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Dynamic/quasi-static stab-resistance and
mechanical properties of soft body armour
composites constructed from Kevlar fabrics and
shear thickening fluidsy
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Sl Body arnour composites wang constructed by eombening Randar fabrics with different quantites of
shear thickening flusd (5TF, In particular, the quanity of the added 5TF and the mechamcal progesties of
these compostes wore systamically explored, The dynamic and quasi-static mnife-stabling resistance
and the guasi-static mechanical properties of thee composites were both sigrificantly enhanced in
coemparioon o those of neat Keviar fabric, The composites wane much lighteer, thinner and mone flexibke
than the ncat Kedar Fabec and, with an optimal quantity of added STF. could not euen be penetrated
Hevesayer, the dynamic knife-stabiing resitance of the labic became poor wihen the amount of added
STF was higher than 100wk, The tensile strength of the compostes could be moressed from 40K to
B0 and the tearing srength could be increased by rearly eight times that of the neat Revar fabric by
increasing the concontration of added STF. Yarn pull-out testng suggested thet the tnggered shear
thickernng confributed to the ingrease of the friction bebween yarrd oF filaments, resulling i
irgrovements in e dynamic and quas@-satic groperies of these composics. Moreower, these
composites are suitable for use as soft body smour matenals due 1 ther good adaptabiity 1 high and
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1. Introduction

Shear-thickening fluid [STF) 5 a novel suspension whose
viscosity can increase with increasing shear rate or applied
stress. Under a high-speed shear rate, the viseosity of the 5TF
imcreases dramatically, and it appears a5 & solid-like material.
Mioreowver, the §TF immediacely reverses its stane ooa lquid-like
material when the impact stress is removed . In ather words,
5TFs are self-adjusting sowart materials.

Hoffrman has propesed that shear thickening in concen-
trated suspensions results from the order-digorder transition. ™
ither researchers have demonstrated that the shearthickening
hekawior in concentrated colloidal suspensions is cansed by
hvdradynamic hubrication foroes beoween particles, resulting in
the formatien of a non-equiliboom, self-onmnized  micro-
structuTe that devedops under strong flows, denoted as ydro-
clusters**  Recently, jamming and dilation for shear
thickening in dense dispersions have been described.™" The
idea iz that the particle systemn in suspension dilates, ie,
particles tend o expand when they are made to fhorr,
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Shear thickening behavior is not desirable in some indus-
tries, such as food, paint and ceramics, where it leads to ssues
such as failure of mixer motors due to overloading and mixer
blade damape in industmial situations.** However, 5TFS have
arracted much attention, and they have been used in the desizm
of protective smart composites over the past few decades. ™ *

Decker o al performed systematic research on the stab
resivtance of STFareated fabrics for the first time in 2006, They
concluded that the stab resistances of STF-treated Kevlar and
nylon fabrics were improved significantly over those of the neat
fabric rargers; dramatic improvements in puncture fesistance
were ohserved, while slight increases in knife protection were
also observed. Decker e gl also proposed that the added STF
reduced the mobility of filaments and yarns, which led to the
improvements in stal resistance. The added wiglt pereentag:
of STF was between 20 and 30 for all STF-treated fabrics in this
study.™ Li et al. demeonstrated that the dynamic stab resistance
of UHMWPE fabric was significantly enhanced by the presence
of an STF. They proposed that the impregnating STF accelerated
the rransverse response of the UHMWPE fabric and increased
the interyam friction. The role of the STF in the STF-reated
fabrics was important; however, the quantty of the impreg-
nated STF in the fabrics was ignored in this stedy.™ Selim and
Melih found that multiphase STFs resulted in further
improvements in the stab resistance of STF treated fabrices with
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Fig 1 [(3) Mesturing installation. (b installation of target and e} target holder for the dynamic knife-stabiiing tests, and (d) samgle holder for the

quasi-static knifo-stanbing tests.

installation, &5 shown in Fig. 1z, Fig. 1b and e show the
ingtaltarion of the target and the target holder, The drop mass
contzined a cylinder secl and che knife; the total moss was
about 4500 g. The it drag on the drop mass was ignored, and
the impacting energy was caloulated by eqn (2L The conditdons
of the dynamie knife-stabbing tests are shown in Table 1.

(2]

where m is the mass of the drop; g is the gravicational acceler-
atiom, 4.8 m s~ 5 and ks the vertical distance between the tip of
the knife blade and the impacting point.

The gquasi-static knife-stabbing tests were pecformed with
the clecmonic universal testing machine the sample was
clamped by 8 selfdesigoed odindrical holder, as shown in
Fig. 1d. Sufficient foree wag introduced w clamp the specimen
with the bolts in order o avedd slippage. The instrument
measured the generated foree, and the absorbed energy was
simaltaneously  caleulated  for the sample against  the
displacernent.

The quasi-static mechanical propertics, wensile strength and
tearing strength in warp direction, were measured with the
electronic universal testing machine, refereneing ASTM DH0EY

Imipacting enerpy — m x g < &

Diop mass  Drop heighe  Theoretical impser Theorstical impac:
(ke [ixres) velocity {m 57" ererry (1)
4,50 1 1.56 141

15 24 G2

e 34z 8,43

25 490 1100

Al £.5# 13.23
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and ASTM DZ2G1, respectively. The single yam pull-out sests
were performed as followss the boroms portion of single yarn at
the ecnter of each specimen was intentionally cut so thar i
could be pulled ouwt without elastic deformation or failure. The
top of that yarn was loaded into the upper clamp of the testing
machine, while the lower edge of the rectangualar fabric spec.
frmen was mpunted in a clamped hedding fxmre, as shosm in
the imscr of Fig. 108, Beferencing ASTR D2256, the tensile
strength of the single varm was tested with the elecrronic
universal testing machine, The flemuml rigidities of the samples
were mensured with electmonic rigidity equipment (LLY-01E) a=
stared in opsion A [cantilewsr test) of ASTM D385

3. Results and discussion
3.1 Propertics of STFs

Az ghowmn in Fig, 2, 5TFs with different concentrations exhibit
shear thickening behavior. With increasing concentration of
5TF, corresponding to the onset increase of wiscosity, the exitical
shear rate decreases, For the STF with 70 wi% silica mdero-
gpheres, the viscosity increases by nearly bwo orders of magni-
tude in the ghear thickening region, and it precents Fmming at
high shear rates. The 70 wits 5TF displayed such prooioent
shear thickening properties thar it was selected 1o be combined
with Keviar fabrics. Moreover, the STF showed complete
reversibility and instantaneous response (25 shown m Fig, 51
and 52 in the ESMY). This indicates that the 5TF can be wsed
repeatedly and responds quickly to external conditions.

32 Inmamic and quasi-static knife-stabbing resistance
As shoem in Table 2 and Fig. 3, the targets of neat and PEG-

trested Keviar fabrics are compozed of twchee layers, while the
tarpets of STF-preparcd composites are constructed of nine
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force to ascend oscillatorily, as shown in Fig. Se-f. Thiz
implies that the friction bepween yarns or Blaments incoeases
significanthy with the introduction of 5TF, and the mobility of
yarns of filaments in the composites is much weaker than that
of the neat or PEG-treated Kevlar fabrics. The immobale yarns
rezist knife puncture uneil they are cut off one by one in the
compasites, and the cutting-off force of the yam is much
hizher than the force that causes it fo slip therclore, the
generated force is very high and oscillatory, and the abaorbed
eneryy inersasges evidently, With increasing quantity of added
STF, the friction bepween yarns may increase, causing the
resistance and the absoebed energy o increase. The friction
bepween yams declines upon the introduction of PEG-200,
which hubricates the yarns in the Keviar fabrics; therefore,
the generated force and absorbed energy decrease. In other
words, it is the STF that causes the increases in the generated
foree and the absorbed encergy.
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1.3 Quasi-static mechanical properties of STF-preparsd
Hevlar abric composites

In the gquasi-static tensile tests, compared with the neat Fevlar
fabric, as the head fnereased swecply, the fensile strength
increased significantly and the elongation at brzak decreaged
for the STF-prepared Kevlar fabric composites, as shown in
Fig. Ga. Apparently, the yarns are crimped in the neat Keviar
fabrics and the STF-prepared compoesites at the initial stace and
are progressively srraightened along the loading direction.™ The
steaightencd length is similar for the same size samples of
the neat Keviar fabric and the composites. Therefore, the
displacement, corresponding o the kading peak 1 the
composites, 15 the same 35 that in the oeat Keviar fabric, The
friction hetween yams in the composites 15 higher than that in
the neat Kevlar fabric, leading to an increase in the straighrened
registance. Most yarns in the composites were broken afrer the
loading peak was reached (2 shown in Fig. S4b in the ESIF), and

Fig 4 Photographs #d SEM enages of brolben semplkes freen the dynamic stabbing tests with 13.23 ] Ergacting anergy (), iy, igh and () are the
reat Kesdar fabeics (], el ih and (K] are the composie with 3625 wik STF; il o), @ and [ are the composte with 10373 wik 5TF.
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Fig. 7 Tearing strangth and energy abeorption ur, displacoment at a rate of 100 men min™ for (3] the neat Kewlar fabric, (b the PEG-Trested Keviar

fabric, and {&—N the 5TF-grepaned composites

the tensile load declined steeply thereafrer. However, most
of the yams or filaments slip readily i e oest Beviar fabric
after the lpading peak value iz obtained (a5 shown in Fig- %42 in
the ESIT); theredore, its elongasion at break is higher than that
of the composite, 15 is clear that the tensile srengths of the
composites are higher than thoese of the near and FEG-meated
Kevlar fabrics by 40% 1w 80%, as shown in Fige Gh. By
increasing the quantity of the added STF, the friction beoseen
yarns of filaments may increase; therefore, the tensile strength
of the composites is impoosed, This suggesis thar the

Thie i & & The Foyal Sooehy of Chemtry 007
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introduction of STF increases the quasi-static tensile strength of
the Kevlar fabric

The resulte of the guasi-static tearing tests are shown in
Fig. 7. It ean be clearly seen chat the tearing strengthe of the near
and PEG-treated Kevlar fabrice ape abour 120 N and 70 N,
respectiviely, and their abeodbed encrgies are about 4.5 ] and
2.1 J, vespecuvely, as shown in Fig, 7a and b However, both the
tearing stremgrth and the absorbed energy inerease sipnificantly
for the STF-prepared composines; the tearing strength increases
from abowt 400 B to 8040 M and the absorbed energy increases

R5C A, 20L7, 7. B505-39623 | 39800
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Fig 10 Tensle koad v dsplacernent for [3) Keviar fabrics Treated by differcrd methods 2t 2 constant rete of 200 mm min™ and &} the

5TF-prepared falbric composite with 6521 wtl STF and () the neat Bedar tabnc at giftensnt rates
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than the practical vahae, as showm in Fig. 4k and L The oritical
shear rate [v] iz abour 4 57" for the 70 wi% 5TF, a5 shown in
Fig. 2. The minimum eritical welocity (vl estimated by the
.
cquation - =
the shear thickening hehavior can be triggered easily as soon as
the yarns or filaments experience a relative motion under the
knife impace, a5 shown in the insct of Fiz, 11b, The distribated
STF in the fabric acts a8 a bridping or manrix phase dwe 1o the
very high viscosing of STF, and some silica microspheres may be
jammied in the gops betwsen filaments, as shown i the inser of
Fig. 11b. This cuses stress to wansfer benween vams or fils-
ments, and more yams of filaments functon as an clement
sustin the extermal dynamie or quas-state impact, a5 shown in
Fig. 11b. Thus, mors energy can be absorbed and the composites
can endure much higher forces during dynamic or quasi-static
knife impact. (o the quasi=tatic mechanical tests, the esting
rafe, 100 mm min ', is much higher than the crteal velocity:
therefore, the shear thickening behavior of the STF can be trig-
gered exsily. This causes a prominent increase in the friction
between yams of filaments in the composites, and both the
tensile strength and the tearing strength are enhanced, The
tearing forces fluchuate in the composdites, and the fuetuated
amplitwde increases with increasing amoant of added STE. Ome

4, is only about 2.4 mm min~°_ In other words,

posible reason ks thar the coupling bepween yams or filaments
will be destroved when the edemal foree 15 suffictently soromg;
therefore, the tearing force declines sharply. Howewer, new
couplings will form quickly doe o the eversible and tramsient
response ability of STF, lesding to a sharp ineresse in the tearing
force. Moreover, the enhanced guasi-stadie mochanical proper-
tits, inchuding the tensile strength and vearing swrength, may also
lead to improvements in the dynamie knife-stabbing resistnoe.

The dynamic knife-stabbing resistance  decreases  for
compasites containing an excessve guantity of STFs. One
possible explanation e thar the impacting behavier may net be
optimized at the macdmmmnam friction but &t some intermedinte,
tuned degree of mobility. Therefore, the yarns in the composites
may be free to move to o certain extent, absorbing cnergy,
lemgthening the interaction tiose with the knife under impact,
and decreasing the severity of the instanranesus stresses on the
varns and filaments. In this scenario, the wery high pull-out
force of the composites s derrimental o the overall stabbing
pierformance, while enough slippage is permimed w redoce
instantaneous Stress concenbiatons in the vicinity of che
fmpact. Thiz example underscores an imporant conchasion
that increased friction between yarns or filaments is not abways
beneficial. It is more likely thar an oprimal amoont of added
STF exizts for these composites o resist knife impacts.
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