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ABSTRACT

Soft body armours are generally made of fabrics woven from high performance yarns. Impact
resistance of woven fabrics mostly depends on fiber type, weave and thread density. Of late,
woven fabrics made from high performance yarns are being impregnated with shear
thickening fluids (STF) to enhance their impact resistance. Yarn pull-out, yarn extension and
yarn rupture are found to be the three major modes of energy absorption during an event of
impact.

In first part of this research, effects of weave and fabric thread density on yarn pull-
out force was studied. Fabrics having five different weaves (plain, 2/2 twill, 3/1 twill, 2/2
matt and 5 end satin) and three levels of thread density (25x25, 30x30 and 35x35 inch™)
were woven using p-aramid Technora yarns (720 denier). The highest yarn pull-out force was
obtained in case of plain weave and the lowest in case of satin weave. Yarn pull out force
increased concomitantly with the increase in thread density. After the STF treatment, yarn
pull-out force increased significantly for all the fabrics. A very good correlation was found
between yarn pull-out force and energy absorption (J) during low velocity (6 m s™) impact
test. Yarn pull-out force increased after STF and silica-water treatments whereas it reduced
after water and poly-ethylene glycol (PEG) treatments. Yarn pull-out force was always higher
for two consecutive yarns as compared to that for two yarns with single yarn gap.

All fifteen woven fabrics having five different weaves and three levels of thread
density prepared for the first part of this research, were also used in the second part of
research. Impact resistance of all the fabrics were evaluated before and after the STF (60%
w/w) treatment following ASTM D3763. In untreated condition, for all levels fabric thread
density, plain woven fabrics was the best, whereas 2/2 matt woven fabrics was the worst in

terms of impact energy absorption. Impact resistance showed concomitant increase with the



increase in thread density. A strong association was found between the impact energy
absorption and the number of yarn interlacement points in a given area of fabric. However, if
the fabric thread density was low (2525 inch™), then effect of weave on impact energy
absorption was negligible. The effect of weave, indicated by the number of interlacement
points, on impact energy absorption became dominant with the increase in thread density.
After STF treatment, impact energy absorption increased for all the fabrics except for plain
woven fabric with thread density of 35x35 inch™. Highest impact resistance was obtained in
case of STF treated plain woven fabric having thread density of 30x30 inch™. Analysis of
jammed fabric structure with lenticular yarn cross-section revealed that the fabric got jammed
when the thread density was around 32x32 inch™. Therefore, fabric having thread density of
35x35 inch™ did not show any increase in impact energy absorption after STF treatment. It
was also found that percentage increase in impact energy absorption after STF treatment was
more for infirm fabrics i.e. fabrics having lower values of thread density and lower number of
interlacement points (2/2 matt and satin). Multilayer plain woven fabrics were also evaluated
with low velocity bullets (165 + 15 m s™). Untreated panels having four layers of fabrics
were not able to stop the bullets irrespective of thread density. However, all the STF treated
fabric panels were able to stop the low velocity bullets (five out of five).

In the third part of research, an attempt was made to enhance the effectiveness of STF
by adding nano fillers. Halloysite nanotubes (Hal nanotubes) was chosen due to its easy
availability and low cost. Kevlar fabrics (802F and 363) were treated with virgin STF with
60% and 65% (w/w) silica content and compounded STF with 0.05, 0.1, 0.2, and 0.5% Hal
nanotube content. Addition of Hal nanotubes with the STF facilitated the shear thickening as
the critical shear rate reduced and peak viscosity increased with the increase in content of Hal
nanotubes. The optimum content of Hal nanotubes in STF, for maximizing the impact

resistance, was found to be dependent on the type of fabric and silica content in STF. For



Kevlar 802F fabric, which is having water repellent finish, 0.5% Hal nanotubes in STF (60%
or 65% w/w) was found to maximize the impact resistance of treated fabrics. On the other
hand, for Kevlar 363 which is scoured fabric, 0.2% and 0.05% Hal nanotubes in 60% and
65% STF, respectively, was found to maximize the impact resistance of treated fabrics.

In the last part of research, five different 3D orthogonal fabrics were woven by changing the
ratio of stuffer to binder yarns at three levels (3:2, 3:1 and 4:1) and also by changing the
relative positions of binder yarns. All the fabrics were treated with STF having 65% (w/w)
silica content. The ballistic evaluation was carried out at low velocity (165 + 15 m s™) as well
as at high velocity (430 + 15 m s™). During low velocity ballistic evaluation of single layer
3D fabrics, it was found that higher ratio of stuffer to binder (4:1) is beneficial for improving
the impact energy absorption. STF treatment improved the impact energy absorption capacity
of 3D woven fabrics consistently. When double layer 3D fabrics were evaluated, all the
bullets (four out of four) were stopped in case of STF treated 3D woven fabrics having 4:1
stuffer to binder ratio. The synergistic effect of 3D fabric structure and STF reinforcement
ensured the best performance in ballistic test. During back face signature measurement (bullet
velocity of 430 + 15 m s™), 3D woven fabric panels (eight layers of Kevlar XPS and one
layer of 3D fabric) with stuffer to binder ratio of 3:1 and 4:1 were able to stop all the bullets

and the BFS value was less than 39 mm which is well below the NIJ standard of 44 mm.
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