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Preface

The book Shear Thickening Fluid: Case Studies in Engineering provides a set of
case studies from Shear Thickening Fluid (STF)-based engineering applications.
Engineers, researchers, and scientists benefit from this book to understand the
adaptive behavior of STF in different engineering applications. The main STF
areas are protective structures, energy-absorbing applications, vibration-damping
devices, multi-functional systems, and surface finishing operations. These applica-
tions are described by providing various case studies. STF is adapted to different
engineering designs to take advantage of smart behavior of this fluid. The content
will help readers understand STF usage through several case studies in various
engineering applications.

Department of Aeronautical Selim Giirgen
Engineering, Eskisehir Osmangazi
University, Eskisehir, Turkey
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Chapter 1 ®)
Development of Shear Thickening Fluid Shex
Based Polishing Slurries

Abdullah Sert, Selim Giirgen, and Melih Cemal Kushan

1.1 Introduction

STF rheology provides a unique characteristic for scientists, researchers, and engi-
neers. This smart material shows a drastic increase in its viscosity under loading. The
viscosity quickly turns back to the initial condition just after the removal of the
loading from the medium. Hence, the reversible behavior in viscosity attracts much
attention for designing novel applications. Knowing that STF has been adapted to
various fields such as protective structures [1-6], anti-vibration applications [7—12],
manufacturing operations [13, 14], and multifunctional systems [15-21]. In recent
years, STF has been used in surface finishing operations. The carrier fluids in
polishing slurries are replaced with STF and an adaptive stiffness is gained in the
slurries. According to the previous studies [22-25], STF is a promising material for
surface finishing operations.

The STF based polishing method has some advantages over the traditional
methods such as eliminating deep scratches, abrasive plunges, sudden force jump
etc. Moreover, process time can be reduced by submerging the workpiece into STF
based slurry and thereby enabling a simultaneous processing for multiple surfaces.
In addition, difficult-to-access areas such as internal surfaces in the parts can be
processed by flowing the STF. Beside the traditional polishing operations, STF has
some advantages over the advanced surface finishing processes such as
magnetorheological polishing. Similar to STF based processing, magnetorheological
polishing method benefits from the stiffened liquid medium to hold the abrasive
particles tightly during the material removal process. To increase the stiffness in the
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carrier liquid, magnetic particles are suspended in the liquid. An external magnetic
field is applied to the liquid to closely pack the magnetic particles in an orientation
and thereby increasing the suspension stiffness. Abrasive particles are firmly held
between the oriented magnetic particles so that the magnetorheological slurry flows
on the workpiece to remove the asperities on the surface. A magnetic field is the
essential source to conduct the process, and therefore, a high cost magnetic field
generator and an additional power consumption are required for magnetorheological
polishing process. On the other hand, the main advantage in the STF polishing
technique is that no external excitation is needed to adjust the suspension stiffness.
Stiffness control in STF based slurry is only dependent on the shear rate, which can
be adjusted by the flowing speed of STF on the workpiece surface. In brief, STF
based polishing is a highly simple technique for controlling the process parameters
and surface quality.

Regarding the STF based polishing, the first attempt was a patent application by a
research group from the University of Sydney in 2013 [26]. Then the system was
investigated by some researchers. Li et al. [22] investigated a polishing operation in
an STF based slurry. Material removal process was analyzed in the light of shear
thickening rheology. Based on the STF rheology, an analytical model was proposed
for material removal rate, and the model was verified by a set of polishing experi-
ments. The model shows a good correlation with the experiments that the maximum
difference was only 6.12% in terms of material removal rate. In addition, a paramet-
ric study was carried out in this work for a better understanding of the process.
Polishing speed, abrasive particle size, and abrasive loading were varied in the
experiments so that the role of each parameter was discussed in detail. In the STF
based polishing of a die steel, an initial surface roughness of Ra 105.95 nm was
lowered to Ra 5.1 nm in a processing period of 30 min. The material removal rate of
the workpiece reached to 13.69 pm/h, which is quite a good rate in comparison with
the current polishing techniques. In another study [23], a comprehensive surface
roughness model was proposed for STF based polishing operations based on the
hardness of workpiece, shear thickening rheology, and plastic indentation on abra-
sive wear theory. Furthermore, abrasive particle size to colloidal particle size ratio
was considered in the model. A set of polishing tests was carried out to validate this
analytical model. According to the test results, the variation in the model was about
12%, which is an acceptable rate for such a complicated process. The study was
conducted with an STF having multi-hydroxyl polymer colloidal particles distrib-
uted in a dispersant while using spherical aluminum oxide particles as the abrasive
phase. Furthermore, a die steel of Cr12MolV1 was used as the workpiece in the
experiments. Despite the good correlations between the analytical model and the test
results, the authors stated that the model needs a modification based on the material
properties to predict brittle material processing results. Nguyen et al. [27] proposed
the STF based polishing technique for gears, which have complex geometrical
designs including difficult-to-access areas. A case study was carried out by using a
spur gear made from an alloy steel JIS-SCM435. The optimum process parameters
were found for an STF based slurry based on multi-hydroxyl polymer colloidal and
abrasive diamond particles. The optimization procedure was conducted for the input



1 Development of Shear Thickening Fluid Based Polishing Slurries 3

parameters of polishing speed, gear inclination angle, and gear/tank wall gap. The
pressure levels were investigated on the gear surfaces during the processing and
thereby correlating with the shear thickening rheology. According to the results, the
surface roughness was reduced to Ra 13 nm at the maximum pressure areas for the
optimum process parameters. It was concluded that a product based design is
important to effectively benefit from the STF based polishing process. Shao et al.
[28] discussed the drawbacks in the traditional polishing of concave surfaces as such
in the turbine blades. For this reason, STF based polishing was suggested for turbine
blades since these products have highly complicated concave surfaces. Various
process parameters such as polishing angle, polishing speed, pH value of slurry,
etc. were considered in the study. The process was set up for a turbine blade made
from a high-temperature resistant nickel alloy. By optimizing the process parame-
ters, the initial roughness of Ra 72.3 nm was reduced to Ra 4.2 nm after a quick
processing. The authors noted that STF based slurries exhibit high material removal
rates and provide short processing times even for the difficult-to-process materials. A
similar work for curved surfaces was carried out in another research [29]. A bar made
from a bearing steel was polished in an STF slurry. The roughness of the outer
surface was reduced from Ra 105.95 nm to Ra 6.99 nm after 1-hour processing. Lyu
et al. [30] proposed the STF based slurries for sharpening the carbide inserts. The
effects of polishing speed, abrasive particle size, abrasive particle loading, and
inclination angle were investigated in a set of polishing experiments. Product-
specific operational designs are suggested due to the complicated geometries of
the carbide inserts. For the considered carbide inserts, the surface roughness was
lowered from Ra 121.8 nm to Ra 7.1 nm after a 15-min processing. Scanning
electron images proved that surface topographies are greatly improved after the
STF based polishing operations. According to the results, STF based polishing
technique is a promising and feasible method both for complicated geometries and
refractory materials. The same research team used lithium tantalite substrates, which
are very brittle and low fracture toughness materials, in an STF based polishing
operation [31]. The efficiency of the STF processing was also observed for the
materials requiring gentle finishing. Difficult-to-process materials are good applica-
tion fields for STF slurries because these materials need advanced polishing systems
for effective processing. In recent works [32, 33], workpieces made from quartz
glass and zirconia were investigated in the STF based polishing operations. Despite
the challenging material removal characteristics in these materials, good surface
qualities are achieved by using STF slurries in the operations. Mirror finishing
surfaces are obtained after carefully optimized processes. In addition, high material
removal rates are observed in the operations.

This chapter presents a work regarding the role of shear thickening rheology on
polishing operation. For this purpose, two polishing slurries were prepared based on
(i) a Newtonian fluid and (ii) a non-Newtonian fluid. In the Newtonian fluid based
slurry, polyethylene glycol (PEG) was used as the carrier liquid for the abrasive
silicon carbide (SiC) particles. The non-Newtonian fluid was an STF, which was
synthesized by distributing fumed silica particles in PEG. Similar to the Newtonian
case, SiC particles were included as the abrasive phase in the STF. A WC-Co
specimen was subjected to polishing operations by using both slurries. After the
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operations, surface roughness and surface topography results were evaluated. The
results show that there is a clear difference between the polishing slurries. The
Newtonian based slurry leads to a very slight improvement in the surface quality,
while the STF based slurry greatly enhances the surface finish in the specimen.

1.2 Experimental Details

In order to prepare an STF, nano-size fumed silica was distributed in a 200 g/mol
PEG. The loading ratio of the silica was 20 wt% in the suspension. A high-speed
homogenizer was used for 1 hour to homogeneously distribute the silica particles. As
the abrasive phase, SiC powder with the average particle size of 1 pm was included
in the STF. The SiC amount was 45 wt% in the polishing slurry. In order to
understand the shear thickening effect on the polishing process, another slurry was
prepared by distributing 45 wt% SiC particles in PEG, which is a Newtonian fluid
that shows constant viscosity under increasing shear rate unlike shear thickening
rheology. Table 1.1 shows the details of the polishing cases.

Polishing tests were carried out in a Struers TegraPol abrasive system for an
8-mm-diameter WC-Co bar. A polishing pad was wetted with 15 ml of the fabricated
slurries prior to the tests. The pad was rotated at 150 rpm while applying 15 N at the
polishing interface during the tests. The initial roughness of the specimen surface
was prepared in a grinding process using a 220 mesh wheel just before the polishing
tests. The initial roughness was kept constant at Ra 0.12 pm. Surface roughness
profiles and surface topographies were evaluated after the polishing tests.

1.3 Results and Discussion

Figure 1.1 shows the surface roughness profiles for the unpolished, PEG/SiC
polished, and STF/SiC polished specimens. From the charts, it is clearly seen that
the unpolished surface, which is the initial surface condition for the polishing tests,
includes sharp peaks and deep valleys. This surface was obtained after a grinding
process just to set a standard surface before the polishing tests. On the other hand, the
surface after the polishing with the PEG/SiC slurry includes somehow suppressed
peaks and valleys on the surface. Despite a reduced roughness in average, the surface
is quite rough after the PEG/SiC polishing. Regarding the STF/SiC slurry, it can be
mentioned that there is an obvious improvement in the surface finish. The STF/SiC

Table 1.1 Details of the polishing tests

Slurry Content
PEG/SiC 45 wt% SiC particles in PEG and SiC suspension
STF/SiC 45 wt% SiC particles in STF and SiC suspension
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Fig. 1.1 Surface roughness profiles for the specimens

slurry provides a strong mechanism for removing sharp peaks and deep valleys on
the specimen surface. According to the surface profile, the variation of the surface
profile is limited in a very narrow band after the STF/SiC process. Considering the
surface roughness measurements, the initial roughness of Ra 0.12 pm is reduced to
Ra 0.09 pm after the polishing operation with the PEG/SiC slurry, while it shows a
further reduction to Ra 0.02 pm by the effect of the STF/SiC slurry.

Figure 1.2 shows the surface micrographs for the specimens. According to the
initial case micrograph, there is a rough surface including deep and random scratches
on the specimen. Because the specimen preparation procedure was completed by
using a 220 mesh sandpaper, which corresponds to an average abrasive size of about
60 pm, deep scratches are quite common on the surface. After the polishing test with
the PEG/SiC slurry, there is a smoothening process clearly identified on the surface.
Comparing the unpolished and the PEG/SiC surfaces, it can be stated that the
PEG/SiC operation removes the slight scratches on the surface; however, deep
scratches are still visible on the micrograph. On the other side, the STF/SiC polishing
leads to a very smooth surface by removing the deep scratches effectively. For this
reason, surface roughness is significantly suppressed by the effect of the STF/SiC
slurry.

Figure 1.3 shows the surface topographies for the specimens based on the
micrographs. The surface topography images support both the surface profiles and
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Fig. 1.4 Stress development in PEG and STF [34]. (Reprinted by permission from Springer)

micrographs. The initial surface condition includes several spiky profiles that yield a
heavy roughness on the surface. The PEG/SiC slurry shows an effective polishing
process for the surface, thereby removing the sharp peaks. A slight reduction is
obviously seen in the spiky profile. Despite this effect, a real polishing process is
observed in the STF/SiC case. The peaks and valleys are removed to a great extent
by the effect of STF/SiC slurry.

Regarding the polishing results, it can be stated that shear thickening rheology has
a considerable effect on the polishing process. PEG is a Newtonian fluid, and the
carbide abrasives in this fluid do not produce an effective material removal mech-
anism. On the other hand, the same abrasives provide an enhanced material removal
process in a non-Newtonian fluid. This difference can be explained by the material
removal mechanism in polishing operations. In the polishing operations, abrasive
particles contact the specimen surface and thereby apply a cutting force during the
relative motion with the surface. The polishing pad supports the abrasive particles to
provide material removal from the surface; however, the fluffy nature of the
polishing pads makes the abrasive particles embedded into the pad. On the other
hand, liquid medium within the slurries supports the abrasives to realize the material
removal. In the PEG/SiC slurry, the stresses developed in the liquid remain at lower
levels due to the Newtonian characteristics. However, the stresses drastically
increase by the effect of viscosity jump in the STF/SiC slurry. Figure 1.4 shows
the stress development in the PEG and STF samples. It can be clearly seen that STF
shows higher stresses than PEG before the shear thickening point. At this phase, this
difference is associated with the increased density due to the solid particle doping in
STF. Beyond the shear thickening point, stresses show a quick jump in STF while
PEG has a stable increase. For this reason, STF can withstand higher cutting forces
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a

Fig. 1.5 Microstructural description of polishing process in STF slurry [22]. (Reprinted by
permission from Elsevier)

during polishing in comparison with PEG in slurry. Consequently, the abrasive
particles exhibit an increased material removal mechanism in the operation.

The stress bearing capacity of the slurry is completely dependent on the shear
thickening rheology. As suggested by the previous works [35-39], solid particles
(fumed silica particles in this work) in STF generate small particle clusters at low
shear rates. These clusters get bigger by the effect of hydrodynamic forces acting on
the solid particles. As shear rate increases in the medium, particle-to-particle contacts
prevail over the field, thereby extending the particle clusters in the mixture. The
clusters form chain-like elongations in the suspension. The stresses show a further
increase up to a peak point during the clustering process. Beyond the peak point, the
particle networks in the suspension cannot bear the developed stresses, and there-
fore, a structural breakdown is observed. Knowing this microstructural evolution in
shear thickening phenomenon, it can be mentioned that STF polishing is effectively
carried out at the thickening phase. Figure 1.5 shows the microstructural description
of the polishing process in STF slurries. At the shear rates lower than the shear
thickening point, the mixture behaves as a Newtonian fluid, and the distributed
phases both solid particles and abrasives randomly move in the suspension. A rapid
increase is observed in the viscosity upon shearing the suspension above the critical
shear rate [40]. The mixture introduces to the shear thickening phase, thereby
forming particle clusters by the effect of growing hydrodynamic forces [41]. During
this process, abrasives are surrounded and firmly held by the particle clusters in the
flow field. When the abrasives contact the specimen surface, material removal is
realized by the effect of sharp edges of the abrasive particles. The cutting forces
generated during material removal are compensated by the support of surrounding
clusters. An adaptive material removal process is observed at the abrasive and
specimen interface because higher cutting forces are met due to the growing stresses
in the suspension when the shear rate increases to further levels. The STF acts as a
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backing material for the abrasive particles, thereby providing a stiffened matrix for
them to realize the material removal [22]. In addition to this effect, STF prevents the
specimen surface from the abrasive plunges by providing a flexible backing support
for the abrasive particles.

1.4 Conclusions

The adaptive rheology of STF has been used in different engineering applications for
two decades. This works presents a novel approach to STF for polishing operations.
The changeable stiffness in STF is efficiently adapted to polishing process. Com-
paring to a Newtonian polishing slurry, non-Newtonian behavior of STF based
slurry provides enhanced material removal mechanism in the polishing. This is
attributed to the high stresses developed in the suspension during the shear thicken-
ing phase. Higher cutting forces can be compensated by the effect of high level
suspension stresses, thereby enhancing the material removal from the specimen
surface. For this reason, the asperities on the workpiece are effectively flattened
out, and thus, a smoother surface finish is achieved in the STF based polishing
operation. This study shows that STF is a good candidate for the carrier liquid of
polishing suspensions. Shear depended stiffness in STF provides an opportunity for
tailoring the material removal rate from the workpiece. In addition to the enhanced
material removal properties, STF based polishing does not require an additional
equipment for tuning the stiffness as such in the magnetorheological polishing. STF
is a promising material for designing precise surface finishing operations, and
therefore, it can be adapted to the polishing of refractory materials.
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Chapter 2 ®)
Conductive Shear Thickening Fluids S
for Multifunctional Purposes

Mohammad Rauf Sheikhi, Mahdi Hasanzadeh, and Selim Giirgen

2.1 Introduction

Shear thickening is a non-Newtonian phenomenon in which the stress needed to
shear a fluid grows more quickly than linearly with the shear rate. Discontinuous
shear thickening, which occurs when the stress abruptly increases with increased
shear rate and results in a solid-like behavior, is a particularly dramatic variation that
many concentrated suspensions of particles experience [1, 2].

Shear thickening fluids (STFs) are innovative materials with rate-sensitive prop-
erties. STFs are relatively soft and fluidic in the absence of external stimulation.
When exposed to a high-speed loading, these materials get stiffer in reaction to
external stresses. When the stress is removed, the materials turn back to their original
fluidic texture. Because of its unique mechanical capabilities, this type of intelligent
materials has prompted widespread attention with a key study focusing on shear
thickening mechanism, performance, model, and application [3, 4].

Shear thickening effect was first discovered in the 1960s [5]. Interestingly, this
phenomenon was initially defined as a problem in many industrial processes such as
mixing and coating, for instance, as it hinders the fluid to flow, consequently leading
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to uneven coating on surfaces, blockage of crude oil in pipelines, overloading of
blenders at high speeds, and mostly failure of the equipment. Shear thickening effect
has attracted little or no attention by the researchers because it is not conducive to
industrial production. With the rise of nanotechnology during the mid-1990s, a novel
STF was successfully fabricated, which has attracted much attention for different
kinds of applications. The unique characteristics of the STF have been used to
develop smart materials and structures more recently. For instance, STFs have
been used in conjunction with high-performance fabrics to create novel, thin,
flexible, affordable materials that have comparable or even superior ballistic, stab,
and puncture protective qualities than the current protective materials [6—
9]. Recently, there has been a lot of interest in improving the impact resistance of
textile structures by impregnating the fabrics with STFs [10]. The absorption of the
shock waves from earthquakes or severe wind conditions and the integration of STF
within the damper systems are other applications of STFs that have been recently
investigated [11, 12]. In structural components, STFs are suggested to improve the
vibration and damage resistance of whole systems. Moreover, they could restrict the
movement of shoulders, knees, elbows, ankles, and hips to prevent them from
sudden accelerations [3].

Shear thickening behavior is observed in various suspensions including starch
dispersions, silica suspended ethylene glycol (EG), polyvinylchloride in
dioctylphthalate, kaolin clay in glycerol, poly (methyl methacrylate) (PMMA) in
PEG, fumed silica in propylene glycol, silica suspended PEG, multiwalled carbon
nanotubes (MWCNTSs) in polypropylene glycol (PPG), and silica particles in ionic
liquids. Among them, the suspension of silica particles in PEG has been widely
investigated, analyzed, and more often reported in the literature on STF.

As for C-STFs, both rheology and electrical properties are sensitive to the chain-
like particle formations and doping. The change in electrical resistance of C-STF
during the shear thickening process can be collected as a signature for detecting the
working conditions in applications. Therefore, developing a kind of C-STFs and
investigating their shear-dependent electrical properties are necessary. This chapter
focuses on the classification and mechanism of STFs and conductive STFs (C-STFs)
as well. A novel C-STF incorporated with MWCNTs is developed, and its rheolog-
ical behavior and electrical properties are discussed in detail. This chapter provides
recent developments and ideas for further research on the properties of C-STFs.

2.2 Shear Thickening Classifications

Granular suspension, cross-linked polymer, micelle, and insoluble polymer systems
are the most common shear thickening systems (Fig. 2.1). Shear thickening is
commonly observed in high-concentration granular solutions. Because of the shear
thickening effect, the viscosity increases greatly in the shear thickening range, and
then the phenomenon of the fluid transitioning into a solid-like condition is evident
by making it appropriate for applications involving anti-impact and vibration



2 Conductive Shear Thickening Fluids for Multifunctional Purposes 15

— Polystyrene

—_

Blsodium polystyrene
Crosslinked polymer sulfonate

== Insoluble polymer

Fig. 2.1 Classification of different shear thickening systems
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damping systems. As a result, this type of fluids has become the most commonly
used STF [13]. Dispersion phase in granular suspensions often consists of gel
particles from inorganic materials [14, 15] such as SiO,, CaCOj; and certain metal
oxide gels or organic polymer particles such as polystyrene (PS) and PMMA
submicron particles [16, 17]. Cross-linked polymer systems are mostly dispersions
formed by hydrophobic polymers with ionic groups or water-soluble polymers with
hydrophobic groups dispersed in water such as sodium polystyrene sulfonate dis-
persion in water [18]. The dispersion of these cross-linked polymers in water
displays shear thickening effect because the cross-linking time of the polymers is
smaller than the relaxing time at a given shear rate. The polymers can also be cross-
linked to generate a network structure with shear thickening characteristics [19]. The
shear thickening impact of cross-linked polymer dispersions is studied for coatings,
papermaking, and oil transportation. To create the micelle system, anionic and
cationic surfactants are mixed in deionized water in a certain ratio such as 0.1 wt%
cetyltrimethylammonium benzoate and sodium salicylate solution [20]. The micellar
rods readily spread in the aqueous phase in the absence of shear. Because micelle
rods are stacked in layers along the flow direction, micelle dispersions show shear
thinning behavior when the external shear rate is low. In contrast, the micelle rods
merge in the micelle dispersion to create a bigger micelle network when the shear
rate exceeds a specific critical value. At the end, the viscosity of micelle dispersions
increases while showing shear thickening behavior. Micelle dispersions get shear
thicken similarly to granular suspensions with the distinction that rod micelles are
generated by tiny molecules and have limited strength. As a result, it can only exhibit



16 M. R. Sheikhi et al.

modest shear thickening behavior, making it suitable for vibration control. An
insoluble polymer system is a dispersion made by combining certain high molecular
weight polymers with a solvent that is unable to dissolve the polymer such as PS in
decahydronaphthalene or polyethylene oxide in ethanol [18]. The polymer in the
dispersion aggregates and, therefore, creates a polymer-rich phase in response to a
certain external shear rate. In turn, this causes the dispersion gel to develop, which
has a shear thickening effect. The gel network has very high strength due to the
polymer’s substantial strength, which exhibits a strong shear thickening phenome-
non. This kind of fluids is extensively used in the coatings industry. Determining its
shear thickening effect is critical for the coating and spraying processes as well as the
advancement of coating construction technology [21, 22].

2.3 Shear Thickening Mechanism

As non-Newtonian fluids, STFs are often distinguished by a considerable rise in
viscosity when the applied shear rate approaches a critical threshold. Figure 2.2
depicts a simplified illustration of shear thickening behavior. Particles in media are
well-dispersed in the equilibrium condition. At shear rates less than a threshold
value, the STF exhibits low viscosity. Because of the chaotic nature of the particles
under the applied stress, layers of particles are formed as the shear rate increases. By
increasing shear rate, hydroclusters are developed, thereby causing the particles to
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Fig. 2.2 Typical viscosity curve of a STF showing shear thinning and shear thickening behavior of
colloidal suspensions
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agglomerate. After the stress is removed, the suspensions return to an easy-flowing
condition, and therefore, the flow shows regular fluidic texture. During this transi-
tion, the shear thinning is completely reversible. According to the literature,
researchers have put forth several ideas to account for the fundamental reasons
behind shear thickening behavior. The “order-disorder transition” (ODT) [23-27]
and the “hydrocluster” mechanism [28, 29] provide a more comprehensive expla-
nation of this behavior than the other ideas. The ODT explains how the application
of shear rate causes the particle arrangements to break down, increasing the drag
forces between the particles. Based on this expertise, Hoffman [26], one of the first
researchers to thoroughly study shear thickening, developed a micromechanical
model of shear thickening as a flow-induced ODT. He hypothesized that a transition
from a layer ordered and easily flowing condition to a disordered one caused the
shear thickening propensity. He suggested that this transition is caused by the van
der Walls and London interactions, electric double layer, and shear stress forces
acting on a cluster of particles. Furthermore, it was postulated that the particles inside
the moving layers are subjected to hydrodynamically generated forces that cause the
particles to be pushed out of their layer, disrupting the ordered flow. When the shear
rate reaches a critical threshold, a quick rise in viscosity occurs. The hydrocluster
mechanism is based on particle interactions in a liquid medium. Consequently, it is
possible to deduce that the shear thickening behavior in concentrated colloidal
suspensions is caused by hydrodynamic lubricating forces between the particles.
When shear force is applied and particles suspended in a fluid collide, the hydrody-
namic pressure rises. The drag forces between particles are enhanced because of the
development of clusters under shear force. Experimental evidence for the
hydrocluster process is provided by rheological, rheo-optical, and flow-SANS
experiments as well as computer simulations [30]. Although both microscopic
explanations for the shear thinning phenomena have been put forth, the
“hydrocluster” explanation is more precise and all encompassing.

Although shear thinning is more prevalent than shear thickening, it has been
postulated that under the correct conditions, shear thickening may occur in any dense
suspension [31]. One of the most difficult problems is determining why not all dense
suspensions display shear thickening behavior. One of the more confusing concerns
is why soft particle suspensions, which may readily bend to shear past one other, do
not shear thicken yet tightly packed hard particle suspensions do. Due to strong
coulombic, charge-dipole, dipole-dipole, and van der Waals interactions, the behav-
ior of nanoparticles differs dramatically for hard spheres. In such systems, interac-
tions between nanoparticles and nanoparticles and liquid medium alter the state of
the nanoparticles. According to the literature, lubricating and frictional forces play a
significant part in the shear thickening process. Lin et al. [32] investigated the shear
thickening behavior in the interface of micron-sized silica and latex particles to
determine the hydrodynamic and contact force contributions to the shear thickening
process. They observed that raising the strain rate causes the contact contribution to
increase, while the hydrodynamic contribution remains constant as the suspension
deepens. This phenomenon demonstrates how contact forces influence the shear
thickening of dense colloidal suspensions. According to contact rheology models
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[32, 33], hydrodynamic lubrication forces induce Newtonian behavior or shear
thinning at low shear rates (Zone I) due to minimal particle interactions. When the
shear rate (Zone II) is raised, lubrication breaks down. Because of frictional forces,
force chains form, causing discontinuous shear thickening [34]. As the shear rate
increases (Zone III), the force network tightens, finally becoming entirely shear
jammed. When shear rearranges particles into anisotropic patterns, large clusters
emerge. Instead of the quick and irreversible increase in viscosity associated with
strong and discontinuous shear thickening, frictional hydrodynamic interactions
between suspended particles create the smooth and reversible viscosity increase
associated with continuous shear thickening [35].

2.4 Conductive Shear Thickening Fluids (C-STFs)

For many applications, the electrical conductivity of STFs is the most significant
rheological parameter. The capacity of charged particles in a suspension to transport
charges toward respective electrodes when an electric potential is introduced deter-
mines the electrical conductivity of an STF. For example, the next generation of soft
body armor will need to be sensitive to outside stimuli in addition to being able to
withstand mechanical impact. Multi-component Kevlar textiles with mechano-
electric coupling properties are urgently needed in soft body armor as a crucial
component of smart wearable systems. Previous studies have shown how adding
conductive fillers to fabrics could produce electronic fabrics with good electrical
characteristics [36]. Additionally, multifunctional STFs and shear stiffening gels
(SSGs) with magnetic or electric characteristics might be made simply because of
their gel-like structure [37, 38]. The electrical conductivity of STFs can be greatly
enhanced by inserting some metal, metal oxide, or nanomaterials in them. C-STFs
offer several technical and commercial applications, including colloidal dispersion
field-induced pattern creation, sensors, and electrically conductive adhesive tech-
nology. Several studies on the electrical conductivity of STF have been published.
Figure 2.3 depicts the increase of conductive STF related publications during the last
decade.

Due to their high fundamental electrical conductivity and low density compared
to metals or metal oxides, C-STFs comprising electrically conductive elements
including carbon nanotubes (CNTs), diamond nanoparticles, and graphene have
received a lot of attention. For instance, Wei et al. [39] investigated the rheological
characteristics of suspensions containing varied concentrations of MWCNT and
silica, and according to this research, introducing CNT resulted in substantial
shear thinning and thickening phenomena. The STFs showed the largest shear
thickening effects when the mass fraction was 0.8%. Nakonieczna et al. [40]
achieved the highest viscosity in STF by using 55% silica and 0.25% CNTs.
Hasanzadeh et al. [40] found that STF/MWCNT in PEG200 with 44% fumed silica
and 0.8% CNT produced the best results when used to evaluate the puncture
resistance performance of woven high modulus polypropylene (HMPP) textiles.
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Fig. 2.3 The number of STF and C-STF related publications. The Scopus database was used to
obtain the data

Chen et al. [41] developed conductive STF by dispersing CNTs in a silica based
STF, and they discovered that as the CNT concentration grew, so did the shear
thickening effect of STF. They discovered that resistance changes may be seen and
that the R/R value might reach as high as 90%. Both initial and final resistance might
be easily modified by changing the CNT mass percentage. Liu et al. [41] created a
CNT/STF/Kevlar based wearable electronic textile composites in another work. The
stab resistance tests on them revealed that the addition of CNT fillers to STF
significantly improves impact resistance. The best sample was a CNT/STF-55%/
Kevlar based electronic textile. Li et al. [42] investigated how temperature, plate
spacing, and poly(vinylpyrrolidone) (PVP) mass fraction influenced the rheological
performance of MWCNT-PVP/silica based STF systems. This study revealed that
PVP improves MWCNT dispersibility and adhesion. Furthermore, shear thickening
performance is shown to be the most effective when the PVP mass fraction reaches
0.15%. They also noted that the temperature sensitivity of the MWCNT-PVP/silica
based STF system is equal to that of the MWCNT/STF system and that PVP may
significantly improve the shear thickening performance without changing the tem-
perature sensitivity. Nakonieczna et al. [43] studied silica based STFs containing
polypropylene glycol and different nanofillers such as MWCNTs, RGO, GO, and
carbon black. They discovered that the MWCNT produces the most significant
alterations in the rheological properties of the STF, resulting in the highest peak
viscosity in the rheological investigation. Ghosh et al. [44] investigated the effect of
cellulose nanofibers on the rheological behavior of silica based STFs. The dynamic
rheological research revealed that even at low shear rates, a modest concentration of
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cellulose nanofibers may improve the elastic behavior of the whole solution. Addi-
tionally, Li et al. [45] discovered that adding MWCNTs to STFs improves the
rheological behavior and quasi-static stab performance of Kevlar fabrics.

2.5 A Case of C-STF: MWCNT in STF

2.5.1 Experimental Details

Fumed silica (SiO;) particles with an average size of 20 pm were obtained from
Evonik (Germany). MWCNTSs (D x L: 6-9 nm x 5 pm), polyethylene glycol (PEG,
400 g/mol), ethanol (Et-OH), and acetone were purchased from Sigma-Aldrich
(USA).

Using a high-speed homogenizer, the fumed silica particles were progressively
added to PEG and distributed in the liquid medium. To ensure a homogenous and
steady dispersion, the mixing procedure was prolonged for an additional hour. After
fabricating the STF (20 wt% Si0O,), different amounts of MWCNTs (0.20, 0.50,
1.00, 1.50, 2.50, 3.00, and 3.50 wt%) were added to the as-prepared STF and then
stirred again for 30 min using a homogenizer. The suspensions were rested at room
temperature overnight after the dispersion stage to get the removal of air bubbles.
After 2 hours of the preparation procedure, rheological and electrical resistance
measurements were carried out with the suspensions. The design of samples in the
rheological and electrical resistance measurements is shown in Table 2.1.

A standard parallel plate system was used in the rheological measurements with
an Anton Paar MCR 302 modular compact rheometer. The gap between the plates
was fixed at 1 mm. The shear rates used in the studies ranged from 0 to 1000 s~ '. To
prevent the loading effects, a pre-shear of 1 s~ was applied to the samples for 60 s
before each measurement. A multimeter (Uni-T UT71E with 1 Q to 40 MQ mea-
surement accuracy) was used to obtain the electrical resistance of the samples. Each
electrical resistance measurement was carried out using 50 g of samples with a

Table 2.1. Samples desi.gn Sample Description

in r.heologlcal.a.nd electrical STF STF (20 wi% SiOy)

resistance testing
C-STF 1 STF + 0.20 wt% MWCNT
C-STF 2 STF + 0.50 wt% MWCNT
C-STF 3 STF + 0.70 wt% MWCNT
C-STF 4 STF + 1.00 wt% MWCNT
C-STF 5 STF + 1.50 wt% MWCNT
C-STF 6 STF + 2.00 wt% MWCNT
C-STF 7 STF + 2.50 wt% MWCNT
C-STF 8 STF + 3.00 wt% MWCNT
C-STF 9 STF + 3.50 wt% MWCNT
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30 mm spacing between the probes and a 5 mm depth of penetration into the
samples. All the samples were fixed and tested under identical conditions.

2.5.2 Electrical Conductivity of C-STFs

The electrical conductivity of C-STFs was studied in terms of electrical resistance.
Figure 2.4 shows the variation of electrical resistance as a function of MWCNT
weight fraction. It can be seen that the electrical resistance of C-STF decreases with
increasing MWCNT content. The electrical resistance of C-STF drastically
decreases at the MWCNT content of 0.5 wt%. This is the percolation threshold of
C-STF, which is considered as one of the most important factors influencing the
suspension properties. The intrinsic conductivity of MWCNTs and their aspect ratio
have a significant effect on enhancing the electrical conductivity at the percolation
threshold. Two distinct regions are observed in this plot: (i) high electrical resistance
between 0.1 and about 0.5 wt% MWCNT, in which the electrical resistance of
C-STF is very sensitive to the MWCNT content and decreases over several orders
of magnitude when the MWCNT content reaches the percolation, and (ii) low
electrical resistance after 0.5 wt% MWOCNT content, in which the electrical resis-
tance changes insignificant to the MWCNT concentration. At MWCNT content of
0.2 wt%, the electrical resistance is in the order of 2760 kQ, while at 0.5 wt%, it
steeply decreased to 1780 kQ. Table 2.2 gives the electrical resistance of various
C-STFs.
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Fig. 2.4 Electrical resistance of C-STFs as a function of MWCNT content
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Table 2.2 Electrical resistance of the samples

Sample Details of samples Electrical resistance (k€2)
STF STF (20 wt% SiO,) 3890
C-STF 1 STF + 0.20 wt% MWCNT 2760
C-STF 2 STF + 0.50 wt% MWCNT 1780
C-STF 3 STF + 0.70 wt% MWCNT 335
C-STF 4 STF + 1.00 wt% MWCNT 45
C-STF 5 STF + 1.50 wt% MWCNT 3.680
C-STF 6 STF + 2.00 wt% MWCNT 1.650
C-STF 7 STF + 2.50 wt% MWCNT 0.565
C-STF 8 STF + 3.00 wt% MWCNT 0.245
C-STF 9 STF + 3.50 wt% MWCNT 0.128
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Fig. 2.5 Rheological behavior of C-STFs at different MWCNT content

2.5.3 Rheological Behavior of C-STFs

Figure 2.5 shows the rheological behavior of C-STFs containing 0.20, 0.50, 1.00,
and 1.50 wt% of MWCNT at room temperature. The graph shows the variation of
viscosity vs. shear rate in three different regions. The first region is about shear
thinning behavior, which occurs at low shear rates. The second region corresponds to
the abrupt increase in viscosity upon applying a shear rate at about critical point. The
third region shows shear thinning at high shear rates. It can be found that increasing
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Table 2.3 Electrical and rheological properties of C-STFs

Rheological properties
Initial Peak
Electrical viscosity (Pa. | Critical shear viscosity (Pa.

Sample resistance (kQ) s) rate (1/s) S)
STF 3890 259 89.1 30.77
C-STF 2 (STF + 0.50 wt | 1780 26.1 50.1 115.75
% MWCNT)
C-STF 4 (STF + 1.00 wt |45 43.8 56.2 97.16
% MWCNT)
C-STF 5 (STF + 1.50 wt | 3.68 247.36 17.8 340.44
% MWCNT)

the MWCNT content to 1.5 wt% leads to the significant increase in initial and peak
viscosity values of C-STF. Moreover, the critical shear rate decreases considerably
by indicating a strong shear thickening behavior. Table 2.3 gives the rheological
properties of various C-STFs such as critical shear rate, initial viscosity, and peak
viscosity.

2.6 Conclusions

In this chapter, the electrical and rheological properties of C-STFs, consisting of
fumed silica, polyethylene glycol (PEG), and multiwalled carbon nanotubes
(MWCNTs), were discussed. Introduction to STF, classification of STF, and STF
mechanism are discussed. Moreover, C-STFs and their behavior are discussed. For
better understanding in this context, C-STF samples based on STF (20 wt% silica)
and MWCNTs were produced. The electrical and rheological properties of these
samples were discussed. The results show that the addition of MWCNTs increases
the electrical conductivity of STF and improves the rheological properties of STF. It
has been demonstrated that the electrical resistance of C-STFs is highly dependent
on the MWCNT content. When the MWCNT content gets closer to the percolation
threshold, the electrical resistance decreases by several orders of magnitude.
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Chapter 3 )
Shear Thickening Fluid Integrated oy
Sandwich Structures for Vibration Isolation

Mohammad Rauf Sheikhi, Mehmet Alper Sofuoglu, and Zhenmao Chen

3.1 Shear Thickening Fluid

Shear thickening fluid (STF) is a type of non-Newtonian material in which the
viscosity rises as a function of shear rate or shear stress at a key parameter range
as shown in Fig. 3.1. In many concentrated suspensions, a particularly disturbing
version defined as shear thickening happens. When combined slowly, these suspen-
sions are like a thin liquid; however, it is very thick like a solid when churned faster
and then thin again when the loading is removed from the liquid [1, 2]. STF has been
the subject of study throughout time to comprehend its rheological behavior and
make use of it in engineering applications. Shear thickening was initially identified
as a challenge in industrial processes like coating and mixing because it jams in tight
spaces and overloads mixers, consequently reducing the process rate. However,
more recently, smart materials and structures have been developed using the special
property of these fluids. The rheology of an STF is determined by particle size,
particle shape, size distribution, particle density, charge, particle roughness, and, in
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Fig. 3.1 Rheological properties of STF [6]. (Reprinted by permission from Elsevier)

certain situations, chemical interaction between the particle surface and carrier
fluid [3, 4]. The initiation of reversible shear thickening at critical stress is affected
by particle size, concentration, polydispersity, and interparticle interactions of
dispersion [5].

Hence, STF, a soft material with intelligent properties, is more resistant to
external force than a liquid and thereby displays variable properties unlike solids.
As aresult, STF has several application possibilities in the fields of surface polishing
[7], human body protection [8—10], shock absorption [11-13], energy suppression
[14], and vibration damping [15—18] in engineering structures. Although extensive
studies have been conducted in recent years for the use of STF in engineering
structures, the potential of these materials in integrating with new systems and
transforming them into intelligent structures can still be considered, and their
capacities can be studied.

3.2 Sandwich Structures

Sandwich structured composites are a specific type of composite materials with
characteristics including low weight, high stiffness, and high strength. Sandwich
structures are created by laminating two lightweight, moderately thick cores to two
strong and rigid laminated facesheets [19]. The sandwich is like an endless I-beam in
that when it bends, the flanges carry compression and tension loads in-plane (as do
the sandwich facesheets), while the web bears shear loads (as does the structural
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Fig. 3.2 Components in a conventional sandwich structure

sandwich core). Like a conventional I-beam, the structure becomes proportionally
stiffer the farther away the flanges (facesheets) are from one another. The same result
is achieved by a thicker core, but it also offers a low overall density, leading to a high
stiffness-to-weight ratio. The potential for weight savings from utilizing a sandwich
is demonstrated by a comparison of a steel panel and a composite sandwich panel.
When the same deflection requirements are used, the weight reduction with sand-
wich design is close to 90% [20]. Thermal insulation, acoustic dampening, buoy-
ancy, noncorrosiveness, and enhanced impact resistance are further advantages of
sandwich structures. The stiffness of any beam or panel is inversely proportional to
its thickness. The little weight penalty and higher yields in thickness are two
significant differences between designs using traditional materials and those using
a sandwich composite solution [21, 22]. A typical sandwich is composed of upper
and lower facesheets with a significantly thicker core in between as shown in
Fig. 3.2.

The tensile and compressive stresses in the sandwich structures are carried by the
facesheets. Because the local flexural stiffness is so tiny, it is frequently neglected.
Facesheets are commonly produced of conventional materials such as steel, stainless
steel, and aluminum. In several applications, fiber- or glass-reinforced polymers can
also be used as face materials. These materials are simple to use. Reinforced plastics
may be designed to meet a variety of requirements such as anisotropic mechanical
qualities, design freedom, high surface polish, and so on. Local pressure is also
carried by the faces. Facesheets have to be measured for the shear forces related to
them when the local pressure is high [23].

The role of core material is to hold the thin facesheets and keep them in relative
position to each other so that they do not bend or deform inward or externally. To do
this, the core material needs to possess several critical qualities. It needs to be stiff
enough to maintain a continuous spacing between the faces. It must also be shear
stiff enough to prevent the facesheets from sliding over one other. The shear stiffness
pushes the facesheets to work together. If the shear strength of the core is low, the
facesheets will not cooperate, and the sandwich will decrease rigidity [24]. To keep
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the facesheets and the core layer interacting, the adhesive between them has to be
capable of transferring shear forces between them. Moreover, the adhesive has to
withstand the shear and tensile loads. The pressures on the joints are difficult to
describe. The adhesive should be able to withstand the same shear stress as the core,
according to a simple criterion [25].

3.3 Shear Thickening Fluid Integrated Sandwich
Structures for Vibration Isolation

Vibration is generally an undesired phenomenon because of its negative effects on
structural stability, position control, material performance, fatigue life, and noise
reduction. Vibration dampening has been the subject of specific study to suppress
vibrations that impact structures. It is preferable to increase structural stiffness and
damping capability in vibration damping investigations. Materials should generally
possess viscoelastic properties. For this reason, rubber and plastics are widely used
in vibration damping applications. Vibrational energy is attenuated by heat loss
because of the viscoelastic characteristics in the materials. In addition to viscoelas-
ticity, microstructural defects in metal alloys, such as dislocations, grain boundaries,
and secondary phases, are advantageous for vibration damping purposes. Zhang
et al. [26] created a single-rod STF damper for the use of STF in the field of vibration
control and supplied the hysteretic curve of the damping force versus displacement
when the loading frequency varied. Due to the shear thickening mechanism of STF
to offer a damper with a larger stiffness or damping, the curve demonstrates that the
damper’s capability to dissipate energy under high dynamic loading greatly exceeds
that under low dynamic loading. To prevent the negative impacts of single-ended
dampers on the thickening performance of STF, Zhou et al. [27] presented an STF
double-rod damper. Higher damping or shock resistance is displayed by the damper
packed with a denser STF because it dissipates more energy during each cycle. Zhao
et al. [28] investigated the damping force vs. displacement and the damping
force vs. velocity curve to analyze the dynamic performance of an STF damper.
The maximum damping force in the STF damper, however, was less than 30 N
because of the extremely constrained physical characteristics of the device. Given
the scale effect of the test findings, the damper’s applicability in vibration control is
restricted. Comprehensive experimental research of STF dampers was carried out by
Yeh et al. [29]. Even though the study showed how different harmonic loads affected
the damp-velocity curve’s hysteretic performance, only three sets of damp-velocity
curve data were produced under low displacement and low loading frequency
circumstances. Fischer et al. [30] created a sandwich beam structure based on STF
to meet the goal of controlling the structural stiffness and damping under dynamic
deformation. The stiffness and damping characteristics of the sandwich beam varied
simultaneously as the loading amplitude changed. Due to the shear thickening effect
in the core layer, the stiffness of the sandwich beam considerably reduced as the
loading amplitude increased.



3 Shear Thickening Fluid Integrated Sandwich Structures for Vibration Isolation 31
3.4 Damping and Vibration Isolation

Vibration is a frequently occurring phenomenon. Everything vibrates; it is only the
degree of the vibration and its impact on machines, systems, and the environment
that are of importance to humankind. Vibration is described as a particle’s time-
dependent movement around its equilibrium state. The dynamic (time-dependent)
displacement is either uniform (harmonic) or nonuniform in timeframe
(nonharmonic). The distinction between oscillation and vibration is that in oscilla-
tion, matter travels repeatedly about an equilibrium point without deforming the
body, but in vibration, periodic deformation of a structure is also involved. Another
effect of vibrations is a wave known as ‘“sound,” which is merely a mechanical
pressure wave that may travel through a variety of media including gas, liquid, and
solid. Within the range of 16-20,000 Hz, airborne sounds are detectable to the
human ear. Vehicle horns, vocal cords, and all musical instruments are typical
illustrations of vibration produced sound.

The dissipation of vibrational energy through time and distance in solid mediums
and structures is known as damping. Like how sound is absorbed by air, damping
happens wherever there is friction that lessens motion and disperses energy. The loss
factor or ratio between the energy dissipated and the energy still present in the
system throughout each cycle is referred to as each material’s damping capability. In
construction, dampening is crucial for preventing vibrations and maintaining the
security and comfort of infrastructure and buildings. Friction is an instance of a
dynamic damping system. Another example is the resistance that an automobile
faces. The air resistance and the rolling friction of its tires are that cause the
resistance. Viscous damping is the damping effect that occurs in liquid situations.
Consider rolling a ball with a given amount of initial force on the floor. If there is
nothing to stop this movement, the ball will continue to roll eternally. However, the
ball eventually comes to rest due to friction between the ground and the ball, which
counteracts the ball’s movement, causing it to lose speed and eventually come to a
stop. Damping is a technique for reducing vibrations and is crucial for the system’s
safety. When a door or drawer is opened or closed, damping prevents a significant
impact, conserving the spring hinges and safeguarding the system. A similar func-
tion is served by bridge deck damping devices on a big scale. Assuming that a
structure or building is being affected by dynamic energy at a frequency that is like
(or close to) its natural frequency, in theory, the overlapping frequencies of the
exciting force (disturbing frequency) and natural frequency lead to increasing
vibration amplitudes. Various solutions have been researched to prevent resonance
effects, and two key measures are included in the vibration isolation concept:

* Changing the natural frequency of the structure, adjusting the load and its
distribution, and establishing a suitable gap between the structure’s natural
frequency and the exciting disturbing frequency. Dynamic loads and wind effects
are two examples of incoming dynamic forces that can cause unpleasant
frequencies.
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» The stability of the structure is ensured even in resonance situations by the
addition of dampening properties. When in resonance, it helps with energy loss.

It’s a popular misunderstanding that vibration isolation of the structure may be
accomplished “simply by adding some rubber” to the system. A resilient component
can, however, have the opposite effect and increase displacements if it is introduced
without considering the characteristics of the system (environmental atmosphere,
temperature, material’s rigidity, contact area, material transmissibility, material form
factor, excitation frequency, etc.). The performance of an insulation system is
defined by its transmissibility, which is the ratio of energy injected into the system
to energy exiting the system. The vibration control material is chosen with the
system’s disruptive frequency in the insulating area in mind. Furthermore, the
damping volume of the insulation system will define the system’s maximal trans-
missibility level. The peak value drops as dampening rises.

A structure’s dynamic responsiveness and transmissibility are primarily
influenced by its mass and stiffness qualities, which are responsible for the energy
remaining in the system and, by damping, which affects energy loss in the system.
Damping is the least known and most difficult to forecast and quantify of these three
properties. Because mass and stiffness can be established using static measures, they
are easier to understand and quantify. The transmissibility curves for various
damping factors are shown in Fig. 3.3 as functions of the frequency ratio. Using
different damping factors of 0.05, 0.1, and 0.15, the decrease in transmissibility
beyond @ = /2w, occurs considerably more quickly with frequency for the low
damping factor than it does for the larger damping factor. The system’s dampening
ability determines how transmissibility is reduced. For example, when a machine is
placed on a shock and vibration damping platform apparently constructed of an
elastomer, the damping, which is a dynamic viscoelastic loss feature of the elasto-
mer, is highly dependent on the frequency and temperature of the environment.
Dampers composed of STF would exhibit similar behavior. As a result, the amount
of loss in transmissibility may differ from a theoretical curve derived as shown in
Fig. 3.3, because it is assumed in this case that the damping factor is the same over
the whole frequency range. The following equation reflects the vibration’s amplitude
when a machine vibrates because of base excitation with a viscoelastic damping
mount:

In the situation of automotive suspension design, Fig. 3.3 might be evaluated to
lower vibration intensity. If we can achieve »/, > 1 by decreasing the suspension
spring stiffness (soft spring) and increasing mass, the natural frequency (@) of the
unit is reduced, and the vibration attenuation is improved at the working frequency
(w). Lower stiffness, on the other hand, may increase the likelihood of transverse
deflection in a rubber-based mount, resulting in additional vibrations in other
directions. A reduced damping factor can also result in a considerable reduction in
vibration amplitude beyond resonance. The low damping factor, on the other hand,
has two important drawbacks: first, with any extra transient force, which is quite
common for automobiles, the natural decay will take a long time, and second, at the
resonance frequency, the vehicle may be damaged owing to the excessive amplitude
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of vibration. A third issue would be transmitted noise at higher frequencies. As a
result, a suspension design is a balanced combination of spring and damper that
necessitates an optimal viscoelastic material design. Equation 3.1 reflects the vibra-
tion’s amplitude when a machine vibrates because of base excitation with a visco-
elastic damping mount:

Sl

u(t) = (3.1)

V- 2) a2y

where F/k is the mount’s static deflection. This formula compares the amplitude of
vibration at each frequency point to the static deflection. The amplitude reduction is
affected by two parameters: the frequency ratio and the damping factor. The greater
the frequency ratio, the greater the amplitude decrease. However, in the absence of a
damper mount, the intensity at resonance (@ = wy) is infinite.
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3.5 A Case of Vibration Isolation by an STF Integrated
Sandwich Structure

3.5.1 Experimental Details

Using a high-speed homogenizer, fumed silica particles (20 wt% and 40 wt%) were
progressively added and distributed in a polyethylene glycol (PEG) pool. To ensure a
homogenous and steady dispersion, the mixing procedure was prolonged for an
additional hour. The suspensions were maintained at room temperature overnight
after the dispersion stage to get the removal of air bubbles. Within 2 hours of the
preparation procedure, rtheological experiments were conducted with the suspensions.

In the sandwich structures, the core material was a cork agglomerate supplied by
Ducork, Inc., which has a density of 170-190 kg/m3. Cork is a kind of wooden
product that is stripped from the outer layer of a cork oak tree. Cork microstructure
includes several closed cells. Because the big part of the cork includes air inside the
cells, the cork floats on water, which means that it has a very low density. In addition
to lightweight properties, cork shows good mechanical properties, and therefore, it
can be adapted to energy absorbing and vibration damping systems. Sandwich
composites were manufactured by scaling the cork core layers into
50 mm X 50 mm x 10 mm. Two 1.0-mm-thick glass fiber reinforced polymer
(GFRP) (fabricated by hand-layup method) sheets were bonded to the cork core
layers with powerful double-sided tape adhesive (supplied from Beta Kimya, Tur-
key). To integrate the fabricated sandwich structure with STFs, 3-mm-wide grooves
in the cork core layers machined by a Miller FF 500/BL-CNC (Proxxon, Germany)
and filled with STF. Figure 3.4 shows the machined design of the cork core layers for
STF injection. Three different designs were considered to show the effect of STF. In
Config-1, a neat sandwich structure was considered. In Config-2, the grooves were
filled with STF with 20 wt% SiO,. In Config-3, STF with 40 wt% SiO, was injected.
Figure 3.5 shows the final form of a sandwich structure.

The study of a system’s dynamic characteristics, which are defined apart from the
pressures exerted on the system and its reaction, is known as modal analysis. Modal
analysis may be used to investigate the vibration properties of mechanical construc-
tions. It converts difficult-to-perceive vibration signals of excitation and response
detected on a complex structure into a set of easily predicted modal properties.
Structures vibrate or take on mode forms when stimulated at their natural frequen-
cies. Under typical working conditions, a structure will vibrate in a complex
combination of all mode configurations. The modal analysis transforms a complex
and difficult-to-understand structure into a collection of unconnected single-degree
freedom systems. An impact hammer is a specialized measurement tool that creates a
short duration of excitation levels by hitting a specified place on the structure.
Facesheets and sandwich structure specimens were clamped to a bench clamp and
vibrated with a hammer to propagate vibrations on the structures during vibration
testing in this study. An accelerometer placed on the opposite face of the impact
location was used to assess the structural damping ratio of the specimens. Figure 3.6
shows the experimental setup in the vibration testing.
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Fig. 3.4 Core layer design of sandwich structures

Fig. 3.5 Fabricated
sandwich structure

3.5.2 Results and Discussion

Standard parallel plate system was used in the rheological measurements. The
distance between the plates was fixed at 1 mm. The shear rates used in the studies
ranged from 0 to 1000 s™'. To prevent loading effects, a pre-shear of 1 s~ ' was
applied to the samples for 60 s before the measurements. Figure 3.7 shows the
rheological behavior of STFs with 20 wt% and 40 wt% SiO,.
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Fig. 3.7 Rheological behavior of STFs with 20 wt% and 40 wt% SiO,

In Fig. 3.8, frequency response functions are shown for three different configu-
rations. When the configurations are investigated, one or two peaks can be observed.
Accordingly, these structures can be modeled as single or double degrees of freedom
structures. Modeling these configurations as single degree of freedom reveals that
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the natural frequency varies between 400 and 800 Hz. In general, the presence of
silica can increase the stiffness of a material, which can lead to an increase in the
natural frequency of a system. This is because the stiffness of a material determines
how much it resists to deformation under loading and a stiffer material will have a
higher natural frequency.

Figure 3.9 shows the damping ratios for the three different configurations. The
vibration damping ratio is a measure of how effectively a material absorbs and
dissipates energy when it is subjected to vibrations. It is defined as the ratio of the
energy dissipated in the material to the energy input to the material. Materials with a
high damping ratio can absorb and dissipate a greater amount of energy, making
them more effective at reducing the amplitude of vibrations. The damping rate is
increased by two times or more in the structure with STF and silica. When STFs are
used as a damping medium in vibration control applications, they can have a positive
effect on the damping ratio of the system. By increasing viscosity under shear stress,
STFs can absorb and dissipate more energy, making them more effective at reducing
the amplitude of vibrations. Silica can have a positive effect on the vibration
damping ratio of a material when it is used as a filler. By increasing the stiffness
and reducing the hysteresis of the material, silica can help to reduce the transmission
of vibrations through the material and increase its damping ratio.

3.6 Conclusions

STF is used as an intelligent material that responds to high shear loads due to the
beneficial attribute of excellent energy dissipation. This chapter investigates the
possibility of using STF as a smart fluid with unique rheological properties in
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vibration damping of sandwich structures. First, an introduction to STF, sandwich
structures, and vibration isolation were discussed, and then, as a case study, sand-
wich structures consisting of GFRP facesheets and cork cores were designed. Two
types of STFs (20 wt% and 40 wt% silica contents) with different rheological
properties were added to the cork core, and then a hammer-based forced vibration
testing was carried out with the sandwich composites. The results of the case study
show that adding STF to the cork core significantly increases the damping capability
of the sandwich structures. It can be stated that STF is a good candidate material for
vibration control applications due to its intelligent properties.
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Chapter 4

Shear Thickening Fluid/Cork Composites
Against Blunt Impacts in Football Shin
Guards Applications
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4.1 Introduction

According to the Occupational Safety and Health Administration of the US Depart-
ment of Labor [4], personal protective equipment (PPE) is equipment worn to
minimize serious workplace injuries and illnesses which may result from contact
with chemical, radiological, physical, electrical, mechanical, or other workplace
hazards. Personal protective equipment may include gloves, safety glasses and
shoes, earplugs or muffs, hard hats, respirators, or vests and body pads.

Shin guards, also known as shin pads, can be considered a kind of PPE [3]. Itis a
piece of equipment worn on the front of the shin to protect it from injury. Commonly
used nowadays in many sports, such as football and cricket, as well as in military
vests, modern shin guards have evolved from the metal counterpart greaves used in
body armor to provide warriors with protection on the battlefield, dating back to the
Bronze Age [7] (Fig. 4.1). Although many athletes wear them voluntarily for
protective measures, others are forced to do so by means of a particular sports
legislation, and the shin pads must accomplish specific standards of quality.

In this book chapter, the attention will be focused on the shin guards used in
football or soccer. They have to satisfy the general requirements defined in the
current European Norm [3] such as ergonomics, innocuousness, sizing, coverage,
and cleaning but also performance against two kinds of impact tests, i.e., stud and
blunt impacts, which will be described in more detail in Sect. 4.2.3. In the USA, the
NOCSAE (National Operating Committee on Standards for Athletic Equipment)
defines the standard regarding the test method and performance specification of
soccer shin guards [8]. The Fédération Internationale de Football Association
(FIFA), the sport’s international governing body, has introduced the shin guard
law in 1990, which made the wearing of shin guards compulsory during match in

Fig. 4.1 (a) Bronze greaves from the Archaeological Museum of Vergina (Royal Tombs) [5] and
(b) modern shin guards used by professionals in Muay Thai fights [6]
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order to prevent lower leg impact abrasions, contusions, and fractures [9]. The
effectiveness of shin guards in reducing the incidence of lower leg football injuries
has already been demonstrated [10], and its use is strongly recommended not only in
matches but also in training sessions; however, the use of shin guards may not
prevent fractures [11, 12].

The appropriate shape of the shin guard and the selection of the optimal materials
are of paramount importance in determining the level of protection. Currently, shin
guards consist of an outer shell made of a thick (1-4 mm) and rigid material
(propylene, carbon fiber, etc.) providing energy absorption and protection against
penetration and a liner (3—7 mm) made of soft material (EVA, Neoprene, etc.) to
reduce the peak impact force [13]. Carbon fiber would provide better protection
against high-impact forces because its reduced flexibility would reduce the time the
force stays on the tibia; moreover, they also concluded that “choosing the right
padding material requires as much care as the selection of a shell” [35].

Shear thickening fluids (STFs) are very popular among the scientific and techno-
logical community developing energy dissipative systems, particularly in protective
applications [14], because of its unusual mechanical properties [15]. This kind of
non-Newtonian fluids suddenly increases its viscosity upon the application of an
external load that results in either inducing the hydrocluster formation [16] or
jamming [17] of the particles dispersed in the carrier fluid [18]. The increase in
viscosity can be engineered by choosing the formulation of the STF [19]. This has
led to considerable interest in incorporating STFs into other materials, either porous
materials, like fabrics and foams, by means of impregnation [20-22], or nonporous
materials by means of multilayered structures consisting of solid laminates with STF
as the interfacial element [23-25], to enhance their mechanical properties for a
specific application. The major limitations of a STF composite developed either by
impregnation or by multilayered structures are as follows:

+ Large amount of fluid, which is detrimental for applications in which lightweight
is of paramount importance, as in personal protective equipment such as helmets,
helmet liners, bulletproof equipment, clothing, cushioning bodies, and shin
guards.

+ There is no room for optimization in the energy dissipated by the STF.

* The rheological response of the STFs cannot be enhanced due to the lack of
confinement [26].

These limitations can be overcome by incorporating the STF into the solid
material by means of embedded microfluidic patterns [1]. The microfluidic channels
will ensure the confinement of the STF, as well as the reduced amounts of fluid
sample needed and the possibility of producing highly integrated devices able to
mimic porous media. Moreover, the geometric features of the microchannels can be
numerically optimized to get the intended flow characteristics [27]. Additionally,
many STFs also exhibit viscoelastic features [16], and the small length scales
significantly increase the relevance of fluid elasticity, and, therefore, the flow
resistance can be significantly different from those of their Newtonian counterparts
at low Reynolds number, particularly if the microchannels are designed specifically
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for that purpose, as it is the case of the microfluidic rectifiers [28]. Thus, using
computational techniques is possible to optimize the fluidic microchannels to max-
imize the amount of energy dissipated by the composite [29]. This technology can be
implemented in any resilient nonporous solid material, such as EPS, EPP, EVA, or
cork, and it has already demonstrated its potential almost a decade ago in combina-
tion with micro-agglomerated cork pads [2], but it has never been validated in
personal protective equipment. In this chapter, the usefulness of Rheinforce cork
composites to be used in football shin guards has been assessed for the very
first time.

4.2 Materials and Method

4.2.1 Rheinforce Cork Composites

Rheinforce cork composites, formerly known as CorkSTFpfluidics composites [2],
consist of two micro-agglomerated cork pads; the bottom one is laser engraved [2]
with microfluidic channels and filled with an STF, and one on top is a self-adhesive
micro-agglomerated cork lamina. The open parameters for the design of the com-
posites can be classified as follows:

» Cork pads. The mechanical properties of the reinforced cork composite will
depend on each lamina’s thickness, the cork granules’ size, and the glue
binding them.

» STF. The rheological properties of the STF will depend on the chosen formula-
tion, i.e., the size and shape of the dispersed particles, the concentration of solids,
the particle-particle and particle-fluid interactions, the viscosity of the carrier
fluid, etc., and will affect the mechanical performance of the composite.

* Microchannels. The fluid-structure interaction is another critical aspect in the
composite design, as the microchannels’ shape will determine the energy dissi-
pated by the fluid upon the impact force. Moreover, the number of microchannels
and their dimensions (width -W- and depth -h0-) are also open parameters in the
design of the composites, as they will affect the weight and their mechanical
properties against impact loads.

Figure 4.2 shows the design process for the optimization of the Rheinforce cork
composites, once the corks pads have been already selected.

Cork shows very little lateral expansion under compression (Poisson’s ratio is
close to 0); thus, under impact loads, the compressing deformation imposes a
squeeze flow to the fluid in the microchannels, and the liquid is expelled out of the
impact zone in both directions of the microchannel. In this way, the energy of the
impact will be dissipated simultaneously by the STF and by the plasticity of the cork;
additionally, another portion will be stored by the elasticity of the cork (Fig. 4.3).
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Fig. 4.3 Reduced model of the experimental device using nonlinear springs to simulate the cork
layers, which allows to obtain the force exerted by the fluid inside the microchannels. (Reprinted
from Ref. [2], with permission from Elsevier)

In this study, we have chosen a micro-agglomerated cork pad with 4; = 4 mm for
the bottom layer of the composite and one self-adhesive micro-agglomerated cork
pad for the top layer (h, = 1.2 mm). Their properties are summarized in Table 4.1.

Apart from pure cork pads, four different Rheinforce cork composites were
considered in this study to determine the influence of the microfluidic pattern in
their performance against impact loads and their potential application for shin
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Fig. 4.4 Microfluidic patterns designed by CAD (top row). The microfluidic patterns are laser
engraved on the bottom cork lamina (bottom row). As mentioned earlier, those from left to right are
straight, splines, grid, and honeycomb channels

guards. Thus, four microfluidic patterns were designed using computer-aided design
software, hereafter known as straight, splines, grid, and honeycomb (Fig. 4.4). The
microfluidic patterns were engraved into the bottom cork layer (4 mm thickness)
employing a laser engraving machine (LaserPro® Spirit GX 40 W with a resolution
of 600 dpi) as in previous works [2, 29]. The depth of the microfluidic networks can
be set by controlling the power of the laser beam (P) and the speed of the carriage
(S); thus, according to preliminary studies [2], working with 40% of the total power
and 40% of the speed one should get hy ~ 750um depth channels. As expected, the
accuracy of the laser engraving technique was much higher in the XY plane,
ensuring an error below 2% in the width of the channels, whereas the error in the
depth was raised to 17% (Fig. 4.5). The nominal width of the straight, spline, and
grid channels was 2500 pm (W), and each channel was separated by a cork wall of
Ec ~ 2500 pm. The honeycomb patterns were replicated from our previous work
[2]. Table 4.2 shows the content of STF in each cork composite and an estimation of
the density.

The shear thickening used in this study consisted of a concentrated suspension
(27.5%w/w) of fumed silica nanoparticles provided by Sigma-Aldrich (S5130)
dispersed in polypropylene glycol (PPG 400). The average primary particle diameter
is 7 nm although, at the end of the flame hydrolysis process, they fuse forming
indivisible fractal aggregates that can be considered as fumed silica primary
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Fig. 4.5 Scanning electron microscopy of a portion of the straight microfluidic patterns engraved
in the cork pads at different magnifications: (a) 25x and (b) 75x

Table 4.2 Density and fluid content of the different cork composites

Pure Rheinforce Rheinforce | Rheinforce | Rheinforce
cork straight spline grid honeycomb
Density [kg/m’] 195 274 288 316 296
Fluid content [%v/v] 0 7 8 10 8

structure, having a characteristic size of 0.1-0.2 um [30]; moreover, the surface area
and density were of 395 + 25 m*/g and 36.84 kg/m’, respectively. PPG 400 is a
Newtonian polymeric liquid with a molecular weight of 400 g/mol having a viscosity
of approximately 0.1 Pa-s and a density of 1010 kg/m> at 20 °C. The fumed silica
was dried at 120 °C for 24 h [31] in a convection oven to remove moisture before
mixing with PPG 400 in a blender (Robot Kenwood KVC5010T equipped with a
dough hook) at room temperature for 11 h and sonicated in an ultrasonic bath for 4 h
(Sonorex Super RK106 35 kHz) [2]. The viscosity curve was measured at 20 °C in a
stress controlled rotational rheometer (Anton Paar MCR301) equipped with 50-mm-
diameter parallel plates geometries with grooved surfaces to avoid slip. The steady
shear viscosity measurements were performed using a gap of 750 pm, considering
20 s for each measurement point. The results (Fig. 4.6) show a marked shear thinning
at low shear rates (below 10 s~ followed by a steep shear thickening response.

4.2.2 Commercial Shin Guards

In order to validate the usefulness of the Rheinforce cork composites for their use in
football shin guards, the same blunt impact tests were developed with three recre-
ational shin guards available at a local retailer (Table 4.3).
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Fig. 4.6 Steady state viscosity curve of the STF compared with the viscosity of the carrier fluid
4.2.3 Low-Velocity Impact Tests

In this study, we focus on the performance of the Rheinforce cork composites against
the blunt impact tests [3]. This impact is responsible for concussion or bruise, an
injury in which the skin is not broken. Still, the underlying soft tissue is damaged by
compression and shearing forces resulting in the damage of fine blood vessels
leading to bleeding, discoloration, and swelling.

The drop weight testing machine (ROSAND Instrument Falling Weight) used in
previous studies [2] was adapted to meet some of the features defined by the
standards [3], which can be summarized in the following points:

* A guided falling mass with a striking face oriented at 90° + 2°.

» The striking face has a width of 14 + 0.5 mm and a length of 65 mm with the long
edges rounded with a radius of 2 + 0.1 mm.

* A strap system holds the shin guard in place during the impact tests.

However, as the minimum mass allowed by the ROSAND Instrument Falling
Weight was limited to 3.986 kg (approximately four times larger than the mass
defined in the EN 13061:2009 [3]), the velocity of the impact was reduced to the
minimum affordable for that instrument (1.12 m/s) to reach 2.5 J, which is slightly
above to the energy impact defined in the European standard (2 J). Under these
circumstances, the transmitted force of the three single impacts to the same point on
three shin guards shall not exceed 2.0 kN.

Regarding the force sensor, a Kistler Type 9031A was mounted on the falling
mass. This sensor could measure forces up to 60 kN with an accuracy of 0.1 N,
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having the lowest natural frequency of 65 kHz, meeting all the standard
requirements for the load cell. All the experiments were performed at a temperature
of 20 °C + 2 °C and a relative humidity of 65% + 5%.

4.3 Results and Discussion

In this study, four different Rheinforce cork composites are considered, whose
differences lie in the microfluidic patterns, in which their geometric features were
not numerically optimized but manually defined. Their performance against blunt
impact tests is compared to the response given by a neat cork pad without engraved
microchannels embedding the STF.

Figure 4.7 shows the time vs. force curves measured by the load cell for the cork
composites under three consecutive impacts. The pure cork shows a smoother
response than the Rheinforce counterparts, which provide a wavier signal due to
the lack of internal cohesivity and the presence of the fluid. In general, for all cases
considered, the maximum peak force remains below 2.0 kN required by the
European standard [3]; moreover, the first impact (black square symbols) curve
exhibits a lower force peak value than the two subsequent impacts.
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Fig. 4.7 Force vs. time curves measured for the pure cork pads and the different Rheinforce cork
composites
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Even though micro-agglomerated cork can recover more than 75%, the blunt
impact will induce some plastic deformation. Cork is a cellular material, and
unlike dense solids, it compacts when compressed. Suppose the linear limit of
deformation is exceeded. In that case, a portion of the cells beneath the impact
zone will crash, resulting in the densification of the zone and a permanent deforma-
tion when the load is removed [32]. This last consequence was observed in the
time vs. force curve for the pure cork case, where after the crushing of the cells in the
first impact, the two subsequent responses do not follow the first one; they exhibit a
more prominent peak value due to the new denser structure generated after the first
impact; moreover, these second impacts show overlapping curves, because the
subsequent impacts do not result in further plastic deformation/densification beneath
the impacted zone.

In the case of the Rheinforce cork composites, the volume occupied by the
microchannels modifies the shape of the force vs. time curve compared to the pure
cork. As part of the solid is replaced by a liquid, the remaining solid structure (walls
of the microchannels) exhibits lower stiffness against the compression; the fluid
beneath the impact zone is squeezed out after the first impact, and as it does not fully
return to its position, the subsequent impacts result in higher and practically equal
peak forces. This lack of restoration of the fluid can be understood from the shape of
the viscosity curve provided by the STF formulation considered in this study
(Fig. 4.6). The fluid exhibits yield stress and a marked shear thinning behavior
below shear rates of the order of 10 s~ '; thus, if the applied pressure overcomes the
yield stress value, the fluid will start to flow with a lower resistance with increasing
shear rates; when the shear thickening is triggered, its viscosity rises again, and it
will keep on flowing like a dough, probably slipping on the walls of the channels;
when the deformation rate stops, the microstructure will be regenerated, the yield
stress is restored, and the fluid will hold its position again and will not return to its
original position, similar to what we observe in the toothpaste when it is squeezed
out from the tube onto the toothbrush.

A more inside mechanical analysis will allow to determine the energy dissipation
from the force vs. time curves. In an ideal case in which no energy was dissipated
(E= %sz, E,=E,), the impactor before and after the impact will have the
same velocity but with different directions; consequently, the linear momentum

(p :mV) of the mass strike before and after the impact will be the same, but
with different sign, i.e., p,= — p, (Fig. 4.8). The presence of the composite

introduces a loss of momentum in the striking mass (‘ Vz‘ < ’ Vi ‘) and is therefore,

, represented by the impulse 7= Ap=p,—p, (Eq 4.1):

[Pa| <P

Aﬁ’:ﬁg—]_ﬂ:m‘/zz—(—mVlz):m(Vz—FVl);. (4.1)
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Fig. 4.8 Sketch of the force measured by the load cell during the impact time and the exchange in
the impulse

That impulse (7) can be calculated by integrating the force vs. time curve
obtained from the experiments (Eq. 4.2):

At
IzAfa’:/ Fdtk (4.2)
0

As Ap from Egs. 4.1 and 4.2 is the same, the velocity after the impact can be
determined as follows (Eq. 4.3):

At
_ / Fdr N
Vok =|22— —V, | k (4.3)

Since the energy of the striking mass is constant for all the experiments

Vi=, /2’%’ lower values of velocity at the end of the impact indicate larger amount

of energy dissipated: Epys = 1m(Vi—V3) =1 (\ J3EL— ﬁ) The maximum energy

dissipated will be reached when dEd‘}i“ =0, and that happens when the impulse is

equal to the linear momentum of the striking mass at the beginning of the impact,
i.e., I = mV,. Moreover, the larger the impulse and the shorter the duration of the
impact, the larger the force transmitted to the shin.

Figure 4.9 compares the accumulated impulse for the different cork composites
for the three consecutive impacts. Their inset graphs represent a zoom into the last
two milliseconds of the impact. As discussed above, the lower the accumulated
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Fig. 4.9 Comparison of the accumulated impulse for the different cork composites and its
evolution with the number of consecutive impacts

impulse at the end of the impact, the larger the energy will be dissipated by the
composite. Different shapes in the microfluidic patterns result in significant changes
in dissipated energy.

The solid line represents the reference given by the response of the pure cork
composite. For the first impact, the Rheinforce cork composites having the spline
and honeycomb patterns exhibited lower accumulated impulse than the grid and the
straight channels. One would expect a larger dissipated energy for those composites
containing more amount of fluid, and therefore, the Rheinforce cork composite
having the grid pattern should provide the lowest accumulated impulse; however,
as conceptualized in Fig. 4.2, it becomes evident the importance of the shape of the
design in the dissipation of energy. Consecutive impacts onto the same position
result in empty channels and densified cork microstructure. Besides providing more
energy dissipation, even exceeding the performance of pure cork in every impact
(Table 4.4), the honeycomb Rheinforce cork composite can also offer higher
mechanical strength against impact when compared with the other patterns.

It can then be concluded that there is no direct correlation between the amount of
fluid embedded and the energy dissipated by the cork composite, and the shape of
the microfluidic pattern has a major role in the energy dissipation process, as it is
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Table 4.4 Damping performance of the cork composites

First impact Second impact Third impact
Composite Energy dissipated [%] | Energy dissipated [%] | Energy dissipated [%]
Cork 86.71 + 0.05 85.52 + 0.05 84.67 + 0.05
Rheinforce straight 86.32 + 0.05 83.72 + 0.05 80.94 + 0.05
Rheinforce spline 87.27 £ 0.05 84.83 +0.05 84.52 + 0.05
Rheinforce grid 86.56 + 0.05 84.84 + 0.05 83.82 + 0.05
Rheinforce 88.34 + 0.05 85.99 + 0.05 84.75 + 0.05
honeycomb

responsible for the pressure drop. It is important to highlight here that none of the
four microfluidic patterns considered in this study were numerically optimized. The
application of a topological optimization process, similar to those included in our
previous work [33], will provide the pattern leading to the maximum energy
dissipation and mechanical strength, whereas the amount of fluid is kept minimal.

The performance of the Rheinforce cork composite with the honeycomb
microfluidic pattern will be compared with the performance of the three commercial
shin guards already qualified for the European standard [3] to assess the real
potential of this technology for this application. It must be noticed two significant
differences between the commercial shin guards and the Rheinforce composite: first,
the Rheinforce cork composite does not have any hard shell, and second, the total
thickness of the cork composite is roughly half of the thickness of the commercial
shin guards (Table 4.3).

Figure 4.10 shows the force vs. time curves measured in the three consecutive
impacts and the calculated accumulated impulse for the four shin guards. It can be
observed that the Rheinforce cork composite exhibited the largest peak values for the
force, but also the lowest impulse, whereas the Team Quest shin guard provided the
lowest peak force.

In terms of energy dissipation, the SAK shin guard offered the lowest value
(Fig. 4.11). This is due to the combination of two contributions: first, the reduced
thickness and, second, the fact of having a stiffer shell (PMMA+PVC) than the
polypropylene used in the Nike and Team Quest shin guards. For the same thickness,
the stiffer the shell, the lower the deformation allowed, which results in larger peak
values for the force and lower values in the energy dissipation. In the case of the
Rheinforce cork composite, the reduced thickness allows for higher peak values in
the force, whereas the lack of hard shell facilitated larger values in the energy
dissipation.
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4.4 Conclusions and Remarks

In this study, the mechanical response of cork-STF composites, which were
designed with the Rheinforce technology [1], has been assessed against
low-velocity impacts. The aim was to assess the technology for its application in
football shin guards. The composites consisted of a sandwich of two micro-
agglomerated cork pads having a total thickness of 5.2 mm, and different
microfluidic patterns were considered. For the STF, a concentrated suspension of
fumed silica in polypropylene glycol of 400 g/mol has been considered. The results
of the blunt impact tests evidenced the microfluidic pattern’s importance in the
mechanical performance of the composites against impact loads.

Moreover, it was also observed that the formulation of the STF is paramount in
that performance. In this sense, it is recommended to define a new formulation to
remove the yield stress behavior, as it prevents the fluid from returning to the
impacted zone once the load is released. Moreover, because cork is a natural
material, an eco-friendlier design using Rheinforce cork composite as a core material
will require for an eco-friendlier formulation of the STF. Among the four
microfluidic patterns, the one with the honeycomb design provided the best result
for this formulation of STF, providing a force peak below 2.0 kN and the most
significant amount of energy dissipated, exceeding the performance of the pure cork.

Compared with the commercial shin guards, it can be highlighted that due to the
reduction in the thickness between 13.3% and 45.3%, the Rheinforce cork composite
provided the most significant peak values in the force and the shortest impact time.
However, the amount of energy dissipated exceeded the ones from the commercial
shin guards. Table 4.5 summarizes and compares these main features.

The impact resistance was not analyzed in this study. However, as shear thick-
ening materials are typically used in more demanding anti-penetration applications,
such as bulletproof vests [34] or stab-resistant materials [21], it is expected that the
Rheinforce cork composites will also satisfy the requirements for stud impact tests.
In a previous work using the same honeycomb microfluidic pattern [2], it was
observed that the STF prevents the cork from being perforated and cracked. Never-
theless, if required, we could also use the Rheinforce cork composite as the liner of
the shin guard, having an external hard shell (Fig. 4.12).

The conclusion of this study is that, even though there is still room for topological
optimization, Rheinforce technology can be used to design football shin guards.
Moreover, it also opens the door to applying this technology for many other PPE.
Finally, thanks to a large number of unrestricted designing parameters, this technol-
ogy offers the possibility of tweaking the mechanical performance to the required
needs in many other applications such as baby chairs, helmets, etc.
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Fig. 4.12 Prototype of a shin guard using Rheinforce cork composite as inner liner and an outer
hard shell
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Chapter 5 )
Stab Resistance of Shear Thickening Fluid sz
Treated High-Performance Textiles

Thiago F. Santos, Caroliny M. Santos, M. R. Sanjay, Suchart Siengchin,
Emad Kamil Hussein, Ivan Medeiros, and Marcos Aquino

5.1 Introduction

High-performance fiber-based lightweight armor is used to provide protection
against low velocity to ballistic threats. For this purpose, high-performance fibers
made from ultrahigh molecular weight polyethylene (UHMWPE), polyp-phenylene
benzobisoxazole (PBO), polyhydroquinone-di imidazopyridine, and p-aramid are
widely used in the protective applications. Textiles made from p-aramid fibers, such
as Kevlar, provide several advantages over the others. Lightweight, high toughness,
increased tensile strength, advance impact/shock resistance, and excellent thermal
stability are some of key factors that make the p-aramid based textiles suitable for
protective applications [1-5]. In recent years, researchers have shown great interest
in shear thickening fluid (STF) with high-performance fabrics to have enhanced
protection performance against impacting threats. When engineering textiles are
impregnated with STF, a considerable increase is observed in protective perfor-
mance without compromising the flexibility and lightweight of the structures [6, 7].

Polyparaphenylene terephthalamide based yarns are considered as a substrate of
chemical origin in which the fiber-forming substance is a long-chain synthetic
polyamide. At least 85% of the amide bonds are directly linked and combined
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with amide groups and benzene rings in polyamide molecules. These aromatic
polyamide fibers (p-aramid) have been widely used in the development of light-
weight reinforcing materials due to their high strength-to-weight ratio [8]. The
p-aramid was developed by a Polish chemist, Stephanie Kwolek, while working
for DuPont. She was researching, together with her group, poly-p-phenylene-tere-
phthalate and polybenzamide, aiming to obtain a new lightweight and strong fiber to
apply in tires. The fiber was discovered accidentally, and a few years later in the
1970s, the modern p-aramid was introduced to the market [9]. The p-aramid fibers
have high tenacity and resistance to stretching in various chemical and high tem-
perature conditions. Some of the physical and mechanical properties are density of
1.44 g/cm3, toughness of 2.03 N/Tex, and tensile modulus of 70.3 GPa. Because the
p-aramid yarns are more flexible than the other high-performance textile materials
such as glass, they are also easier to be used in fabric manufacturing processes such
as weaving, knitting, or braiding [10, 11]. Currently, the requirements of the
protective textiles are mostly about high tenacity, lightweight, and flexibility.
Although much progress has been made in improving the functionality in the
protective textiles, they still adversely affect the user comfort and mobility, thereby
still needing more comfortable solutions. To meet this requirement, many
researchers have studied the relationship between material, manufacture, and pro-
tective properties [1, 4, 12]. Therefore, the great challenges for the researchers in this
field are weight reduction, flexibility gain, and impact resistance improvement. For
this purpose, different approaches have been made in recent years. One of these
approaches is integrating the high-performance textiles with STF to enhance the
protection with less numbers of fabric layers in the structures and thereby improve
the flexibility as well [4, 13, 14].

The energy of impacting threats has to be dissipated on the protective systems
without producing a penetration. Hence, protective structures are designed to resist
to sharp penetrations and thereby avoid internal damages. However, non-penetrating
impacts may induce blunt trauma or biomechanical injuries on the user bodies. There
is little data that conclusively defines the limits of energy that the human body can
safely support. Therefore, currently personal shielding does not adequately secure
the body against problems such as brain or neck injuries caused by non-penetrating
impacts [15, 16]. Even dealing with a non-penetrating threat, protective structures
should lower the traumas on the bodies. At this point, kinetic energy of impacting
threats has great importance to reduce the traumas. During the impacting process of a
threat, some part of the kinetic energy is dissipated over an area on the target while
some is absorbed. Yet, the remaining energy leads to deformations in the target. To
enhance the protection, the dissipated and absorbed amounts of energy should be
enhanced by designing proper structures. Multiple layers of p-aramid based textiles
are efficiently used in flexible protective solutions. High tensile strength of fabric
layers promotes distortions in impacting threats while dissipating the kinetic energy
over an extended area [17, 18]. STF applications contribute to the protective
capabilities of p-aramid layers providing a coupling effect between the yarns and
thereby enhancing energy dissipation on the structures.



5 Stab Resistance of Shear Thickening Fluid Treated High-Performance Textiles 65
5.2 Shear Thickening Fluid and Protective Applications

If shear stress in a fluid is not directly proportional to shear rate, the fluid is called
non-Newtonian [19, 20]. In that case, the fluid exhibits nonlinear behavior between
shear stress and shear rate as shown in Fig. 5.1. The relationship between shear stress
and shear rate is defined by Eq. 5.1:

t=n(7)7 (5.1)

where 7 is shear stress, 7 is viscosity, and y is shear rate. In Newtonian fluids,
viscosity is independent from shear rate and thereby becoming a constant. However,
in non-Newtonian fluids, viscosity is dependent on shear rate and shows variable
values at different shear rates [21].

Shear thickening behavior is seen in suspensions generally at high particle
volume fractions and high shear rates. Viscosity increases drastically upon shearing
the suspension. Shear stress increases accordingly in the suspension [22, 23]. The
thickening is so severe and instantaneous that the suspension shows a solid-like
behavior under high shear rates [24]. After removing the shear rate, relaxation occurs
within a few seconds, which is rapid but not instantaneous as in the thickening
process [25, 26].

Composite materials have been successfully introduced in protective applica-
tions. The concept of formulation is very broad that develops intermediates or
finished products by mixing different raw materials. However, formulation can be
defined as all the knowledge and operations implemented when mixing, combining,
or molding ingredients of natural or synthetic origin in order to obtain a commercial
product characterized by its function of use and its ability to satisfy a predetermined
specification. In this way, they are formed by combining two or more individual
materials in a defined proportion to have a desirable set of mechanical and physical

Fig. 5.1 Shear

rate vs. shear stress for Shear thinning
Newtonian and

non-Newtonian fluids Newtonian
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Shear Stress

Shear Rate
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properties of their components. The matrix, also called the continuous phase, ensures
cohesion and orientation of the load, which is the discontinuous phase or reinforce-
ment. They are combined in such a way that their physical and mechanical properties
are complementary. The advantage of composites with polymeric matrix, in relation
to metals, is to obtain a lower density. It is important to emphasize that the nature of
the matrix and the filler, the shape and proportion of the filler, the quality of the
interface, and the production process used are parameters that can influence the
properties of the composite material. This results in high strength, low weight, high
rigidity, and high impact resistance. Textile composites, in turn, have special
properties due to their better draping ability and greater resistance to dynamic and
out-of-plane loads. They are manufactured using fabrics inside the dies, which can
result in superior mechanical and ballistic behavior with a very reduced weight [27—
30]. STF in textile based composites is used as the matrix and thereby provides a
continuous phase on the structures. Moreover, flexible behavior of textiles remains
in STF-based composites since it is a fluidic material on the fabrics. In addition to
these advantages, STF contributes to the protective properties by the effect of shear
thickening mechanism, which leads to a solid-like texture upon introducing to the
impact conditions.

5.3 A Case of Protective Applications Based on STF
Treated Textiles

5.3.1 Experimental Details

In this work, a high-performance textile made from p-aramid was treated with an
STF. The areal density of the textile was 497 + 25 g/m?, while the weaving details
were 7 weft/cm and 7 warp/cm for the principal directions. The yarn counts were
1.73Ne + 0.02 and 1.72Ne +0.01 for weft and warp, respectively. The STF was
fabricated by ultrasonically distributing the colloidal silica nanoparticles (7 nm, from
Evonik) in a polyethylene glycol (PEG) 400 g/mol medium while adding ethanol
and silane coupling agent chemically called aminopropyltrimethoxysilane (APTES,
from Sigma Aldrich). After the mixing stage, ethanol was removed from the
suspension, and the final content was 28% silica and 72% PEG while including
2% APTES with respect to the suspension.

The fabrics were cut in squares with the dimensions of 8§ cm x 8 cm. The layers
were immersed in the suspension for 15 min. Then, the layers were squeezed at
0.5 bar by a pair of rollers with the velocity of 3 m/min. After the padding process,
fabric layers were rested at 75 °C to remove the ethanol. Figure 5.2 shows the
macroscopic images of the fabric before and after the STF treatment. Finally, each
target was assembled with three layers of fabrics with different plying angles such as
(0°/0°/0°) and (0°/30°/60°) as shown in Fig. 5.3. Table 5.1 gives the details of the
targets.
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Fig. 5.2 Fabric (a) before and (b) after STF treatment

Fig. 5.3 Target configurations: (a) p-Ar-NOR and (b) p-Ar-OR

Table 5.1 Details of the targets

Specimen Description

p-Ar-NOR Neat fabrics with (0°/0°/0°) orientation
p-Ar-OR Neat fabrics with (0°/30°/60°) orientation

p-Ar + STF-NOR STF treated fabrics with (0°/0°/0°) orientation
p-Ar + STF-OR STF treated fabrics with (0°/30°/60°) orientation
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Fig. 5.4 Specimen details
in pull-out testing Pulled varn
Morable jaw 2em
Sem
Cut
v 0,5¢cm
Fixed jaw 2Zem

Pull-out test is a simple characterization method when trying to describe the
friction behavior between the yarns in textiles [31]. Pull-out test was carried out in a
Mesdan Tensolab 3000 tensile testing system [32]. An intentional cut was initially
made at the lower end of the pulled yarn as shown in Fig. 5.4. The upper end of the
yarn was pulled at the speed of 100 mm/min, and the pull-out forces were
recorded [33].

The targets were also investigated under stab conditions. For this purpose, the
targets were subjected to stabbing tests as shown in Fig. 5.5. The tests were
conducted as per the NIJ Standard 0115.0 [34] by using the P1 coded knife in the
same standard. The details of the P1 knife are shown in Fig. 5.5a. The knife was
loaded with 3.34 kg before the tests, and therefore, the targets were stabbed with an
impact energy of 27 J. The targets were located on a backing material that consists of
a layer-by-layer staked pack having five witness papers and four neoprene sponges
as shown in Fig. 5.5¢c. The stab results were evaluated in terms of penetration depth
considering the witness papers in the backing material [35].

In order to evaluate the flexibility of the targets, specimens were investigated in
bending angle test as shown in Fig. 5.6. The fabrics were sized into 51 mm % 51 mm
in this testing. After fixing one of the edges by a distance of 13 mm, the other edge
was loaded by a mass of 20 g and the bending angle was measured for each specimen
[36]. This test has been widely applied to determine the flexibility of textiles
impregnated with STF [37].
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Fig. 5.5 Schematic illustration of stab testing system: (a) geometrical details of P1 knife, (b) P1
knife at impactor end, and (c) stab dropping tower
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Fig. 5.6 Schematic illustration of bending angle test

In addition to the protective properties, photooxidation behavior of the targets
was investigated in this study. Since the textile based protective structures are used in
open-to-atmosphere conditions, ultraviolet (UV) exposure is one of the common
problems for these materials. For this purpose, the specimens were characterized by
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Fourier-transform infrared spectroscopy (FTIR) analysis in a Shimadzu IR Tracer
100 system to verify the new peak formations after the photooxidation exposure in
an accelerated aging equipment (QUV). The analysis focused on the change in the
intensity of the normalized wavenumber (820 cm™ '), which corresponds to the
vibration outside the plane of the C—H bond of the benzene ring used as a reference,
because it is the only peak that unchanged during UV exposure. The specimens with
the dimensions of 25 mm x 220 mm were subjected to photooxidation by the UV
lamps having a wavelength of 340 nm (equivalent to UVA light — daytime) with a
condensation cycle (equivalent to night). Each complete cycle lasted 8 h of UV
exposure at 60 °C (irradiance of 0.68 W/m?) and followed by 4 h of condensation at
50 °C. The total testing period was 180 h for the specimens [38]. The characteriza-
tion for reflectance spectrophotometer (RSP) was carried out before and after
photooxidation with the standard illuminant CIE D65. The color system, CIELAB,
was used for the quantitative determination of color variation and the total color
difference [39].

The chemical treatment commenced with a solution comprising 98% ethanol,
which served to reduce the surface tension and facilitate the dispersion of silica
particles in polyethylene glycol (PEG) by weight. A 2% aqueous solution was also
incorporated. APTES was then introduced into the mixture through ultra-sonication
for 5 min to enable hydrolysis and the formation of Silanol. Subsequently, the silica
particles, comprising 28% of the total mass, were mixed with the solution using
ultra-sonication for approximately 15 min to accomplish the functionalization of the
silica nanoparticles. Following this, a mixture of polyethylene glycol was added, and
the solution was stirred for 3 min to complete the preparation of the suspension, with
a pH ranging from 10.4 to 11.2. These steps were carried out in accordance with
established guidelines found in the existing literature. To further proceed, the ethanol
was evaporated using a laboratory stenter machine at 75 °C for 90 s, resulting in the
formation of an STF composition comprising 28% silica and 72% PEG.

5.3.2 Results and Discussion

Figure 5.7 shows the scanning electron micrographs for the neat and STF treated
fabrics. As shown in the images, a thin layer of silica nanoparticles covers the surface
of the fibers within the STF treated fabric. A good dispersion of silica is observed in
this specimen. The fabric benefits from the mechanical properties of silica
nanoparticles such as high rigidity on the fibers. Moreover, coupling between the
fibers is enhanced by the effect of silica nanoparticles. Hence, energy dissipation
mechanism is improved in the structure as well as growing the friction between the
yarns [40, 41]. Due to higher energy dissipation capabilities, impact performance of
textiles is greatly enhanced after STF treatment [42, 43]. This change is also related
to the friction between the yarns, which also grows up by the effect of STF treatment
in the textiles [23, 35].
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Fig. 5.7 Scanning electron micrographs for (a) neat and (b) STF treated fabrics

Fig. 5.8 Pull-out
force vs. displacement
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Yarn pull-out test is widely used for evaluating the impact performance of textile
based structures [44, 45]. Figure 5.8 shows the relationship between force and
displacement for the neat and STF treated fabrics in the yarn pull-out testing. The
pull-out force is associated with the yarn-to-yarn friction within the textiles so that
the higher pull-out force, the higher friction in the structure [46]. In general, higher
frictions between the yarns provide enhanced anti-impact properties in the textiles
because the frictional interactions act as an additional energy absorbing mechanism
during the impact process [47]. From this aspect, STF treated fabric is much more
suitable for designing the anti-impact systems compared to the neat one. The peak
yarn pull-out force is about 10.5 N in the STF treated fabric, whereas it is only 3.8 N
in the neat fabric. From this result, it is obvious that the STF treatment provides
about 2.76 times higher frictional increase within the textile. Higher friction in the
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textiles promotes the anti-slip mechanism in the yarns and thereby prevents the yarn
opening effect at the impact zone [48]. For this reason, penetration of the impacting
threat is avoided in the structure [49, 50]. Moreover, yarn interlocking is enhanced
by the effect of STF treatment in the structure [51, 52]. STF acts as a continuous
matrix on the yarns, and therefore, coupling effect is observed in the textile [53—
55]. In addition to the increased pull-out force by the effect of increasing frictional
interactions between the yarns, tenacity of the yarns has to withstand the impacting
threat for enhanced protection. In this case, the impacted yarns are strained and
tensile stresses prevail over the yarns. For this reason, the yarns have to sustain their
integrity without rupturing during the impact process [56].

Figure 5.9 shows the depth of penetration results for the specimens. Depth of
penetration exhibits the protective performance of the textiles. According to the
results, different orientations of the fabric layers has a minor effect on the penetration
depth since the results are quite close to each other: 32.7 mm and 33.3 mm for the
orientations of (0°/0°/0°) and (0°/30°/60°), respectively. However, penetration depth
is heavily changed by the effect of SSTF treatment on the fabrics. After the STF
treatments, penetration depth is lowered to 15.5 mm and 12 mm for the orientations
of (0°/0°/0°) and (0°/30°/60°), respectively. The reductions in the penetration depths
are significant when the fabrics are treated with STF. The results can be associated
with the frictional interactions within the fabrics by the effect of STF application.
During the stabbing process, impact energy is dissipated over a wider area due to the
coupling effect between the STF treated yarns [43]. Hence, secondary yarns also
contribute to the energy dissipation mechanism and, therefore, energy absorbing
capacity of the structure is enhanced by STF treatment. For this reason, penetration
depth is considerable reduced, which means that STF treated fabrics provide a great
protective performance for their users.

Figure 5.10 shows the stabbing deformations on the witness papers layered in the
backing material. The knife cuts are larger in dimension on the first witness papers
and gradually get smaller to the fourth witness paper. This is because of the geometry
of the knife blade used in the testing. The blade has a sharp point at the tip and an



5 Stab Resistance of Shear Thickening Fluid Treated High-Performance Textiles 73

Il <
1 2 3 4 1 2 3 4
" w « ¥

*
A
o

Fig. 5.10 Deformations on the witness papers for (a) p-Ar-OR, (b) p-Ar + STF-OR, (c) p-Ar-NOR,
and (d) p-Ar + STF-NOR

extending shank to the knife root. Comparing the neat and STF treated fabrics, there
are significantly different deformations on the witness papers. The knife cuts are
more obvious on the last witness papers for the targets packed with neat fabrics.
However, the cuts are hardly visible on the last layer of the witness papers for the
STF treated targets. Despite the same stabbing energies both for the neat and STF
treated fabrics, impact energies are distributed over larger areas on the STF treated
targets and thereby lower the depth of penetrations. The main mechanism in this
phenomenon is reduce the mobility of the yarns within the textiles and thereby
hinder the yarn openings at the impact point [57, 58]. Furthermore, the contribution
of the secondary yarns enhances the energy absorbing capabilities in the structures.
Straining of far-fields is observed by this way. Consequently, impact energy is
greatly attenuated by dissipating the large part of it at in-plane directions so that
depth of penetration is significantly lowered.

Regarding the flexibility of the targets, it can be stated that STF treatment does
not deteriorate the soft texture of the textiles. Both the neat and STF treated
specimens show the bending angles of about 55° in the flexibility tests. Due to the
fluidic characteristics of the STF, STF treated textiles keep their flexible properties.
For this reason, STF application in textile based protective structures can be easily
used without compromising the advantages of soft armor.

About the photooxidation and color change behavior, it is necessary to under-
stand the vibration peaks of the functional groups that correspond to a specific
wavenumber in the specimens exposed to QUV testing. The wavenumber at
3317 cm ™' corresponds to N-H stretching, which occurs when the carbonyl and
amine groups are in trans configuration. On the other hand, the wavenumber
vibrations at 2916 cm ™' and 2819 cm ' are attributed to the stretching of C-H
groups as well as aldehyde groups, and still, the peak at 1639 cm ™' corresponds to
the stretching of the CO group (amide I) [59, 60]. The vibration peaks of the
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functional groups at 1307 cm ™' are related to a combination in the flexing and
stretching of N—H groups, while at 1539 cm ™', there is a combination in the flexing
and stretching of C—N groups (amide IIT and II) [59, 61]. Figure 5.11a shows the
normalized intensity with percentage increase (+%) or percentage decrease (—%) of
the bands corresponding to the specimens at the peaks of 3317 cm ™', 2916 cm™ ',
2819 cm_l, 1639 cm™!, 1539 cm™!, and 1307 cm ™. Hence, amide band of the neat
fabric at 3317 cm ™' does not exhibit a significant increase (+0.8%) after exposure to
QUV compared to the STF treated fabric, as the STF applied fabric shows an
increase of about +15.7% in wave number intensity at this peak. During UV
exposure, photooxidation promotes the scission of C—N bonds in the main chain
of the macromolecule in neat fabric by forming oxidized species. Due to this, the
neat fabric suffers less oxidation in comparison with the STF treated one at the peak
of 2916 cm™ !, Moreover, a positive increase in the wavenumber intensity is
observed at 2916 cm ™! in the neat fabric (14.8%), while the STF treated fabric has
just opposite progress (—0.7%) as shown in the chart. At 2819 cm™', STF treated
fabric has a negative change (—9.1%) in the wavenumber intensity, while the neat
fabric shows a positive increase of 5.9% after the UV exposure [62, 63]. However,
the peaks at 1639 cm ™' and 1539 cm ™' show that the intensity of the normalized
wavenumber has the same trend. At 1639 cm ™' (amide 1), it decreases (—5.1%) for
the neat fabric, whereas an increase about 10.3% is observed for the STF treated
fabric. Regarding the amide II at 1539 cm ™', the neat fabric shows a reduction of
3.5%, while the STF treated fabric shows an increase of 6.5%. This can be associated
with the main chain scission and reduction of functional groups after UV exposure.
The peak intensity normalized at 1307 cm ™' (amide III) increases after UV exposure
both for the neat and STF treated fabrics. The rates of the increments are 2.8% and
6.6%, respectively. Comparing the specimens, it is clear that the increase for the STF
treated fabric is larger at this peak. This indicates that there is a partial scission of the
chain, generating amide (N—H groups) in the STF treated fabric more than the neat
one. Considering the color change results as shown in Fig. 5.11b, the color index of
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Fig. 5.11 (a) Change in the intensity of FTIR peaks after UV exposure and (b) color change index
for the specimens
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AE is considerably higher in the STF treated fabric. The color index is 20.04 for the
STF treated fabric, while it is only 3.8 for the neat fabric. According to these results,
it is possible to state that STF treated fabric is much more susceptible to the UV
exposure so that this specimen shows visible changes in its appearance. In order to
protect the STF treated fabrics from the UV degradation, various fillers having high
photooxidation resistance can be included in the STF content [64—68]. The macro-
molecular degradation as well as color change in the structure can be hindered by
this way.

5.4 Conclusions and Future Perspectives

This chapter shows that researches like the one presented promotes a significant
expansion of the frontiers of knowledge. However, continued development of new
STFs with new carrier fluids and/or particles, optimized conditions, or new
manufacturing techniques are underway to meet new and more demanding require-
ments in the field of application. Additionally, there is a growing demand for
research in the development of new STFs based on new nanoparticles that have
adjustable properties as they have wide application potential. Other recent researches
have indicated that shear thickening can be controlled by altering particle surface
properties (e.g. hydrophilic or hydrophobic), roughness, and geometric shapes.
Further investigations will provoke discoveries that open possibilities for new
studies of shear thickening with control of the properties of absorbing/dissipation
and pull-out force, producing specific STFs for different applications and certainly
expanding the potential of applications of STFs based on nanoparticles. Looking at
the future perspectives from our margin, it is clear that there are still some problems
that need to be solved for nanoparticle-based STFs, including stability problems,
absorbing/dissipate mechanism, phenomenon of absorbing kinetic energy, and wid-
ening the impact protection capacity in future applications. There are some studies
focusing on the use of other textile structures to improve the kinetic mechanism of
nanoparticle-based STFs. However, observing the current literature, little has been
devoted to applying structures using hybrid knitting technology. In the coming
years, the focus of research on impact protection will be devoted to studying hybrid
knitted fabric/woven fabric structures with interspersed nanoparticle-based STFs.
Thus, we will prove that the impact protection performance is improved with the
help of STFs based on nanoparticles applied in 2D and 3D hybrid textile structures
promoting new statistical, experimental, and depth investigations in the field of
energy absorbing/dissipation mechanism in composites of hybrid textile fabrics
treated with nanoparticle-based STFs. Thus, the fabrication of nanoparticle-based
STFs with bold structural, rheological features opens up new possibilities to design
efficient STF-based material for application in different fields of safety and security
science and engineering.
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Chapter 6
Dynamic Compressive Behavior of Shear e
Thickening Fluid Based Composites

Z.P. Gu, X. Q. Wu, and C. G. Huang

6.1 Introduction

Materials with impact and explosive protection have drawn much interest. Numer-
ous materials have been shown to exhibit good high impact resistance and energy
absorption characteristics at high pressures and high strain rates, including porous
foam metals [1, 2], ceramics [3], and granular materials [4, 5]. Due to their reversibly
sensitive reactivity to external impact loadings, shear thickening materials, a subset
of intelligent materials, have received considerable interest [6, 7]. Currently, shear
thickening gel (STG) and shear thickening fluid (STF) are the two main categories of
shear thickening materials [8, 9]. The STF and STG both exhibit excellent potential
as impact resistant materials [10, 11]. STF is made from a high mass fraction of
dispersed nanoparticles in liquid media; however, STG is a kind of gel-like boron
siloxane polymer composite with a low cross-linking degree. In most cases, STF
displays a fluid-to-solid transition in response to an external transient loading with a
slightly low starting viscosity [12]. STF is hence typically more flexible at the
original conditions [13, 14]. Moreover, it is appropriate for impact conditions
since the dispersed nanoparticles are often rigid inorganic materials [15].

To explain the thickening characteristics of STF, various mechanisms have been
proposed. Hoffman is the one who initially discovered the order-to-disorder trans-
formation mechanism [16]. The hydro-cluster of STF particles is typically thought to
cause the shear thickening that occurs during shear loading [17-19]. Dynamic
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solidification occurs under compression at high loading strain rates [15, 20]. During
the thickening, a tremendous amount of energy is lost [21-25]. More significantly,
STF exhibits reversible energy absorption characteristics and quickly returns to its
initial state if loadings are removed [22, 26, 27]. The unique characteristics of STF
have led to its widespread applications in shock absorbers, dampers, control mech-
anisms, etc. [28-30]. Due to the fluidic nature and sensitivity to the environment,
STF should be adequately encapsulated in actual uses. Fabric composites were
treated with STF by Giirgen et al. [30, 31] to increase their impact and stab resistance
while maintaining their flexibility. The research by Giirgen et al. [32, 33] also
demonstrated that the impact behavior of cork composites with STF joints was
enhanced. In another work [34], researchers designed composite tubes with STF to
suppress the vibrational loadings. To increase the dynamic impact protection capa-
bility of SPLTC, various fillers, including low-density polymers and ceramics, have
been considered [35, 36]. Giirgen et al. [6], Fischer et al. [37], and Tan et al. [38]
have investigated the vibration attenuation and penetration protection capabilities of
sandwich constructions filled with STF. The findings demonstrated that the addition
of STF significantly increased the structural capacity for shock absorption and
penetration resistance.

SPLTC has attracted a lot of interest in the scientific community as one of
advanced structural materials [39—41]. Numerous articles on the mechanical char-
acteristics of SPLTC demonstrate that the device can release dynamic energy
through various deformation patterns [42—47]. The use of SPLTC as a protective
construction is, however, still constrained by its inadequate dynamic energy absorp-
tion capacity and rapid stiffness loss upon impact [40, 48]. Filling the SPLTC with
lightweight materials has shown to be a realistic method for improving impact
resistance and energy absorption. To increase the capacity of SPLTC’s shock
absorption ability, filling with STF has been studied [49]. The results revealed that
the dynamic compressive strength of the SPLTC-STF is much higher than that of the
SPLTC. To increase the impact resistance of SPLTC-STF, more research into the
coupling processes of energy dissipation between SPLTC and STF under impact
loadings is required. As a result, it is critical to model the SPLTC-STF’s compres-
sion behavior. The parameters of the hydrodynamic constitutive model for STF are
determined in this study. Analytically and numerically, the coupling energy dissi-
pation mechanisms of the SPLTC-STF under dynamic compression are explored.
Investigations are also conducted on how the STF rheology affects the impact
response of SPLTC-STF.

This chapter is organized as follows: Sect. 6.2 presents the dynamic response of
STF exposed to laser-induced impact in relation to temperature, pressure, and stress
conditions. Section 6.3 presents the dynamic compressive performance of STF
experimentally and numerically. The compressive behavior of SPLTC-STF at high
strain rates is discussed experimentally and numerically in Sect. 6.4.
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6.2 Dynamic Shock Response of STF

This section discusses the dynamic behavior of a spherical nanoparticle silica and
polyethylene glycol based STF at high pressure loading by measuring the back-free
surface velocities of targets made of aluminum and STF assembled structures. An
experimental setup is used to have laser generated shock impact loadings. The
dynamic characteristics of STF at various shock pressure loadings and temperatures
are compared, and a discussion related to the experimental results is provided.

6.2.1 Experimental Method

As shown in Fig. 6.1, laser-induced shock experiments were used to study the
dynamic responses of STF at high pressure loadings. These experiments included
an in situ shock diagnostic system for measuring back-free surface velocities of
samples. An absorption layer that has been bonded to a metallic target is exposed to a
high power density laser beam in a standard laser generated shock process after
passing through a transparent overlay sheet. Thin surface layer on the metallic target
is heated. It quickly changes into a plasma state with high electron and ion densities
that are contained between the transparent overlay and the remaining portion of the
target [50-52]. The plasma pressure typically rises to several GPa in tens of
nanoseconds before rapidly falling once the laser turns off due to its swift adiabatic
expansion [51-55]. The laser power density can be changed to generate different
peak pressures. While the laser-induced shock pressure spreads through the sample,

Fig. 6.1 Experiment setup BK7 Al STF
in the laser-induced shock (4mm) (0.5mm) (0.5mm)
loading tests Ref. [21]

Shock wave
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Fig. 6.2 Viscosity flow curve of the STF Ref. [24]

a PDV velocimeter measures the back-free surface velocity, which can be used to
investigate the dynamic behavior of STF under different pressures, stress states, and
temperatures. Laser and material interaction produces a pulse-loading wave with an
amplitude of several GPa and a lifetime of tens of nanoseconds.

Spherical silica nanoparticle and polyethylene glycol suspension were used in the
STF by keeping the particle volume fraction at 57 vol%. By using a hand mixer and
an ultrasonic disperser, the silica nanoparticles were dispersed in the carrier liquid.
The densities of polyethylene glycol and silica nanoparticles were 1.13 g/cm® and
1.95 g/cm?, respectively. The silica nanoparticles had a sound velocity of 5870 m/s,
while the bulk modulus of polyethylene glycol is 3.05 GPa, thereby resulting in a
sound velocity of 1650 m/s. Plotted in Fig. 6.2 was the steady state shear viscosity of
the STF at shear rates from 0.5 s~' to 50 s~ ' determined by a Kinexus Pro+
rheometer with a 40 mm and 4° cone and plate apparatus. As seen by the abrupt
increase in shear viscosity, the STF displayed a shear thinning regime followed by a
drastic shear thickening behavior at a shear rate of roughly 25 s~ '.

The target was assembled with two AA2024 plates having a diameter of 25.4 mm
while containing a layer of STF between the plates. Each laser irradiated surface on
the targets was adhered with 40 pm of aluminum foil as an absorption film and
tightly contained by 4 mm of BK7 glass. A Q-switched high power Nd:YAG pulse
laser operating at a wavelength of 1064 nm was employed in the tests. A two-step
amplification system was utilized to generate the maximum output energy of 2.5 J
per laser shot. The laser pulse has a near Gaussian temporal profile with a full width
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Fig. 6.3 PDV configuration: red, blue, and green arrows indicate the original, reference, and
Doppler-shifted lights, respectively Ref. [24]

at half maximum (FWHM) of roughly 10 ns. The spatial pattern of the laser pulse is
modified to have a basically flat shape. The incident laser beam was concentrated
using a 600 mm optical focusing lens to create the necessary shock diameter. As
shown in Fig. 6.3, the back-free surface velocity of the constructed target was
measured using a photonic Doppler velocimetry (PDV) setup that essentially
matches with the study by Strand et al. [56]. The PDV comprises an oscilloscope
(WaveMast), an optical collimating lens probe with back reflection (—13 dB), and a
work distance of 16 mm. The PDV also includes a high power 1550 nm CW
distributed feedback laser (CQF938 series, provided by JDS Uniphase Corporation)
with a polarization-maintaining fiber that operates at a maximum power of 0.04 W
with a linewidth of about 0.2 MHz. The probe gives the reference light with
frequency f; and collects the Doppler-shifted light with frequency f;, reflected from
the moving surface of interest. The probe is linked to the first port of the circulator,
while the laser and detector are connected to the circulator’s second and third ports.
The difference between two frequencies, fyear — fo, r€presented by f;, yields the
velocity of the observed surface of the target, denoted by v(¢) as given in Eq. 6.1:

W)= 25,0 (6.1)

where A, represents the original wavelength of the CW laser (in the present
study, 4o=1550 nm). The temporal domain of the Nd:YAG laser coupled to a
Si-biased detector initiates the observations in laser-induced shock investigations.
As seen in Fig. 6.4, a shock wave with a maximum pressure of p,, propagates
through a sample, with a proportion of the shock wave reflecting as a consequence of
the impedance mismatch between the plate and the STF. The remaining wave
eventually passes through the whole sample and reaches the back surface of the
plate at the right side, where it generates the first peak velocity v,,. Due to the



86 Z.P. Guet al.

T ) ta

Pm
0 Cl.1 IC: -
0 Al STF Al X
| l}5mm h 0.5mm.

Fig. 6.4 Wave reflections in the target Ref. [24]

numerous wave reflections in the target, the subsequent peak velocities that are
distinct from the first peak will also reach the rear-free surface. To demonstrate the
analysis approach, simply the elastic waves of the aluminum plates, represented by a
wave speed C;, and a constant wave speed of the STF, denoted by C,, are provided
in Fig. 6.4. When the stress surpasses the Hugoniot elastic limit (HEL) of the
AA2024 plate, the actual investigation employs the plastic wave speed. With the
first peak velocity measurement data, the dynamic behavior of the STF was exam-
ined using a characteristic analysis [24]. Following is a description of the experi-
mental process and analytic steps. First, the back-free surface velocity, veeer, 1S
measured to determine the stress at the point 1, designated by o,. The Rankin-
Hugoniot relations [24] show that while o, is less than HEL,

1
o] = — zp()cevfreel (62)

While o is higher than HEL,

1 1 2
01 =po (CO +S- zvfreel) 'EVfreel + gYO (63)

where po = 2.77 glem® is the initial density of the plate, C, = 6.41 km/s is the
velocity of the elastic wave in the plate, Cy = 5.33 km/s is sound velocity at zero
pressure, S = 1.34 is empirical material parameter, Y, = 265 MPa is yield stress, and
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Hy= (1 — v)Yy/(1 — 2v) = 547 MPa [24]. The stress of the STF near the left plate
(point 2) was estimated as

c - (pc
6= — M‘,ﬁm (6.4)

(pc)ar + (PC)str

where (pc)str and (pc)a; denote the STF and AA2024 wave impedances,
respectively.

The surface velocity of the assembled target, which includes a thin layer of STF
and the right AA2024 plate, is then measured and is represented by the notation
Viree2- While the stress is smaller than HEL, point 5 stress is calculated as

1
05= — EpocevfreeZ- (65)

While o5 exceeds HEL,

1 1 2
05 =pg (Co +S- EvfreeZ) 5 Viree2 + 3 Yo (6.6)

The stress at point 4 is determined using an empirical attenuation law of stress in
AA2024 plate [51] because the wave will decay in the correct plate. Stress at point
4 is indicated by os:

os H/2R H/2R

The stress at point 3 is determined as

03— — (PC) A —E(pC)STF Va (6.8)

The thickness of STF between AA2024 plates was adjusted as 0.5 mm for shock
studies. In order to generate the different laser power densities and, therefore,
different shock pressures, radius and incident energy of the Nd:YAG laser were
varied. It should be noted that the 2D effect, in which the shock wave changed from a
uniaxial strain condition to a dilatation state while propagating through the STF
layer, would be apparent for a tiny laser shock radius [57, 58]. The measured back-
free surface velocities of targets in this research included the bulk compressive
response and the shear effect of the STF during laser produced shock waves.
Furthermore, on the result of the PDV measurements, studying the shock wave
impact resistance of STF is possible. Therefore, the shock wave impact resistance
of STF was estimated using the nominal impact resistance, IRstr, Which was
described as
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IRg1p = 01 _Peak ™ O4_Peak 107 (6.9)
01 _Peak

where o] _peax 15 the peak stress of ¢ at the left side of AA2024 surface and 64 peak
is the peak stress of o4 at the right side of AA2024 surface.

6.2.2 Experimental Results

First, without using the STF specimen and the right side of AA2024 plate, the back-
free surface velocities, veee1, Of the left side AA2024 plate at various shock pressures
were directly measured to determine the stress, ¢, at point 1, as shown in Fig. 6.4.
The measured observations for the shock diameter of 3.62 mm at varied shock
pressures are shown in Fig. 6.5. With increasing shock pressure, it was found that the
peak velocity raised and the shock duration dropped. It was found that when shock
pressure increased, the peak velocity raised, and the shock duration fell. The initial
peak velocity quickly climbed from approximately 122 m/s to 372 m/s with a rise in
shock pressure from 2.59 GPa to 3.82 GPa, but the shock duration — defined as the
increasing duration, T, as shown in Fig. 6.5 — declined from 53.2 ns to 23.6 ns. It
should be noted that the shock loading pressures for various laser power densities
were computed using a previously published coupling model [51] in which the laser-
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Fig. 6.5 Measured observations for shock pressures of 2.59 GPa, 3.06 GPa, and 3.82 GPa Ref. [24]
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induced heat plasma’s rapid expansion and the sample’s dynamic deformation were
examined. Additionally, it was found that the elastic precursor wave induced
plateau’s duration grew as shock pressure decreased, indicating that the velocity of
the plastic wave decreased as shock pressure decreased. The initial AA2024 plate
experienced back-free velocities from the elastic predecessors of around 58 m/s. The
maximum velocity induced by the elastic precursor, ug_ 4, could be calculated for
the uniaxial strain state using the Rankin-Hugoniot relations [24] as

OHEL
UH max = 6.10
H pOCe ( )

where oygp is the HEL for AA2024 plate. According to Eq. 6.10, the highest
velocity induced by the elastic precursor wave is approximately 30.8 m/s, which is
almost half of the experimentally observed speeds induced by the elastic precursor
wave at the free surface of AA2024 plate. Additionally, upon being shocked at a
pressure of 3.82 GPa, the spallation of the plate was seen. The following formula 6.is
employed to calculate the spall strength:

1
Ospall = EPOCOAM (611)

where Co=+/E/3(1 —2v)p, denotes bulk wave velocity and Au denotes pullback
speed, as seen in Fig. 6.5, specified as the difference between the greatest and
minimum velocities of the spallation signal. According to Eq. 6.11, AA2024 has a
spall strength of roughly 1.40 GPa, similar to the results of Rosenberg et al. [59].
The back-free surface velocity of the right side AA2024 plate, Veen, Was mea-
sured at temperature of 21 °C, as shown in Fig. 6.6. The thickness of STF between
the plates is around 0.5 mm. Various shock pressures were achieved with a shock
diameter of 3.62 mm by varying the input laser intensity. Be aware that the
unfinished interfering fringes caused by the elastic predecessors should be attributed
to the modest initial variation in the observed values at a shock loading pressure of
3.82 GPa. A full interference fringe will be produced for the PDV measurement, as
shown in Fig. 6.3, once the observed surface has moved half the wavelength of the
CW laser. However, under some circumstances, a complete interference fringe
cannot be acquired while measuring low velocity with a short duration such as
elastic precursor. This complicates the interpretation of measured data when deter-
mining the frequency of the uncompleted interfered fringes and introduces some
mistakes in testing the elastic precursor. The PDV system performed effectively in
measuring the particle velocity profiles. A tiny variation in measured results with
a shock pressure of 3.06 GPa should be attributed to the slight variation in STF layer
thicknesses brought on by uncontrolled elastic deformation of the stainless steel
gasket while tightly clamping the constructed samples, as was the case in the prior
investigation. The shock wave velocity decreased with the lowering of shock
pressure and the arrival time increased [21]. The similar Griineisen equation of
state (EOS), Us = Cy + SU,, could be used to explain the link between
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Fig. 6.6 Back-free surface velocity of the right side AA2024 plate Ref. [24]

particle velocity and shock velocity in STF [24]. The shock response of STF at
temperatures around 21 °C can be described by the Griineisen EOS parameters of
Cp = 2.05 mm/ps and S = 5.324, which results in a higher shock velocity at a higher
shock pressure as seen in Fig. 6.6. Additionally, with the shock pressure dropping
from 3.82 GPa to 1.92 GPa, the first peak velocities rapidly reduced from around
145 m/s to about 8 m/s.

Figure 6.7 shows the measured vg.; With a layer of STF with a thickness of
0.5 mm at 21 °C and varying shock pressures by altering the focused laser radius and
maintaining nearly identical maximum incident laser energies. As the shock pressure
climbed from 3.82 GPa to 4.70 GPa, and the shock loading diameter decreased from
3.62 mm to 2.94 mm, it was evident that the first peak velocity marginally increased
from 145 m/s to 150 m/s. Nevertheless, the initial peak velocity quickly dropped to
82 m/s as the shock pressure increased to 5.38 GPa and the shock diameter reduced
to 2.56 mm. It should be observed that while propagating through a relatively thick
STF specimen, the shock wave will change from a one-dimensional condition
(a uniaxial strain stress wave) to a three-dimensional state (a dilatational stress
wave) [58].

When the aforementioned uniaxial strain and the dilatational stress waves prop-
agate in the STF layer, the bulk viscosity during compression and the shear viscosity
during dilatation could clearly have dragging effects. The stress wave may be
regarded as a uniaxial strain stress wave for shock diameters of 3.62 mm and
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Fig. 6.7 Measured back-free surface velocities of the right side plate with a layer of STF at 21 °C
Ref. [24]

2.94 mm since those shock radii were almost equivalent to or larger than the
integrated Al-STF-Al thicknesses of samples of 1.50 mm. As a result, only the
bulk viscosity served as a dragging mechanism while shock waves propagated,
which caused the initial peak velocity to increase as shock pressure increased from
3.82 GPato 4.70 GPa as seen in Fig. 6.7. However, in addition to the bulk viscosity,
the shear viscosity also contributed to the dragging effect during the propagation of
shock waves with a 2.56 mm starting shock diameter. When comparing the results at
a shock pressure of 4.70 GPa and a shock diameter of 2.94 mm, the initial peak
velocity declined dramatically, leading one to hypothesize that the shear viscosity-
induced dragging effect in the STF was stronger than the bulk viscosity-induced
dragging effect.

In Fig. 6.8, the measured velocities, Vgeep, for various STF thicknesses is
displayed at 21.0 °C and 27.2 °C. With an increase in STF layer thickness from
0.12 to 1.5 mm, the initial peak velocity quickly fell from around 207 m/s to almost
38 m/s. The slight variation in back-free velocity for the same STF thickness testing
was attributed to the sample’s uncontrolled elastic deformation during the
constructed clamping. As the STF layer thickness was increased while exceeding
1.5 mm, the initial peak velocity decreased relatively gradually. Additionally, the
results of the tests conducted at 21.0 °C and 27.2 °C did not obviously differ from
one another, save from the tests with a thickness of roughly 2 mm. The steel gasket’s
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Fig. 6.8 (a) Particle velocities at the left side single AA2024 plate’s back-free surface and particle
velocities at the right side AA2024 plate’s back-free surface for a thin layer coating of STF varied in
thickness from 0.12 to 0.51 mm at 21.0 °C and (b) particle velocities for layers of STF with
thicknesses ranging from 1.0 mm to 5.0 mm at 21.0 °C and 27.2 °C Ref. [21]
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Fig. 6.9 Back-free surface velocities with a layer of STF having a thickness of 0.5 mm at 10 °C
Ref. [24]

elastic deformation during the assembly of the target is likely the cause of the
relatively high peak velocity seen for the STF layer thickness of 1.97 mm at 21.0 °C.

Figure 6.9 shows the measured vge., With a layer of STF having a thickness of
0.5 mm at 10 °C and varying shock pressures at the focused laser diameter of
3.62 mm by altering maximum incident laser energies. The modest variation in
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Fig. 6.10 Back-free surface velocities of the layer of STF having a thickness of 0.5 mm at 10 °C
Ref. [24]

experiment results at the same shock pressure was also attributed to the slight
variation in STF targets brought on by the uncontrolled elastic deformation of the
gasket when clamping the constructed specimens [21]. Similar to the experimental
results at 21 °C, when shock pressure declined, the arriving time increased, and the
shock wave velocity reduced. Additionally, with the shock pressure dropping from
3.76 GPa to 3.04 GPa, the first initial velocity dropped quickly from around 108 m/s
to approximately 68 m/s.

Figure 6.10 shows the recorded vg., With a layer of STF having a thickness of
0.5 mm at 10 °C and varying shock pressures by altering the focused laser radius and
maintaining nearly identical maximum incident laser energies. The arrival time of
the shock wave depended on shock pressures and radius because the bulk viscosity
effect and shear viscosity effect existed in the STF layer when shocked at a relatively
small initial shock radius. The unclear trend of arriving time while raising shock
pressure and decreasing shock diameter resulted from the influences of bulk viscos-
ity and shear viscosity. As shock pressure increased from 3.75 GPa to 6.30 GPa and
shock diameter fell from 3.62 mm to 2.18 mm, it was also noticed that the initial
peak velocity rapidly decreased from around 110 m/s to approximately 34 m/s. The
rapid drop in particle velocities for relatively small shock diameters may be attrib-
uted to the shear viscosity-induced dragging effect during the propagation of shock
waves, as the shear viscosity was evident for the experiments with shock diameters
of 2.18 mm and 2.56 mm.



94 Z.P.Guetal.
6.2.3 Discussion and Summary

By measuring the back-free surface particle velocities of the targets, the current work
studied the dynamic behavior of STF under laser produced shock at varying tem-
peratures, shock pressures, and stress states. The summary of velocities of the right
side AA2024 plate with a 0.5-mm-thick layer of STF at 10 °C and 21 °C and varying
shock pressures and radius are shown in Fig. 6.11. Except for the tests that were done
at shock pressures of roughly 3.05 GPa and shock diameters of 3.62 mm, an apparent
temperature effect was seen in the studies. Commonly, Arrhenius’s law governs the
relationship between temperature, 7, and the viscosity of a fluid, # as,

1(T) = i €XP (%) (6.12)

where 7, R, and E are variables linked to material viscosity [24]. Assume that the
STF’s temperature-viscosity relationship likewise matches with the Arrhenius law.
The viscosity of STF decreases with decreasing temperature according to Eq. 6.12.
The initial peak velocity increases dramatically with increasing temperature from
10 °C to 21 °C at a shock diameter of 3.62 mm and shock pressures in the region of
3.74 GPa to 3.82 GPa. However, when the shock pressure is reduced to roughly
3.05 GPa, the measurements at 21 °C and 10 °C at the same shock diameter of
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Fig. 6.11 Velocities in the right side AA2024 plate with a 0.5-mm-thick layer of STF at 10 °C and
21 °C Ref. [24]
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3.62 mm are nearly identical to one another. It is the bulk viscosity of STF that
principally contributes to the attenuation response of shock waves, particularly when
shock waves are subjected to a shock incident at a diameter of 3.62 mm. The bulk
viscosity of the STF is significantly higher at test temperatures of 10 °C than 21 °C
for shock pressures in the region of 3.74 GPa to 3.82 GPa. The shock pressure is
nearly the same as the test temperature of 21 °C at pressures of roughly 3.05 GPa.
The response of STF during the laser-induced shock that causes compression
induced thickening should be attributed to the explanation. According to the research
of Waitukaitis and Jaeger [20], when a rod directly strikes the STF, the suspended
nanoparticles are driven to cross the jamming transient, resulting in a quickly
developing impact-jammed solid by the compression of the particle matrix. The
laser-induced shock might also cause an impact-induced jamming response, which
would then quickly reduce the stress by defeating the short range hydrodynamic
lubricating force between the nanoparticles in STF. The thickening responses would
result in an enormous increase in the bulk viscosity of STF. Suppose that the impact-
induced thickening exhibits a response for shear thickening that is comparable as

Ncompression — WBUIK(T)éa' (6 13)

At temperature 7, the initial bulk viscosity is 75"¥ (7). The strain rate of com-
pression is &. The exponent of impact-induced thickening is a. According to
Eq. 6.13, after the occurrence of the thickening responses caused by the shock
loading, the temperature influence on the STF’s bulk viscosity would have been
magnified by several orders of magnitude. The compression induced thickening
characteristic of the STF only becomes apparent at shock pressures higher than
3.74 GPa and not at shock pressures lower than 3.06 GPa, according to this study.
The earlier research [20, 60—64] showed that essential features, like a minimum
strain, were necessary for the thickening characteristic in STF. When particle
velocities are at relatively low values, it is possible that a minimum strain will not
be attained in several tens of nanoseconds to cause the impact-induced jamming
characteristic of the STF. For example, the experiments at test temperatures of 10 °C
and 21 °C, with shock pressures of approximately 3.05 GPa and a shock diameter of
3.62 mm, produced nearly comparable test results.

Additionally, it has been found that the stress state greatly influences the dynamic
behavior of the STF at various shock diameters, which results in a reduction in initial
peak velocity while concurrently dropping shock diameter and raising shock pres-
sure. The shock attenuation response of STF is dependent on both the shear viscosity
and the bulk viscosity for tiny shock diameters. 