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us materials for soft body armour
applications

Unsanhame Mawkhlieng, a Abhijit Majumdar*a and Animesh Lahaab

A critical review on the factors affecting the impact resistance behaviour of soft body armour is presented

here. The effect of several material and structural parameters of fibrous assemblies used in soft armour is

dealt with in depth. The standards of performance evaluation of soft body armour and modes of energy

absorption are elucidated. The paper also reviews different approaches resorted to by the researchers to

enhance the ballistic or stab resistance performance of these soft body armour materials. These

approaches include surface treatments and modifications of the base material to increase yarn to yarn

friction as well as implementation of 3D woven fabrics to enhance structural integrity. Among these, the

effect of shear thickening fluid (STF) is discussed extensively. The review concludes with the future

directions of research in the area of soft body armour.
1 Introduction

Body armour is a protective gear which is used to protect the
human body against attacks of various kinds of sharp objects or
projectiles. Body armour is broadly classied into two cate-
gories, namely hard body armour and so body armour.1 Hard
body armour, with protection of levels III and IV according to
the National Institute of Justice (NIJ) standard,2 is reinforced
with metal, ceramic (B4C) or bre based composite plates
within layers of fabric. They are used by military personnel in
high risk operations for protection against high speed bullets or
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projectiles red from weapons like AK-47s. They are heavy and
rigid and thus, they restrict wearer's movement. In contrast, so
body armour is made of multiple layers of high-performance
fabrics, making it lighter in weight and more exible. Police,
security personnel, riot officers, etc., use this type of armour
against low velocity projectile attacks from handguns, pistols,
shotguns, etc., for lower levels (NIJ levels II-A, II, and III-A) of
ballistic protection.2,3 In general, 20–40 layers of woven or
unidirectional fabrics, made from high performance bres, are
stitched together to prepare the so body armour panels.
Therefore, they are still bulky and heavy enough to restrict the
agility of the wearer. Consequently, these limitations present
several challenges when it comes to reduction of armour weight,
effective improvement in terms of handling multiple ballistic
shots and back face signature or BFS reduction.4
Abhijit Majumdar is an Institute
Chair Professor in Textile and
Fibre Engineering at Indian
Institute of Technology Delhi,
India. He has published 100
research papers in international
refereed journals and guided
nine PhD students. He has been
involved in high value projects
with Defence Research and
Development Organization,
India. He is a recipient of
Outstanding Young Faculty

Fellowship (2009–2014) of IIT Delhi, Teaching Excellence Award
(2015) of IIT Delhi and Gandhian Young Technological Innovation
Award (2017).

This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra06447h&domain=pdf&date_stamp=2020-01-04
http://orcid.org/0000-0001-8627-0615
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra06447h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010002


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 2
/6

/2
02

6 
9:

37
:0

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The history of body armour materials is as old as human
civilization. Their evolution with time has been briey reviewed
by Yadav et al.5 First generation so body armour was prepared
from silk by themedieval Japanese.6Used during theWorldWar
I, this armour provided good protection against very low velocity
projectiles (up to z120 m s�1) but not so, against projectiles
having higher velocity (z180 m s�1). Second generation so
body armour, prepared from nylon ak,7,8 was introduced
during the World War II. Although it proved to be a very good
barrier against munition fragments, it, however, failed against
most of the pistol and rie threats. Besides, it was bulky and
heavy. The next generation of so body armour development
started with the invention of high-performance p-aramid bre
(Kevlar®) by DuPont, back in the 1960s. Presently, high-
performance bre based so body armour are used as routine
wear by police officers and security personnel to achieve
protection against low speed ballistic threats including hand
grenades, spike attacks and ice picks. High performance bres
used for such purposes include p-aramid (Kevlar®, Technora®,
Twaron® etc.), ultra-high molecular weight polyethylene or
UHMWPE (Dyneema®, Spectra® etc.), poly p-phenylene benzo-
bisoxazole or PBO (Zylon®), polyhydroquinone-diimidazopyr-
idine or PIPD bres (M5), etc.9–11 The essential properties of the
above bres are low density (0.97 to 1.6 g cm�3), high tenacity
(2.5–5.8 GPa) and high modulus (70–270 GPa).12 Several
attempts have been made by bre manufacturers and material
researchers to develop new materials and improved structures
so that the efficacy of so body armour can be enhanced.
Researchers have also explored the possibility of using multi-
axial warp knitted fabrics and 3D woven fabrics in so body
armour.13,14 In the last two decades, the idea of using shear
thickening uid (STF) to improve the energy absorption capa-
bility of so body armour has interested many researchers. The
pioneer work in this area was done by Lee et al.15–17 in the early
2000s. They demonstrated that the impact resistance of woven
fabrics can be enhanced signicantly with STF treatment. Some
reviews on body armour systems,1 ballistic protective clothing,12
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evolution of so body armour18 and body armour for stab and
spike protection19 have been presented by researchers to
provide a proper understanding of the eld. This review pres-
ents the material (bre) and structural (yarn and fabric)
parameters inuencing impact energy absorption in Section 2.
Standards for evaluation of so body armour is shown in
Section 3. Mechanism of impact energy absorption is presented
in Section 4. A detailed review of approaches to enhance the
performance of so body armour materials is highlighted in
Section 5. Section 6 deals with some of the future trends in so
armour development.
2 Parameters influencing impact
energy absorption

Arora and Ghosh18 collectively summarised the various param-
eters which contribute to the impact performance of so
armour panel. They classied these parameters into four cate-
gories – material parameters, structural parameters, projectile
parameters and testing parameters. Material parameters
include bre density, bre tenacity, bre modulus and yarn to
yarn friction. Structural parameters include yarn twist, weave,
thread density, number of layers, etc. Projectile related param-
eters such as mass, shape and velocity, and testing related
parameters such as shot location, number of shots, angle at
which the bullet strikes the target and boundary conditions can
affect the ballistic performance greatly. However, in-depth
discussion of projectile and testing parameters is out of the
scope of this review. Material and structure related parameters
are discussed in the following section.
2.1 Material properties

2.1.1 Density, tenacity and modulus. Fibre properties are
of paramount importance for so body armour. As mentioned
earlier, bres to be used for armour applications must have low
density, high tensile modulus, high tenacity and low elongation
at break. Fig. 1 pictorially presents the superiority of high
performance bres in terms of modulus and tenacity.1 Different
high-performance bres exhibit varying properties from each
other, making them suitable for specic applications. Similarly,
different variants of the same bre might be useful for different
applications. For example, p-aramid bre, Kevlar 49 (elastic
modulus, 113 GPa; tensile strength, 2.96 GPa) is recommended
for use in ropes, cables and composites for marine, aerospace
and sport goods applications whereas Kevlar 129, which has
relatively lower modulus (96 GPa) and higher tensile strength
(3.39 GPa) and lower elongation (3.5%), is recommended for
impact and so armour applications.20 A comparative analysis
of properties high-performance bres can be obtained from
published literature18,21 Similarly, aramid bres Twaron®
(tensile strength, 3.1 GPa and modulus, 121 GPa) and Tech-
nora® (tensile strength, 3 GPa and modulus, 70 GPa) are also
suitable for armour applications.22 Taparan®, yet another p-
aramid bre has properties similar to Kevlar 129. UHMWPE
bres have a signicantly lower density (0.97 g cm�3) than those
of aramid bres (1.44 g cm�3) which makes the former a better
RSC Adv., 2020, 10, 1066–1086 | 1067
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alternative where armour mass is a critical design parameter.
Moreover, UHMWPE (Dyneema) is claimed to lose only about
5% of its strength when exposed to UV rays over a period of two
days, while aramid bre (Kevlar) loses up to 25% of its strength
when subjected to similar conditions.23 Another bre with
ballistic potential is Zylon, which shows much better tensile
properties (tenacity, 5.8 GPa) than p-aramid and UHMWPE
bres. However, following the failure of Zylon vests to protect
a couple of US police officers from gunshot injury in 2003, the
prospect of Zylon as a ballistic material was then questioned. It
was later found that Zylon bre is vulnerable to hydrolytic and
photolytic degradation at an accelerated rate during usage and
storage. Therefore, the use of Zylon bre as so body armour
materials is no longer recommended by the U.S. army.24 M5
bre, another bre with promising ballistic properties, has an
average modulus (310 GPa) which is much higher than that of
most of the carbon bres commercially available. Its tenacity is
appreciably higher than that of aramid bres, though at par
with that of Zylon (up to 5.8 GPa).11 Although Fig. 1 portrays
carbon bres as a superior alternative due to its high modulus,
however, the strain to break is very low that the bre becomes
brittle and not suitable for impact applications.12

The ballistic performance of a woven fabric may be evaluated
from its single yarn component.25 When a single bre is hit by
a projectile transversely, two waves simultaneously propagate-
one, longitudinally and the other, transversely as shown in
Fig. 2. While the longitudinal waves travel at the speed of sound,
the transverse waves travel at a much slower speed. This is
because, as the impact progresses, the yarn deects itself in the
direction of impact. The velocity of the longitudinal strain wave
generated in a bre due to impact can be determined by using
eqn (1).

C ¼
ffiffiffiffi
E

r

s
(1)
Fig. 1 Relationship between specific tensile modulus and specific
tensile strength of high-performance fibres1 (this figure has been
reproduced from ref. 1 with permission from Elsevier).

1068 | RSC Adv., 2020, 10, 1066–1086
where, C is the speed of longitudinal wave, E is the initial
modulus and r is the density of bre.

Transverse stress wave speed (u), on the other hand, is
dependent on the tensile strain (3) of the lament or yarn during
impact and is related to the longitudinal stress wave velocity.
Mathematically, it is given by eqn (2).

u ¼ C

ffiffiffiffiffiffiffiffiffiffiffi
3

1þ 3

r
(2)

Cunniff,25 deduced a dimensionless bre property U (dened
as the product of specic bre toughness and its strain wave
velocity) as given in eqn (3).

U ¼ s3

2r

ffiffiffiffi
E

r

s
(3)

where, s is the ultimate tensile strength of the bre, 3 is the
ultimate tensile strain of bre.

This equation shows that for better impact resistance, tensile
strength and modulus of the bre should be high whereas bre
density should be low. Besides, the bres intended for body
armour applications should also have properties like low
moisture retention, high resistance to heat, high limiting
oxygen index, etc.

2.1.2 Friction. Friction between the yarns and between the
yarn and the projectile at the time of impact plays an important
role in determining the impact performance of fabrics.26 It is
well grounded that increased inter-yarn friction improves the
pull-out force, and hence the energy absorption.27–36 Bazhenov28

concluded that the dissipation of energy increases with the
increase in pull-out zone dimensions. The latter, in turn,
depends upon the increased involvement of more and more
secondary yarns which is a direct positive consequence of yarn
to yarn friction. The ndings of Duan et al. also support this
argument.29 The authors used FEA to have a better under-
standing of the role of friction and the numerical investigation
showed that friction prevents the yarns from laterally sliding
past each other, thus enabling more yarns to break and energy
absorption to increase. It was also reported that when yarn
breaks, energy absorption is enhanced. The role of friction is
not only to enhance energy through frictional sliding, but also
through increased yarn kinetic energy as well as through
improved yarn strain energy.
Fig. 2 Pictorial representation of projectile impacting a single yarn6

(this figure has been reproduced from ref. 6 with permission from
Elsevier).

This journal is © The Royal Society of Chemistry 2020
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According to Zeng et al.,30 coefficient of friction can be
divided into three distinct ranges, namely, low (m ¼ 0.0–0.06),
moderate (m ¼ 0.06–0.2) and high (m ¼ 0.2–1).30 Very low coef-
cient of friction results in poor integrity of the structure and
thus, the projectile resisting power is reduced. It was observed
that the increase of energy absorption is highly ‘sensitive’ to this
given low range of friction, i.e., even with slight increase in
friction coefficient, the energy absorption increased markedly.
Moderate coefficient of friction (m ¼ 0.2) caused maximum
energy absorption, while at coefficient of friction higher than
0.2, the energy absorption tended to fall, as shown in Fig. 3, due
to localised stress concentration. Thus, the role and amount of
friction can be seen to be very inuential in energy absorption
during ballistic impact.

With this understanding in mind, many researchers worked
towards improving the friction by using resins, polymeric
coatings and additives such as nanostructures for more energy
absorption.31 As amatter of fact, the use of STF itself, as believed
bymany researchers32,33 helps in improved performancemajorly
through friction enhancement. Nanorods of metal oxides are
also used to intensify friction between yarns. The development
and use of such nanorods is described in greater detail in
Section 5.7. The work by Gawandi et al.34 on the inuence of
polymeric coating on tow pull-out response of Kevlar showed
enhanced friction, and hence, pull-out force. Here, it is impor-
tant to note that relative humidity can greatly inuence the
coefficient of friction of hydrophilic bres. For hydrophobic
bres, water can act as a lubricant, reducing the yarn pull-out
force. Similarly, soening treatments drastically reduce the yarn
to yarn friction.35,36
2.2 Structural parameters

2.2.1 Yarn twist. Most high performance as-received
multilament yarns are twistless, making their handling a little
difficult due to tendency of delamentation. Therefore, twist
may be applied for ease of operation and better performance. It
is well established that twist insertion to a bre strand increases
its strength initially. However, aer a certain level of twist,
obliquity effect takes precedence and strength reduces.37 A
study by Rao and Farris38 showed that an optimum twist angle
of about 7� provides maximum tensile strength; an angle
Fig. 3 Effect of yarn to yarn friction on energy absorption during
impact30 (this figure has been reproduced from ref. 30 with permission
from John Wiley and Sons).

This journal is © The Royal Society of Chemistry 2020
beyond this reduces the tensile strength and increases the
breaking elongation.

2.2.2 Fabric structure. Different fabric structures, such as
unidirectional (UD), 2D woven, 3D woven, multiaxial, warp
knitted and nonwoven (as cushion layers), used as so body
armour materials,12,14,39–44 also affect the ballistic performance
of the panels. In the context of 2D fabrics, balanced weaves like
plain and basket are found to be more suitable as so body
armour materials due to uniform mechanical properties in the
two principal directions.40,45 Crimpless UD fabrics in which
laments are laid in two perpendicular directions and bonded
by some resins outperform woven fabrics having similar areal
density as the wave propagates faster through the former.
Bandaru et al.46,47 studied the effect of different fabric archi-
tectures on low velocity impact behaviour and found that 3D
architecture outperformed 2D plain woven structure in terms of
peak force and energy absorption, both in neat and composite
structures, due to enhanced structural integrity. Additionally,
the tensile properties were also reported to be higher for all 3D
angle interlock samples in terms of strength and failure strain.46

For ballistic applications, fabrics must have an optimum
level of thread density. Very tight fabrics will cause the yarns to
deteriorate during weaving, while too loose a construction will
not be able to stop the bullet from piercing through;
a phenomenon commonly called as ‘wedge through’. In fact, it
has been reported that fabric cover should have a value ranging
from 0.6 to 0.95 for effective ballistic performance.48,49 Bajaj and
Sriram12 reviewed that tight structures woven from yarns con-
sisting of large number of laments with ner denier are
benecial for efficient ballistic protection, particularly for ner
projectiles. Laha et al.45 reported the inuence of fabric
construction for ballistic protection and found that jammed
fabrics inhibited movement of yarns during impact, conse-
quently, preventing the critical shear rate, needed for STF, from
being achieved.

2.2.3 Crimp. Yarn crimp is known to slow down the speed
wave propagation in ballistic impact.50 When a projectile strikes
a fabric having high crimp, the fabric shows less resistance
against the projectile as yarn stretching occurs without much
difficulty.51 This is because the crimped yarns in the fabric take
more time to absorb energy, as they initially straighten and then
stretch. Higher the crimp, more is the deection in transverse
direction and larger is the back face signature or blunt trauma.52

It is interesting to note that the experimental results of Laha
et al.45 showed that plain woven outperformed the other weaves
in terms of impact resistance performance. This might seem
contradicting, given that a plain-woven fabric has higher crimp
in comparison to twills and satins. This, perhaps, suggests that
there must exist an optimum balance between number of
contact points and crimp level. Chitrangad48 suggested the use
of hybrid fabric in which we yarns have higher failure strain.
Thus, during impact, we yarns will take more time to break,
resulting in both warp and we yarns to break about the same
time. Logically speaking, a more feasible approach is to develop
fabrics with same amount of crimp in both directions. However,
contrary to this, Sadegh and Cavallaro54 reported that crimp
imbalance in woven fabrics has a substantial effect on the
RSC Adv., 2020, 10, 1066–1086 | 1069
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energy absorption, stating that there exists an optimum level of
crimp imbalance that would give maximum level of energy
absorption for a particular threat. They observed and argued
that for fully perforating impacts, a crimp-balanced structure
reected higher back wave energy from the site of impact,
negatively affecting the ballistic performance.
2.3 Number of fabric layers and stitching

A single layer of high-performance fabric is insufficient to
ensure protection against high velocity impact.18 Therefore,
a so body armour against high velocity impact is generally
comprised of several layers of high-performance fabrics sewn or
stitched together.39 Expectedly, as the number of layers
increases, the trauma depth and diameter decrease. The
supportive ndings of Karahan et al.53 also showed that with the
increase in the number of layers (from 20 to 32), trauma depth
(by 35.4%) and trauma diameter (by 12.7%) decreased (Fig. 4).

The requirement of multiple layers necessitates adhesion or
stitching of layers for considerable thickness. This extra adhe-
sion or stitching process increases the stiffness of the fabric
assembly which reduces the mobility of wearer. Although it is
known that stitching partly damages the yarns55 and generates
local stress-concentrated points on the fabric, however, stitch-
ing also plays the important role of binding the layers together,
thus preventing delamination from occurring. An experiment
conducted by Ahmad et al.56 on unstitched and stitched neat
and natural rubber coated fabrics showed that, in general,
stitched fabrics performed better than the unstitched ones.
Stitch patterns like one inch eld diamond, two inches eld
diamond, diagonal and perimeter stitching were used, and
except for the one inch diamond stitched fabrics, unstitched
samples showed lower ballistic limit. On the other hand, two
inches eld pattern gave the highest ballistic limit.
2.4 Orientation of fabric layers

As discussed in the previous section, multiple layers of high-
performance fabric are required to get enough protection
against high velocity impact. Stacking of multiple layers to
make a single panel can be done in different ways. As shown in
Fig. 4 Effect of number of fabric layers on the trauma depth and
diameter53 (this figure has been reproduced from ref. 53 with
permission from Elsevier).

1070 | RSC Adv., 2020, 10, 1066–1086
Fig. 5, Chen et al. and Wang et al.57,58 carried out detailed study
on the effect of orientation of fabric laying on impact energy
absorption. They found that impact energy absorption was
always lower when all the fabric layers were aligned in 0�. The
highest impact energy absorption was obtained for two, three,
four and eight layered fabric panels using the angle of orien-
tations [0/45], [0/30/60], [0/22.5/45/67.5] and [(0/22.5/45/67.5) �
2], respectively. Overall 11.4 to 18.5% increase in the impact
energy absorption was obtained by using different orientations
of fabrics in different layers. This is because as the different
fabric layers are oriented along different axes, the assembly
approaches isotropy. Post impact, the pyramid formed has
a quadrilateral base because of the two principal axes along
which the diagonals of the base align. Hence, if there are more
than two sets of perpendicular axes, as in the case of a multi-
layered fabric with angle ply orientation, the base may tend to
be circular, so that the pyramid approximately becomes a cone
and hence, the energy absorption increases.
3 Standards for body armour
evaluation

There are different standards for evaluating the performance of
body armour. Standards form National Institute of Justice (NIJ),
USA: NIJ 0101.06, NATO STANAG 4569, Home Office Scientic
Development Branch (UK), European Ballistic Standards (EU),
GOST Ballistic Standards (Russia), German SCHUTZKLASSE
standard, International Ballistic Standards, are some of the
available options. However, NIJ 0101.06 (ref. 2) is the most
widely used standard for body armour evaluation. According to
this standard, body armour is categorised into ve classes based
on the level of protection they provide – IIA, II, IIIA, III and IV.
Type IIA, II and IIIA provide lower level of protection corre-
sponding to different projectile type and mass and different
projectile velocities of 355 m s�1 � 9 m s�1 to 448 � 9 m s�1. A
new unworn armour is subjected to higher velocity as compared
to a conditioned armour. Type III and IV, however, provide
protection against projectiles having higher velocity of 847 m
s�1 � 9.1 m s�1 and 878 m s�1 � 9.1 m s�1, respectively. Unlike
type IIA, II and IIIA, both new and conditioned type III and IV
Fig. 5 Ply orientations of ballistic panels57 (this figure has been
reproduced from ref. 57 with permission from Elsevier).

This journal is © The Royal Society of Chemistry 2020
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armour are subjected to the same projectile velocity. Addition-
ally, the formers are subjected to two test rounds, whereas the
latter, to one. The number of shots per panel in all cases is
standardised to 6. NIJ has also come up with a revised version
NIJ 0101.07 which has been propounded for scrutiny and
comments.3 Recently, the Bureau of Indian Standards has
published a standard for ballistic evaluation (IS17051:2018),
categorised in six levels (Level 1 to Level 6) based on the bullet
weight, type and velocity.60 The permissible BFS as per the
requirement of Indian army is 25 mm.61

During ballistic evaluation, energy absorption by the test
panel can be determined by using pre-impact and post-impact
residual velocities of the projectile which are measured with the
help of two chronographs positioned before and aer the panel
being tested (Fig. 6). This method is useful in case of complete
perforation of the test panel by the projectile. The energy
absorbed by the test panel is calculated by using eqn (4).

E ¼ 1

2
m
�
v1

2 � v2
2
�

(4)

where, E is the energy absorbed, v1 is the pre-impact velocity
and v2 is the residual velocity of projectile.

V0 and V50 are also used as parameters to evaluate the
performance of body armour. V0 and V50 signify the bullet
velocities at which the probability of penetration is 0 and 0.5,
respectively. Aer ring a series of bullets, the bullet with the
minimum velocity which perforates the armour and the bullet
with the maximum velocity which is stopped by the armour are
taken for consideration. The velocity for 0.5 probability of
perforation is then determined normally by considering at least
two cases of complete penetration and two cases of stoppage
(Fig. 7).

Another important aspect of so armour evaluation is blunt
trauma or back face signature (BFS) which is usually measured
for a non-perforation type impact.62 When a bullet is stopped by
the armour, a trauma or crater is formed on the backing
material with a certain diameter, depth and volume which
represent the transmission of energy to the back side of armour.
Therefore, aer ballistic testing, the depth, diameter and
volume of trauma is measured as shown in the Fig. 8.53

According to NIJ standard, the maximum permissible BFS is 44
mm. For measuring the trauma, the test panel is backed or
supported with an easily deformable substance. Clay backing
Fig. 6 Impact velocity determination using chronograph59 (this figure
has been reproduced from ref. 59 with permission from Elsevier).

This journal is © The Royal Society of Chemistry 2020
(Roma Plastilina) readily supports post-test linear and volu-
metric measurements and therefore, it is popularly used for
blunt trauma evaluation. Other resilient materials, such as
ballistic gelatin do not retain the deformation aer impact.
Therefore, in such cases, the trauma should be characterised
with photographic equipment, force gauges, etc.64

4 Energy absorption mechanisms of
soft body armour

When a high-performance fabric is hit by a projectile, energy is
absorbed through various mechanisms, depending on both
material and projectile parameters.12,59,65–67 During impact, the
bullet can either completely or partially pierce through or can be
entirely halted by the target. The fabric target absorbs energy
through the following mechanisms:65,66,68

� Yarn decrimping
� Fibre and yarn extension
� Yarn pull-out
� Fibre and yarn rupture
The relationships between these mechanisms and the ulti-

mate ballistic performance of high-performance fabrics is yet to
be understood fully. When a bullet strikes a fabric, crimp
removal, yarn extension, pyramid formation by primary and
secondary yarns, brillation and bre breakage happens in
sequence absorbing signicant amount of energy. Fibre fusing
is also observed in case of thermoplastic materials. It is gener-
ally accepted that yarn pull-out (Fig. 9) is a consequence of low
yarn to yarn friction17,69,70 and hence, yarn pull-out test is a good
step towards understanding the role of friction during impact.

4.1 Yarn pull-out

The earliest studies on yarn pull-out was reported by Sebastian
et al. on plain woven cotton fabrics.71,72 In a typical yarn pull-out
test, single or multiple yarns are pulled out from a high-
performance woven fabric to measure of yarn to yarn friction.
Fig. 10 shows two distinct regions in a yarn pull-out force vs.
displacement graph, namely static friction region or crimp
Fig. 7 Determination of V50 (ref. 63) (this figure has been reproduced
from ref. 63 with permission from Elsevier).
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Fig. 8 Evaluation of back face deformation. (a) Comparison of
measured and fitted curves, (b) view of 3-D model of trauma obtained
by a curve fitted using spline curve fitting method53 (this figure has
been reproduced from ref. 53 with permission from Elsevier).

Fig. 10 Pull-out response of a single yarn from a woven fabric36 (this
figure has been reproduced from ref. 36 with permission from
Elsevier).
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removal region and dynamic friction region or stick-slip region.
In Region I, with the application of pull-out force, the yarn starts
to straighten via the irreversible process of crimp removal. The
peak force is reached when yarn crimp becomes zero. There-
aer, dynamic friction comes into play in the ‘yarn translation’
region which witnesses stick-slip effect.28,73 ‘Stick’ occurs when
the yarn being pulled out is held by the transverse yarns, while
‘slip’ takes place when the yarn slides over the transverse
yarns35,70,74–77 as depicted in Region II and III of Fig. 10. The
plateau region in Region II is where the pulled yarn begins to
slide relative to the fabric and the Region III is where the yarn
starts to disengage from the fabric.

There are various factors which inuence yarn pull-out
results. The physical state, linear density, surface texture and
surface treatment of the yarn play great roles during yarn pull-
out. Other inuencing factors are sample dimensions and
thread density. Martinez et al.73 carried out friction and wear
experiment on three variants of Kevlar fabrics and found that
the static coefficient of friction (dened as the ratio of frictional
force to contact force) was the highest in the tightest fabric
sample, i.e., the sample with the highest thread density. Simi-
larly, the pull-out force, dened in terms of frictional force per
yarn crossover and frictional force per unit length of the yarn
drawn out, were found to be highest for the same densest
sample, clearly indicating that pull-out force increases as the
thread density increases.
Fig. 9 Fabric failure mechanisms during impact (a) yarn pull-out and
(b) fibre and yarn rupture68 (this figure has been reproduced from ref.
68 with permission from Elsevier).

1072 | RSC Adv., 2020, 10, 1066–1086
On a similar but different note, Bilisik et al.77 conducted
single and multiple yarn pull-out experiments on Twaron
fabrics and found supporting results in which the fabric sample
with the highest thread density showed the highest pull-out
force for single yarn pull-out.

However, for multiple yarn pull-out, the same translation
was not observed because with the denser fabric, excess bre
breakage was observed. Bazhenov28 and Bilisik et al.77 showed
that pull-out force also increased with increasing specimen
length and in general, the same trend was also observed with
increasing sample width. Weave, out-of-plane deformation,
shear and transverse tension also inuence yarn pull-out force.
A two-dimensional nite element model developed by Dong and
Sun74 also showed that thread density, yarn waviness, yarn
friction and modulus are factors affecting yarn pull-out force.
The parametric study gave rise to the simple eqn (5) that can be
used for a fair estimation of pull-out force:

F ¼ C � TD4 � D2 � M � W � Fc (5)

where, F is the normalised pull-out force (N per denier), C ¼
0.573 is a constant, TD is the yarns per inch, D is diameter of
bre in meter, M is of bre modulus in Pascal, W is the yarn
waviness in meter and Fc is coefficient of yarn friction.

Pull-out force decreases with the increase in pull-out speed,
the reduction being higher for static pull-out loads than it is for
dynamic pull-out loads.36 Pull-out force and crimp extension are
higher in case of multiple yarn pull-out tests.
5 Approaches to improve the impact
resistance

Researchers have explored different approaches to improve the
impact resistance of woven fabrics as so body armour mate-
rial. Among these approaches, use of natural latex, use of shear
thickening uid (STF), fabric surface modication by
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Schematic representation of shear thickening behaviour96 (this
figure has been reproduced from ref. 96 with permission from
American Institute of Physics).
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developing nanorods of metal oxides and use of 3D woven
fabrics are the few important ones. The idea of using STF or
even surface modication is to enhance structural integrity
through friction. On the other hand, the purpose of employing
3D woven structures is to enhance through-thickness mechan-
ical properties. Because 2D woven structures are devoid of
components in the Z-direction, hence, the load bearing capacity
along the thickness can be improved by making use of 3D
woven structures. The aspect of 3D woven fabrics and their role
in ballistic applications will be discussed later in more detail.

5.1 Use of latex/natural rubber coating

Ahmad et al.78 coated the Twaron fabrics with high modulus
pre-vulcanised natural rubber by simple dipping technique. The
ballistic performance of the all-neat samples was inferior to that
of the composite system of neat and coated fabrics. Addition-
ally, the number of layers penetrated by the projectile was less
in the case of coated samples for the same projectile velocity. A
related work done by Roy et al.79 also showed similar ndings,
besides showing that the energy absorption increased with
increasing add-on percentage. Hassim et al.80 carried out
puncture resistance test of unidirectional fabric aer single
dipping (SD), double dipping (DD) and triple dipping (TD) of
samples with oily and dry probe and observed that the puncture
resistance increased with increasing number of dipping, i.e.,
with increasing amount of natural latex.

5.2 Use of shear thickening uids (STF)

The application of shear thickening uid (STF) for ballistic
protection has attracted several research groups in recent years.
Gürgen et al.32 has thoroughly reviewed the applications of STF
for protective applications and therefore, the present work will
only briey describe this aspect. STF has been explored and
used for low velocity impact applications,81,82 stab and spike
protection83–92 as well as for high velocity ballistic impact
applications.17,93,94 Shear thickening uid (STF) is a non-New-
tonian uid having two phases, namely dispersed phase and
dispersion medium. Initially with the application of shear, STF
shows shear thinning behaviour. However, aer achieving
a particular shear rate, called critical shear rate, viscosity
increases abruptly and the liquid suspension attains an almost
solid like state.15,21,94–99 Fig. 11 shows the phenomenon of shear
thickening. The dispersed phase of STF consists of nano-scale
or sub-micron particles of silica, calcium carbonate or poly-
methylmethacrylate (PMMA), etc., while the dispersion medium
of STF can be water, silicon oils, polyethylene glycol (PEG),
polypropylene glycol (PPG) or 1-butyl-3-methylimidazolium
tetrauoroborate.100–105 In most of the reported literature,
researchers have used colloidal silica nanoparticles or fumed
silica as dispersed phase and PEG as dispersion
medium.17,106–111 The choice of PEG is probably due to its non-
toxicity, ease of handle and thermal stability. Sonochemical
technique, high speed homogenization, use of magnetic stirrer,
ultrasound sonication (using water bath or probe), etc., have
been used by researchers for proper dispersion of particles in
STF by breaking intermolecular interactions of nano
This journal is © The Royal Society of Chemistry 2020
particles.108,112–114 The phenomenon of shear thickening, fabri-
cation method, rheological response and applications of STF
have also been reviewed by Ding et al.115

Hasanzadeh et al.110 and Srivastava et al.21 also reviewed the
signicance of STF and its inuence on ballistic, stab, impact
and puncture resistance of high performance textile materials.
5.3 Theories of shear thickening

A few theories, namely, order–disorder transition (ODT),
hydrocluster theory, jamming and dilation theory have been
proposed by researchers to explain the shear thickening
behaviour.

5.3.1 Order–disorder theory. When a stabilised dense
colloidal suspension is subjected to shearing forces at relatively
lower shear rate, the inherent repulsive interaction among the
particles in the solution prevents them from coming together,
keeping them in an ordered, layered kind of stable arrange-
ment. However, as the shear rate keeps on increasing, beyond
a certain critical point, the shear forces pushing the particles
together become strong enough to overcome the repulsive
particle to particle interaction. This gives rise to a disordered
arrangement due to particles being forced out of their equilib-
rium state.100–102,117 Gurnon et al.118 reported that the competi-
tion and balance between hydrodynamic (dissipative) and
thermodynamic (conservative) forces control the non-New-
tonian shear rheology of a colloidal suspension under steady
and ow conditions. However, some studies later showed that
the occurrence of order–disorder transition is not mandatory
for shear thickening to occur.119,120

5.3.2 Hydrocluster theory. First introduced by Brady and
Bossis, hydrocluster theory states that for suspensions inter-
acting through hydrodynamic forces, the rise in viscosity upon
increasing shear rate can be attributed to cluster formation.121

At low shear rate, Brownian motion is prevalent and hence
the particles are in equilibrium as shown in Fig. 12(a). With the
application of very low shear rate, particles organise themselves
in various layers resulting in shear thinning as shown in
Fig. 12(b). On further increase in shear rate, formation of self-
organised microstructures takes place which are bonded by
hydrodynamic forces. These microstructures, known as
RSC Adv., 2020, 10, 1066–1086 | 1073
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hydroclusters, are a small, irregularly shaped clustered mass
composed of particles which are momentarily compressed
together. The particles within the momentarily formed hydro-
clusters itself are so minutely spaced that the assembly as
a whole is incompressible, rendering the solid like behaviour
that governs the shear thickening phenomenon. As a result
shear thickening is obtained as shown in Fig. 12(c).104,123–127

Cheng et al.128 was able to visualise the formation of hydro-
clusters during shear thickening in concentrated colloidal
suspensions with the help of fast confocal microscopy. This
theory is able to predict the onset of shear thickening for a wide
range of continuous and discontinuous shear thickening uids,
although simulations are not able to produce the same level of
high viscosity observed in experiments.

5.3.3 Dilation theory. Earlier, dilatancy was used to explain
the shear thickening, although generally, dilatancy refers to the
expansion of a system due to change in packing arrangement.129

Metzner andWhitlock130 differentiated the two dilatancies (one,
in the rheological and the other, in the volumetric sense) and
found that the two occur independent of each other.

Thereaer, explanation of shear thickening as a mechanism
leans towards the hydrocluster theory. However, more recently,
dilatancy in the volumetric sense, as a possible explanation to
shear thickening was proposed by Brown and Jaeger.131 When
volumetric dilation of a granular shear ow is conned by
boundary conditions, internal stresses develop in the system.
Equal and opposite forces are then transmitted to the particles
which then come in contact with each other, contributing to the
frictional contact forces. This, in accordance to the latest theory
of contact rheology, contributes to the abrupt rise in viscosity of
the system under high shear rate.131,132

5.3.4 Contact rheology. In recent years, a newmodel is laid
down by Seto et al.133 to overcome the limitation of the
hydrocluster theory by taking into account the solid friction
among the contacting particles similar to granular suspen-
sions, in addition to the lubrication forces that govern the
hydrocluster theory. The role of frictional forces has been
supported by experiments and it is suggested that it is the
major driving force when the gap between particles fall below
a certain limiting value. As shown in Fig. 12(d), Qin et al.116

hypothesised that in case of high solid content, shear thick-
ening is dictated by jamming of particles akin to a logjam
Fig. 12 Schematic illustrations of microstructure of particles under
shear force: (a) randomly dispersed, (b) shear thinning, (c) cluster
formation begins, (d) jamming116 (this figure has been reproduced from
ref. 116 with permission from Springer Nature).

1074 | RSC Adv., 2020, 10, 1066–1086
while at lower solid content, shear thickening is governed by
hydrocluster formation. However, it was found later by Lin
et al.134 that contact forces also dictate continuous shear
thickening (CST) as well where the solid content can be as low
as 49%. Therefore, the contact model is able to predict the
behaviour of both continuous and discontinuous shear
thickening.

5.4 Parameters inuencing shear thickening behaviour

It has been observed that the behaviour of shear thickening
uid primarily depends on particle related parameters like solid
content, particle aspect ratio, particle shape, particle size and its
distribution, and so on. Other parameters like temperature and
pH and carrier uid properties are also inuential.

5.4.1 Solid content. Solid content of particles in concen-
trated colloidal suspensions is the most important parameter
affecting shear thickening behaviour. Shear thickening is
observed only when the solid content exceeds a certain
minimum level. Barnes125 reported that a phase volume of 50%
is a good approximation around which shear thickening
commences, although it is not necessarily true as reported by
many prior researchers. This value has been taken for granted
due to the fact that the dependence of critical shear rate on
phase volume is least at around 50%. Critical shear rate
decreases non-linearly and peak viscosity increases with the
increase in volume fraction (Fig. 13). Boersma et al.117 numeri-
cally predicted the critical shear rate for different dispersions
and found that for almost all dispersions (consisting of spher-
ical dispersed particles with stabilizing layer thickness lesser
than the particle diameter), critical shear rate depends on the
volume fraction, particularly, when the fraction is closer to the
maximum value.

5.4.2 Aspect ratio, shape, size and size distribution of
particle. Along with the solid content, particle aspect ratio
(length : diameter) also critically affects the shear thickening
behaviour of concentrated colloidal suspensions. It has been
observed that with increase in particle aspect ratio, critical
shear rate reduces, and viscosity increases probably because of
the manner in which these particles interact. Besides, the
minimum solid content required to achieve shear thickening
also decreases with increasing particle aspect ratio. Wetzel
et al.135 used spherical silica particles and CaCO3 particles of
different aspect ratios ranging from 2 : 1 to 7 : 1 and found that
as the aspect ratio increases, requirement of solid volume
fraction to reach the critical shear rate decreases.

Particle shape has considerable inuence on ow properties
of concentrated colloidal suspensions. Although it is well estab-
lished that particle shape is an important inuential parameter
as far as shear thickening is concerned, it is however, unclear as
to what contributes to the effect. Whether it is the shape on its
own that plays a role, or the combined effect of shape and other
parameters such as size, volume fraction and so on, is still not
fully understood. However, in general, it is observed that aniso-
tropic particles more readily give shear thickening, and hence,
suspensions with rod shaped or needle shaped particles have
greater propensity for shear thickening behaviour than particles
with plate, grains or sphere shapes.110,125,135
This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Shear thickening behaviour with different solid content122 (this
figure has been reproduced from ref. 122 with permission from The
Royal Society of Chemistry).
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Another factor which has decisive inuence in determining
the critical shear rate and peak viscosity of STF is particle size.
Barnes125 and Lee et al.136 showed that as particle size increases
the onset of shear thickening moves towards lower shear rate
(Fig. 14). This is probably because for a given volume fraction,
the number of smaller size particles increases and so is the
interaction among these particles.

Particle size distribution also impacts shear thickening
behaviour. A wide continuous particle size distribution causes
the critical shear rate to rise, while a narrower distribution
causes the thickening to occur at lower shear rates.32

5.4.3 Particle–particle interaction and particle hardness.
Particle–particle interaction is also found to be an important
parameter for STF. It is an established realization that shear
thickening ceases to occur when at no shear, particles adhere to
one another, implying that particles should either be neutral or
should constantly repel each other through electrostatic,
entropic or steric interactions. Thus, occulated and deoccu-
lated suspensions show opposite behaviour – thixotropic and
rheopectic, respectively.125 Particle hardness also has signicant
effect on shear thickening behaviour. A study conducted by
Kalman et al.,137 on the effect of particle hardness, reported that
Fig. 14 Effect of particle size on shear thickening behaviour of STF125

(this figure has been reproduced from ref. 125 with permission from
AIP Publishing).

This journal is © The Royal Society of Chemistry 2020
SiO2 particle systems (SiO2 being harder), displayed systematic
increase in yarn pull-out, puncture, and ballistic resistance,
resulting in better performance than that of soer PMMA
(polymethyl methacrylate) particle systems. The authors
attempted to explain this behaviour assuming the mobility
mechanisms to govern the experiment, in which harder parti-
cles are more likely to restrict yarn and lament movement.
This is because of the higher potential of harder particles to
engage with the laments, besides being able to bear higher
stress levels without deformation.

5.4.4 Temperature. Temperature has a direct inuence on
viscosity for it agitates the particles, driving them to greater
mobility due to increased kinetic and thermal energy. Hence, it
is not difficult to understand that viscosity decreases with
increasing temperature. This in turn has a negative impact on
the shear thickening mechanism. Fig. 15 depicts that the crit-
ical shear rate increases while the peak viscosity decreases with
the increase in temperature.110,122,139 This can be explained in
terms of increased repulsive interaction among the particles at
high temperatures, requiring much higher external forces to
overcome this repulsion for the particles to form hydroclusters.

5.4.5 pH. The role of pH in inuencing the behaviour of
STF is very signicant. Extensive research has shown that pH
alters the surface charge and changes the inter-particle repul-
sive or attractive forces. Chen et al.140 studied the effect of
acidity or basicity of polystyrene-ethylacrylate colloidal disper-
sion on its thickening behaviour and found out that critical
shear rate decreases with decreasing pH on acid addition, while
the opposite was found for alkali added STF samples. A related
work by Shan et al.141 showed similar results. The authors
prepared 20% (w/w) STF using fumed silica and used diluted
HCl and NaOH to control the pH of STF between 2 and 12. From
their rheological results (Fig. 16), it becomes clear that critical
shear rate increases, and peak viscosity decreases with the
increase in pH.
Fig. 15 Effect of temperature on shear thickening behaviour138 (this
figure has been reproduced from ref. 138 with permission from
American Chemical Society).
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Fig. 17 Effect of Hal nanotube content on shear thickening behav-
iour142 (this figure has been reproduced from ref. 142 with permission
from World Scientific Pub.).
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5.4.6 Nano llers. Addition of nanollers can help to tune
the onset of shear thickening so as to suit different require-
ments. Huang et al.143 added a very small amount of graphene
oxide (0.1% to 0.3%) into a silica/PEG-based STF to modify the
shear thickening behaviour. They found that critical shear rate
decreases, and the peak viscosity increases with the addition of
graphene oxide. Wang et al.142 and Laha et al.144 used halloysite
nanotube (Hal nanotube or HNT) as nanollers to alter the
shear thickening behaviour and found almost identical results
(Fig. 17). The presence of nanollers facilitates the formation of
clusters by the particles as the latter agglomerate around the
former. Thus, critical shear rate reduces, and peak viscosity
increases. Sha et al.145 incorporated two carbon nanollers into
Si-PEG STF in the form of nanotubes (CNTs) and graphene
nanoplatelets (GNs), in different volume fraction, individually
and together, and found that the shear thickening behaviour
enhanced in samples with additives because of better aggrega-
tion effect. The presence of nanollers improved the particles
interaction and this was observed to be more prominent in
CNT-STF than in GN-STF due to the former's specic tubular
shape. The combination of both CNTs and GNs showed even
better results due to synergistic effects. Quite the contrary, the
ndings of Hasanzadeh et al.146 and Gürgen et al.89 showed
opposing results, i.e., the degree of shear thickening reduced
with addition of nanollers. Hasanzadeh et al.146 found that
addition of carbonMWNTs to silica–PEG STF caused the critical
viscosity to reduce and the shear thickening to commence at
higher critical shear rate. They argued that the presence of the
MWNTs resulted in increased hydrogen bonding with PEG and
silica as well, necessitating the use of higher shear rate to
overcome this interaction. This led to delayed shear thickening.
Gurgen et al.,89 however, argued that the presence of SiC addi-
tives in silica–PEG STF restricted the silica from agglomerating,
thereby, preventing shear thickening from occurring, unless
higher hydrodynamic forces were applied. Hence, the thick-
ening process was delayed and the thickening ratio, dened as
the ratio of maximum viscosity to critical viscosity, was lowered.

5.5 Effect of STF on failure mechanism of fabrics

The mechanism of STF–fabric interaction during impact has
long been debated. Unfortunately, thorough understanding of
Fig. 16 Effect of pH on shear thickening behaviour141 (this figure has
been reproduced from ref. 141 with permission from Elsevier).

1076 | RSC Adv., 2020, 10, 1066–1086
the exact role of STF to enhance the impact resistance of high-
performance fabrics is still quite obscure. Some researchers
argue that increased friction is responsible for enhanced impact
performance,32,33,90,147 while others believe that the inherent
shear thickening phenomenon also plays a vital role in energy
absorption.16,82,83,137,148–150

In their attempt to understand the STF–fabric interaction
mechanism, Majumdar et al.68 studied the stage-wise defor-
mation pattern on neat and STF treated fabrics. Three distinct
zones were observed in the force/energy plots against time as
depicted in Fig. 18. Zone 1 or elastic zone was found to be linear
in both untreated and STF treated fabrics, though longer in
time in the case of the latter. Zone 2 or slippage/breakage zone
was different for untreated and STF treated fabrics. For
untreated fabrics, there was a uctuation of force due to slip-
page and breakage of yarns which precluded any further
increase in force in this zone. On the contrary, STF treated
fabrics showed further increase in force in zone 2. The STF
treated fabrics showed lesser yarn pull-out and more contribu-
tion from secondary yarns in energy absorption during impact.
It was also observed that zone 1 and 2 collectively contributed
about 40% of the total energy absorption in untreated fabrics
and about 80% in STF treated fabrics. For untreated fabrics,
zone 3 or failure zone was longer as compared to that of STF
treated fabrics due to yarn pull-out in case of the former.

A study by Kalman et al.137 showed that yarn pull-out is the
most prevalent mode of failure for neat and PMMA treated
fabrics. However, bre and yarn rupture are the primary modes
of failure and energy absorption for both silica-dry and silica-
STF treated fabrics (Fig. 19).
5.6 Chemical modication of silica nanoparticles

Silica particles in nano dimension are very active particles.
Thus, it is very difficult to obtain very high weight fraction of
silica in STF due to particle aggregation. Surface modications
can be done to improve the dispersion of silica nanoparticles
in dispersing medium. For example, the use of silane coupling
agents is very common. They have a unique bi-functional
structure with one group capable of reacting with silica and
This journal is © The Royal Society of Chemistry 2020
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Fig. 18 Force vs. time and energy vs. time graphs of (a) untreated and
(b) STF treated Kevlar fabrics68 (this figure has been reproduced from
ref. 68 with permission from Elsevier).
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the other group compatible with the dispersing medium151

The bonding between the silane and the silica surface changes
the hydrophilic surface into a hydrophobic one. The Si–O–Si–
C moiety formed by this reaction not only provides a chemi-
cally stable attachment to the silica matrix, but also allows
further modication with high chemical stability.152 Radhak-
rishnan et al.153 used polymer graing technique to modify the
surface of the silica nanoparticles (Fig. 20). Yu et al.109 used
ethylene glycol (EG) as the surface modifying agent for silica
(Fig. 21).
Fig. 19 Failure modes of fabric during impact137 (this figure has been
reproduced from ref. 137 with permission from American Chemical
Society).

This journal is © The Royal Society of Chemistry 2020
5.7 Use of nanorods of metal oxides

Surface modication by generating zinc oxide (ZnO) nanorods
on high performance fabrics, a technique used to increase
interfacial strength, have been explored by various
researchers.156–162 It becomes clear from the works of Galan
et al.,156 Ehlert et al.,159 Majumdar et al.161 and Hwang et al.155,160

that ZnO nanostructures developed on the surface of high-
performance fabrics help to improve both the yarn pull-out and
impact energy absorption, due to improved inter-yarn friction,
without any deterioration in tensile strength. Various methods
can be adopted to grow nanostructures on high performance
fabrics. However, the most sought aer one is the hydrothermal
method163,164 because it is relatively simple and causes
minimum damage to the bre due to low processing tempera-
ture. Fig. 22(a) shows the growth of ZnO nanorods on Kevlar
fabric surface whereas Fig. 22(b) presents the SEM images of
ZnO nanorod coated Kevlar fabric.

5.8 Use of three dimensional (3D) fabrics

Multiple layers of stitched two dimensional (2D) plain woven
fabrics are generally used for body armour applications. The
disadvantages of this assembly are the adverse effects of stress
concentration at crossover points of yarns in fabrics and poor
layer to layer stress transfer. To overcome these problems, three
dimensional (3D) woven fabrics may be used as an alterna-
tive.165–167 3D woven fabrics have several advantages over 2D
fabrics like improved mechanical properties in through-thick-
ness direction, better structural integrity and good layer to layer
stress transfer.168 It is believed by many researchers that the
presence of yarns in Z direction in 3D woven fabrics increases
the stiffness, strength and compactness of the structure and its
composite.167,169 Chevalier et al.170 concluded that for the same
weight per unit area, stacked 2D fabrics absorb more energy
than a 3D (warp interlock) fabric owing to higher volume frac-
tion of yarn inside the 2D structures.

Composites made of 3D structures offer several advantages
over 2D laminates as evident by the results of a comparative
study between 2D and 3D woven fabrics on compressive
strength, post impact exural strength and damage area aer
impact. Composites made of 3D woven fabrics are found to be
superior, with reduced possibility of delamination and smaller
failure zone.171 Different variants of 3D woven structures have
been reported by different researchers for ballistic applica-
tions.55,170,172,173 The general denition and classication of 3D
woven fabrics have been given in great detail by Boussu et al.174

and Fig. 23 shows the structural difference as per this
classication.
Fig. 20 Surface modification of silica nanoparticles using polymer
grafting technique153 (this figure has been reproduced from ref. 153
with permission from The Royal Society of Chemistry).
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Fig. 21 Reactions of silica nanoparticles with EG109 (this figure has been reproduced from ref. 109 with permission from Springer Nature).

Fig. 22 (a) ZnO nanorod formation on Kevlar fabric,154 (b) ZnO coated
fabric155 (these figures have been reproduced from ref. 154 and 155,
respectively with permission from Elsevier).
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Fig. 24 shows an orthogonal interlock fabric with the three
different sets of yarns used in 3D structures, namely binder
warp, stuffer warp and we yarns. As such, structures vary
according to the binding depth of the binder warp and angle at
which it binds the layers.

5.8.1 Orthogonal interlock structure. In 3D orthogonal
fabric, three types of constituent yarns (stuffer, binder and we)
are oriented perpendicularly to each other in longitudinal,
vertical and transverse directions, respectively.168 Mechanical
and structural properties of the 3D orthogonal woven fabric and
its composites can be varied by changing the weave of binder
yarns and number of warp layers.175–179 It is important to note
that the stuffer yarns absorbe more energy than the binder
yarns, probably because of their low crimp. This, therefore,
imposes the need to optimise the stuffer to binder ratio to arrive
at best performance. Majumdar et al.180 found that, in general,
the energy absorption capacity of a 3D orthogonal fabric
increased with increasing stuffer to binder ratio when subjected
1078 | RSC Adv., 2020, 10, 1066–1086
to low velocity ballistic impact (165 � 10 m s�1). Additionally,
the double layered STF treated 3D fabrics with stuffer to binder
ratio of 4 : 1 was able to stop all bullets from piercing. At higher
impact velocity (430 � 10 m s�1) also, panels containing 3D
fabrics with stuffer to binder ratio of 4 : 1 performed better.
Some researchers observed that orthogonal fabrics absorb the
more energy when compared to other 3D structures in terms of
peak force and total energy.181,182 This may be because of the
absence of crimp, thereby permitting maximum utilisation of
yarn properties. Structural stability is another advantage of
orthogonal structures. This may stem from the fact that, for the
same conditions, a higher bre volume fraction can be expected
for an orthogonal interlock binding than for an angle interlock
binding, particularly in the thickness direction.183

5.8.2 Angle interlock structure (layer to layer). Generally
known as warp interlock fabric, this type of structure also has
multiple layers of warp and we yarns. The binder warp yarn
travels from one layer to another layer and then comes back,
thus stitching the layers together.168,169,171

Due to this specic bonding arrangement between layers, 3D
warp interlock fabrics are reported to show a small damaged
zone, good resistance to delamination and multiple hits when
subjected to impact.179 The stiffness and structural stability
increase with the increase in number of layers while the crimp
of the wavy yarns varies according to the interlacement pattern.
Stuffer warp yarns are generally inserted to increase the struc-
tural stability and bre volume fraction in composites.170,178,184

The mechanical and structural properties of these 3D fabrics
can be altered by changing the stuffer to binder ratio, number of
layers and by changing the binding depth of the binder
warps.185 Of these, the binding depth has been reported to be
one of the major parameters contributing to degradation of tow
strength inside the woven structure.186 Higher values of number
of layers and thread density seem to have a positive effect. It has
been seen that better impact resistance can be anticipated with
balanced or equilibrated structures wherein similar warp and
we densities are employed.179,187

5.8.3 Angle interlock structure (through-thickness). Angle
interlock structure can also be termed as ‘through-thickness’
interlock structure, in which, the warp yarns bind the we yarns by
traveling from one surface (top) to other surface (bottom).168,169,171

This, in general, causes substantial increase in crimp in these
warp yarns as compared to that in a warp interlock structure. Like
in warp interlock structures, stuffer warp yarns may be added to
give structural stability and to increase bre volume fraction in
composites.13,168,171,188 These structures have been reported to be
least energy absorbent and impact resistant amongst the different
3D woven fabrics, probably due to lesser interlacements. An
This journal is © The Royal Society of Chemistry 2020
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Fig. 23 Classification of 3D woven structures (A ¼ angle, O ¼ orthogonal, L ¼ layer to layer, T ¼ through-thickness)174 (these figures have been
reproduced from ref. 174 with permission from Elsevier).

Fig. 24 A 3D orthogonal plain-woven structure showing binder,
stuffer and weft yarns.
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investigation by Yang et al.189 revealed that angle interlock struc-
tures show weaker gripping power, in addition to the normal
energy absorption mechanisms like 2D woven fabrics. It has been
reported that angle interlock fabrics also offer least resistance to
shear, owing to minimal contact points.190 This unique property
enables near-net dome shapes to be formed readily without the
need of cutting, stitching and folding. Hence, moldability is one of
the most superior and attractive properties of angle interlock
structures as far as 3D woven fabrics are concerned. This property
has enabled researchers to develop seamless ballistic vests for
female personnel to suit their curvaceous body shape.14

6 Future trends

The constant need for reduced weight and enhanced performance
has marked a shi in the choice of material for ballistic applica-
tions. UHMWPE bres are now being explored more extensively
than aramids due to lower density of the former. Hence, in the
near future, one might expect UHMWPEs to replace aramids
altogether. Another observable trend is the application of multi-
phase STF with the addition of nanollers such as carbon nano-
tubes and graphene instead of a single phase STF. In general,
This journal is © The Royal Society of Chemistry 2020
multi-phase STFs show higher peak viscosity, which is a require-
ment for ballistic resistance. Yet another trend that may take
precedence in the coming years is the use of STF treated 3D
structures in lieu of the currently used 2D structures. The use of
carbon nanotubes in impact and ballistic applications at different
stages, i.e., as an additive to the matrix or as a reinforcement to
high-performance yarn may be exploited to greater extent as
research progresses.191–193
7 Summary

The present review critically analyses the vast body of research
pursued to understand the roles of brous materials on
ballistic impact resistance behaviour of so body armour.
Fibre and yarn properties are of paramount importance and
UHMWPE bres, due to their low density and very high
modulus, seem to surpass aramids. Fabric constructions also
play decisive roles as UD, 2D, 3D, triaxial and knitted fabrics
behave differently during impact. For impact applications,
crimpless UD fabric structures facilitate faster and wider
dissipation of stress waves and the former is replacing the
woven 2D fabrics to a great extent. Standards and evaluation
techniques have also progressed to keep pace with the strin-
gent requirement of body armour users. The use of shear
thickening uids has shown promising results at least against
low velocity impact as well as against stab and puncture.
Surface modication by developing nanorods of metal oxides
have also shown potential in imparting additional energy
absorption capacity to the base brous structure. Similarly,
judicious selection of 3D woven construction may lead to
improved impact energy absorption. Hybridization of
different materials and structures for synergistic benets is
yet another approach that has been explored and the results
are oen very promising. The application of carbon nano-
tubes is also being explored to develop next generation light-
weight body armour.
RSC Adv., 2020, 10, 1066–1086 | 1079
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