Figure 1a). After they were completely
mixed, Aerosil 200 silica nanoparticles were
manually added to prevent agglomeration as the
mixing continued. When the addition of silica
nanoparticles was ended, mixing of all components
continued for 1 h.

Three mixtures were prepared with three
different Aerosil 200/PEG200 weight ratios, namely
5%, 10%, and 20%. STF solution was poured into a
container, and aramid fabric was soaked into the
solution (Figure 1b). Twaron CT709 plain weave
aramid fabric (Teijin Ltd.), having a 200 g/m2 real
weight, was used throughout this study. Both sides of
the fabric were left in solution to provide
impregnation for 2 min. The fabric was hung on the
rope and left for 1 day to evaporate the ethanol (Figure
1c). Finally, specimens with two or more layers were
stitched to prevent slipping throughout low-velocity
impact experiments.

Rheology analysis was carried out by a
rotational dynamic oscillatory hybrid rheometer (TA
Instruments, Discovery HR-1) with 25 mm diameter
parallel plates within a shear strain rate of 1 to 2250 s°
! at room temperature.

The Instron Ceast 9350 drop tower impact
system was used to perform low-velocity impact
(LWV1) tests at different energy levels depending on the
number of fabric layers. A series of LVI experiments
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were performed from 1 layer to 8 layers of STF-
impregnated aramid fabrics. A hemispherical

impactor tip with 10 mm diameter was used as an
impactor (Figure 2). Extra mass was added to adjust
the impact energy. Different initial energies, from 20
J to 240 J, were set for different numbers of fabric
layers.

Figure 1. Preparation of STF and impregnate it to the
aramid fabric. a) Mixing the solution components by
homogenizer, b) Impregnation of the STF into the aramid
fabric, ¢) Drying fabric for evaporating ethanol.

a5

Impactor

Figure 2. Drop tower impact system and impactor.
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3. Results and Discussion
3.1. SEM Results

SEM images were captured to understand the
impregnation of STF on the surface of aramid fiber.
Figure 3 shows the images of neat and STF-
impregnated fabric at different magnifications. When
Figures 3a and 3b were compared, the difference
between two of them could be clearly observed. The
surface of the aramid fibers was covered by the STF
solution. Herein, PEG plays a crucial role in sticking
to the surface. Figures 3c and 3d have a difference in
terms of the fabric being covered by STF
homogeneously.

3.2. Rheological Analysis Result

Rheological analysis was carried out with an
increasing shear rate between 1 and 2250 s™. PEG has
a Newtonian characteristic, but its behavior has been
changing by adding silica nanoparticles [24]. In
Figure 4, the viscosity curve includes three zones
according to the viscosity change. Firstly, the solution
showed a thinning behavior until the 250 s shear rate
value, and then shear thickening behavior was
observed because silica nanoparticles aggregated in
the polymer phase. At the final step, agglomerated
parts of nanoparticles suddenly crashed at the high
shear rate, and shear thinning behavior was observed
again.

Figure 3. SEM images of a) neat fabric at 2 um scale, b)
STF impregnated fabric at 10 um scale, c) neat fabric at
100 um scale, d) STF impregnated fabric at 100 um scale.

Figure 5 presents a comparison of different
solutions, including different amounts of silica
nanoparticles. The 5% silica concentration solution
did not show any thickening behaviour. Its viscosity
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increased 0.74 times between 6.42 and 1534.78 s™
shear rates. The viscosity value of a 10% silica
concentration solution increased 9.575 times
(957.5%) between 100 and 250 s shear rate values.
The greatest viscosity increase was observed in the
20% solution. It showed viscosity increasing 11.02
times (1102%) between 100 and 640.37 s™* shear rate.
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Figure 4. Viscosity-shear rate relationship for Aerosil
200/PEG 200 STF solution.
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Figure 5. Comparison of Aerosil 200/PEG200 solution at
different silica nanoparticle concentrations.

3.3. Low Velocity Impact Test Results

Figure 6 compares the low-velocity impact response
of 3 layers of neat and STF-impregnated aramid
fabric. There is an 18.5% difference in terms of
maximum loading. Figure 7 presents force-
displacement curves for 1 layer to 8 layers of aramid
fabric. The curves include noise because the soft
structure of the fabric causes contact problems

between the impactor and the specimen. When the
first 10 mm displacement value part of the curves is
investigated, it can be seen that the stiffness value is
increasing proportionally with the number of fabric
layers. ‘V’ shape in the curve of all specimens can be
seen around 42 mm displacement values. This
behavior may be associated with the damage pattern
of the fabric in Figure 9. After the first load drop
occurred, the fabric structure became bulkier, which
increased the contact force again.

1)
Absorbed energy = [ F.d§ (1)
2500
—— 3 layers neat
—— 3 layers STF
2000 -
Z 1500
(]
e
2
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500 -
0 1 T T T T T T T T
0 10 20 30 40
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Figure 6. A comparison of low velocity impact response
between neat aramid and STF impregnated aramid fabric
for 3 layers specimens.

The amount of absorbed energy by fabric
specimens was calculated by integrating under the
area of the force-displacement curve as shown in
Equation 1. Herein, ‘F’ is the contact force, and ‘3’ is
displacement. Calculated values were listed in Table
1 and plotted in Figure 8 to fit a curve. Table 1 also
shows that maximum contact force values depend on
the number of layers. The increasing rate of maximum
contact force has decreased with the increasing
number of layers. For instance, the ratio in contact
force between 1-layer and 2-layers specimens is 1.92,
while this value is 1.16 for 7- and 8-layers specimens.
This situation can be explained by the fact that the
rigidity of specimens does not increase critically after
a certain level of layering.

Equation 2 is the curve-fitting equation,
which shows the relationship between the number of
layers and the amount of absorbed energy. In this
equation, ‘x’ implies the number of layers, while ‘y’
represents absorbed energy.
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Figure 9 presents the damage mechanisms
and damage areas for a 2-layer STF-impregnated
aramid fabric specimens. Two different damage zones
were observed in specimens: primary and secondary.
In the primary damage zone, both the geometrical
pattern of the fabric and the fibers were subjected to
damage, while in the secondary damage zone, only
the geometrical distortion was distorted. Ruptured
yarns on the right side of Figure 9 play a key role in
mitigating impact energy.

Table 1. Relationship between number of fabric layers
and energy absorption values

Number  Absorbed  Maximum Contact
of layers  Energy (J) Force (N)
1 16.3 487.13
2 24 935.34
3 40 1747.74
4 70 2715.76
5 90 3277.60
6 115 3851.87
7 150 4230.05
8 180 4888.37
—— 1 Layer
5000 4|— 2 Layers
—— 3 Layers
-4 Layers
5 Layers
4000 6 Layers
—— 7 Layers!
—— 8 Layers
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1000
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Figure 7. A comparison of low velocity impact response
between neat aramid and STF impregnated aramid fabric
for 3 layers specimens.
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Figure 8. Curve fitting equation for relationship between
absorbed energy and number of layers.
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y = 7.46 + 6.35(x1>%) 2)
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Figure 9. Damage mechanisms and regions for a 2 layers
STF impregnated aramid fabric

4. Conclusion and Suggestions

Shear thickening fluids having 5%, 10%, and 20%
silica concentrations were prepared and analysed by a
rheometer to determine their thickening behaviors.
There was a 15% difference in terms of the viscosity
increase rate between 10% and 20% concentration
solutions.  Then, STF-impregnated aramid fabric
specimens were examined by LVI test at different
impact energies from 20 J to 240 J. Table 1 presents
energy absorption, the number of layers relationship,
and maximum contact force values. Finally, an
equation in power function form (Eg.2) was obtained
from Figure 8 as a curve-fitting equation. This
relationship may be used for different energy
absorption applications. As an example of the usage
of this equation, a type 11A-level ballistic threat has a
kinetic energy of around 555 J depending on ammo
type- according to the NIJ 0101.06 standard. To
absorb this level of kinetic energy, the needed number
of fabric layers can be found at 16 layers.
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