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respect oo single-phase TS They also proposed that the 5TF in
the STF-treated Fabrics increased the inter-yam frction and led
to improvements in stab resistance. The weight percentage of
the added STF was only 10 for all STF-treated fabrics in this
study. ™ Feng et al. investigated the quasi-static stab resisance
of STF-treared aramid fabrics and found that the aramid fabrics
exhibited significant enhancernents in quasi-static stab resis-
tance after treatment with STE® They also proposed that the
enhancement in quasistatic stab resistance was due W
imcreased friction between the yams and filumenss impregnated
with STE. However, the guantity of absorbed STF in the arammid
fabrics was Tvot mentioned in this sudy. ™ Kang et el reported
that STF impregnation significantly improved the staly Tesis
rance of Kevlar fabric against spike threats. The robe of the 5TF
i1 the STF-treated fabrics was not mentioned, and the quangity
af the absarbed STF in the fabrics was also ignored in this
study.™ Kalman ef ol reported that s1ah resistance and ballistic
togistance were enhanced for STF-Hevlar compasites that
absorbed 9 Wit to 14 with STE mayumdar found thag tha
silica concentration, padding prossure and square of solvent
satio were the staticteally significant terms influencing the
impact energy absorplion. The added STF in their compaosites
was not more than 7 wi,

In summary, the role of $TFs has been demonstrated and
accepted in most studies, Le., the STF intreascs the friction
between yams and filunents and constrains the mobility of
yarns and filaments o ETF treated fabrice. In this case, more
yamns and filaments simultaneously sustain kmife or spike
threars instantancoushy and impede their penetration. The
frictiom hetween yamns and filaments should be related to the
quantity of the absorbed STF between them; hwever, as stared
aheve, all reparts 1o date have ignored the relationship between
the frietion and the quantity of ahsorbed STF. The quantity of
absorbed STF in STPareatsd fabrics is oo greater than
a0 weight¥h and is usually a comstant value in most existing
reporte, Moreover, the caleulated volums porosity of Kevlar
fabrics is between 40% and 70%, s staned in ref. 35. The density
of the STF iz much greatet than thar of the Kewlar fiber; henee,
the theoretical quantity of absorbed STF in ATF-treared fabrics
te not Jess than 100 weight®. In other words, the quantity of
absorhed STF in STE-treated fabrics ks too low in most cxisting
reports. In addition, the friction betwesn yarns and filaments in
eTE-treaned fabries may be increased by increasing the quantioy
of absorhed STF, which may be favorable for improvements in
stah resistanee, Thus, it is significant to imastigate STF-treated
falyrics containing high quantitics of STF.

In addition, STF-treated Kevlar fabrics as solt body aromour
materials will mosthy experience quasi-static forces and rarely
Epenience dynamic koife stab threats, Thersfore, quasi-static
propertics, including tensile and tearing strengih, are very
impareant for STF-trested Kevlar fabrics in service Life; more-
ower, related studics have not been Teported, and it 15 necessany
Lo investigare these properties.

In this soudy, a dispersion medium with Jow muolecular
weight, polyethylene gheeol, was selected to prepare STE with
gilien microspheres. Both the dynamic and quasi-static knife
stabbing resistance and the quasi-static mechanical propertics
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af the STE-rreated Kivlay fabric composines with much greater
quantitics of added STF were investigated systemically for the
first time, Moreover, varn pull-ous and tensile tests wers per-
formed o explore the inner mechanisms of the warious
cTF-rreated Kevlar fabrics, and bending length tests were peT-
formed o sty their flexaral dgidity. The detailed mechanisms
of the STP: in the Keviar fabrics were explored by comibining the
results of the dynamic and quasi-staric tests.

9 Materials and methods
1 Materials

Tetracthonpsitane, shsolute ethyl alcohol, polyethylenc ghyool
with & molecular weighe of 400 g mal ™ {PEG-300) and aqueous
ammenia (weight¥ 25) were purchased from the Sinopharm
Chemical Reagent Co., Ltd, Ultrapure water was wsed for all
experiments.  Flan woeem Kevlar fabries with E-29 were
supplied by the Dupont Company; the area density was
2ad gm . Monodisperse siliea microspheres with a diarneter of
s nim were prepared by 3 sol-gel methed, and the products
were centrifuged and washed with ahsolate sthyl alcobold at least
three Hioes.

2.2  Preparation of 5Tz

gilica microspheres were dried at 100 °C for 12 h to remove
water and then dispersed in PEG-200 by ultrasonication for ot
Jess than 2 b, The obtained samples were dried e vacue A
2070 for 24 h. Five STFs with different concentrations, 55 wit,
G0 W%, 65 WO, 68 Wit and 70 wilh, weTe prepared.

2.3 Preparation of composite and PEG-treated Kevlar fabrcs

Various dihated STFs were obtained by adding 300 ml, 250 ml,
200 ml or 150 ml ethyl aleohol to different beakers containing
100 ¢ STF, Then, different groups of near Kedar fabric were
impregmnared in the diluted STFS for 30 min, The impregnated
fabrics were dried at 60" for 24 h and then dricd in a vacuum
even at 80°C for no Jess than 24 b oo eliminate ethyl aleohol and
water, The amount of #dded STF or PEG-200 was caleubaned by
ey (1) Four groups of composites with 13.4 wi%, 36.23 witk,
6524 with and 10279 wilh gdded STF were prepared. The
PECG-treated fabrics were prepared by impregnadng Eervlar
fahrics in PEG-200; then, surplus PEG-400 was removed with
a pressure of about 2 bar. All samples were sealed with
pEnTanes.

Added-on STF =
weight of STF — treated [abric — weight of neat fabric
weight of neat fabne

w100 (1)

T4 Meosurcments

All rheabogical experiments were performed with a strcss
conrrolled rhegmeter (Anton Paar MCR 302) at 30 . Accorcing
to the principles of NI Standard-0115.00, the dynamic knife-
stabhing tests were performed with & simple  self-made
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Fig. 2 Shaar rate dependencees of the vilcosiy of STFs with different
conoenkraticTs,

Layers. Although the targers of the composites were thinner
than the other tarpers, their stabbing penetration was s
tham those of the neat and PEG-meated Beoviar fabrics, Both the
unsreated and PEG-treated targets with owebye lapers were
penetrated easily, Moreover, the areal density of the target
with 12,40 wt% added 5TF was lower than that of the neat
Kevlar fabric target, while its stabbing penetration was also
lower. The knife-stabhing resistances of the targes for the
composites containing 36.23 with and 63.21 with STF are
prominent. The knife could not penetrate the targst and was
bounced back in some dynamic knife-stabbing pests, However,
the knife-stabbing resistance beeame low and the area density
was very high for the target containing escessive STF
{103.7% wt% added). It is clear thar the optimal amoant of
added STF is betwesn 36.23 wi% and 65.21 wi%e for dynamic
stab resisTance.

Furthermors, to investigate the microseopic mechanism,
microscopic pictures of the damaged targets were invess:
gated by photographic and SEM images, as shkown in Fig. 4.
Eor the neat Keviar fabric, a crossed trace arises for the slip-
page of yarns around the corming hole, as shown in the red
rectangle in Fig. 4. The broken eross-seetion 35 irregular, amed
the filaments are frayed and disordered, as shown in Fig. 44
and g. Some fibrile are dmgged out, as shown in Fig. 4j. Far
the STE-prepared composites, a8 shown in Fig. 4b and ¢, the
crossed trace does not exist around the eutting hole, implying
that the friction in the yams iz increased. The damaged cross-
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Fig 5 Impact anergy dependencics ol the knife partration depth for
Targets cordainmng difenent quantities of 5TF and 51LG6 wik PEG

section of yarns is more regular than ehat of the neat Keviar
fabric, as shown in Fig. de, f b, i, kand I this indicazes that
the mobility of the yarms declines, which can be attributed to
the increase of friction bepween yarns. Moreover, it is clear
that the STF is conted perfeetly on the filaments in the
composites, a5 shown in Fig, 4k There is a large quantity af
surplus 5TF on the surface of the targer with 103.79 wi¥ 5TF,
and its cutting hole is significantly larger than thar of the
target with 36.23 with STF.

Fig. 5 presents the generated force and absorbed energy
against displacement as the knife quasi-statically punctured
the neat Eevlar fabric, PEG-eated fabric and STF-preparcd
composites. Both the madmum generated force and the
gnaximum absorbed energy in the composites are two of three
times that of the nest or PEG-treated Kevlar fabrics, respec-
tively. The maximum generated force in the neat or FEG-
treated Keviar fabries was obtained at a displacement of
abour 55 mm, as shown in Fig. Sa and b, while the gencrated
force in the composites reached a higher value at a relatively
small displacement, as shown in Fig. se-f. Morogwer, except
for a few yarns or filaments, most of these slipped around the
punctured hele in the neat of PEG-treated Kevlar fabrics {as
ghown in Fig. S3a in the ESIf), and the generated force
increased steadily with increasing puncrure displacement, a5
showm in Fig. 5a and b, However, the primary yarns are cut off
one by one around the punctured hole in the composites (a5
shown in Fig. 53b in the ESIT) this may cause the generased

nDimenzionz leogth STF absorbirng PEG-0HF alisirbing Humber of layers Areal density

Labed e} e wiidihs [em) capecity [with) eaparity (wiH] it Larget [z m3)
raer Kevlar fabric 15 = 15 LL00 Q. 12 ZEED
FEG-a0Kevlar fabric 15 = 15 EE] 5160 3 4366
STFEeviar fabrics 15 x 15 1340 4,02 ? 2449

15 % 15 36:23 5.28 9 2492

15 0 15 65,21 S5 ] 4568

15 ® 15 105,79 1513 a 4401
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from aboor 12 ] to 30 ] with increasing amount of sdded STF, a5
shoawm in Fig. 7oe-L bost of the yans and filaments slip out in the
pearing teste for high tensile smength of the Kevlar filament.*
Thiz implies that the introduction of STF ciuses the friction
between varns 1o increase. For the neat and PEG-treated Kevlar
fabrics, the tearing force increases progressively, and all yams
finally slip out. The tearing srengch of the PEG-treated fabric is
slightdy lower than that of the near Kevlar fabric beeause the iner
yarn friction decreases due to the lubrication of PEG-400. For the
STF-prepared composites, the tearing foree increases steephy at
the initial displacemnents for the de-crimp and slippage of varms.
Some yarns are squessed ogether at the poing of the tearing gap
with increasing displacement, which severely inereases the froe-
tion between yarng; therefore, the tearing fosee i5 enhaneed
significantly. Moreover, the rearing  force  increases with
ineTeasing STF, akeso indicating that the {riction bebwech Yarms or
filamenes is enhanced due to the introduction of the STF. The
friction oscillates as soom as the yams slip from one displaccment
to another, a8 shown in Fiz. 7o-f; therofore, the tearing force is
oscillarory. The tearing force decreases and itz ampitude declines
as the yam progressively slips out of the fabrics,

Moresver, compared with the neat Keviar yarn, the tensile
sirengths of 8 single yarn for the composites with different
amounts of added STF and the PEG-treated fabric are increased
by abowt 12%, &s shown in Fig. § The friction hetween the
filamenss in the yamns may also be enhanced due to the intro-
duction of the STF, which is beneficial for the delivery of stress
between different filaments, More filaments uniformly load the
rensile stoess, keading o incTeases in the tensile srremprhs of
single yarns of the composites. Furthermone, the bending
lengrhs of the compasites and PEG-treatcd Keviar fabric are
shorter than that of the neat Kevlar fabric and decrease with
increasing amount of added STF, ag shown in Fig. 9. In ather
worde, the fleral rigidiny of the composites is better than that
of the neat Kevlar fabric. Finally, the STF can be diluted and
geparated easily from the composites with ethyl aleohol and
then recycled by volatilizing the ethyl aleohol.

Tensln i W)

Fig. & Tersile srengths of single yams of Kevar fabrics treated by
ditterent metkods at a constant rate of 100 fm rmin L
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3.4 Mechanism of STF in Kevlar fabric composites

In order 10 demonstrate the working mechanism of the STF in
fabrics, the effect of the STF on the friction in yarns was
irvestigared in detail by single yarn pull-out tests, as shawm in
Fig. 10. In the first stage, the pull-out Ioad increnses raphdly,
reaching the maximurn value as soon &s the straightening of the
yarn has progressed past the final bottom transwerse yarn. In the
secomd stage, the pullout force exhibuts & fluctuant state as the
residual erimp in the yam mowves alternately over and under
trnsverse yarns. Moreover, it declines monstonically overall as
the residual erimp and the length of the yamn in the fabric
decreases progressively and engages with increasingly fewer
transverse varns, As shown in Fig. 10a, the pull-out forces of the
different composires are much higher than those of the neat
and PEG-rreated Kewlar fabrics and increase with IngTeasing
amount of added STE. In contrast, the yamn pull-gut force in the
PEG-treated fabric is small and slightly kess than that of the neat
Ealyric due to the lubrication of PEG. In ather words, the friction
between yamns is significantly enhanced by the introduction of
STF. As shown in Fig. 10b, the pull-out force of the composites
with 6521 wite STF s gmall and similar to that in the neat fabric
at lower testing rates, such as 0.1 mm min ', 1 mm min !
and 10 mm min Y, Tt increases prominently when the sae
reaches 100 mm min *, which is the same a5 the rates the of
tensile and rearing tests. Moreover, with inereasing rate of the
pull-out tests, for 200 mm min * and 300 mm o’ 1, the yarn
pull-out force increases slightly. However, the pull-out furce
changes slightly as the pullout rate changes from low o
high walues for the neatr Kevlar fabwic, as shown in Fig. 10c.
These pesults clearly demonstrate that the shear thickening of
the STF between yarns is mriggered az the relative rate of yams
exceeds 100 mo min * and the friction bepswen yams 12
enfranced.

The working mechanism of STF in the composites can he
explained as follows. At first, the STF combines uniformly with
the Kevlar fabric, as shown in Fig. 11a. The gap (§) between
adjacent filaments can be aesumed to be 10 pm, which is larger

Bunsding length{om}
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fig. 9 Bending lengihs of Kedar fbncs trosted by ghiforant rrsthods
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Fig. 11 Schermaric of the dymarmic krife-siabbing resistance of the 3TF-prepansd fabric composkes.

4. Conclusions

Both the dynamic and quasi-static knife-stabbing resistancoe
and the gquasi-static mechanical properties of STF-propared
Kear fabric composites are significantly improved cornpared
1o those of neat Kevlar fabric. The optimal dynamic knife-
stabbing resistance is obtained when the added STF is
Betwern 36.23 wit and 65,21 with. In thiz case, the COTNPEILES
ape mach Hehier, chinner and more flexibie chan the neat Keviar
fabric and cannaot even be pencirated by a kmifiee. Howeever, the
dynamic stab resistance declines when the fabric eentaimng
expessive amounts of STF. The generated fofees and the
absorhed energies of the composites are much higher than that
of the meat Kevlar fabric in the quasi-static knife-stab, and they
inerease with inereasing amount of added STE. The queasi-static
mechanical properties of STE-reased Keviar fabric Commposites
were studied for the first time. Both their tensile srengths and
tearing strengrhs were enhanced sipnificantly compared with
those of neat Kevlar fabric. Their tensile strength is inereased by
40% to 0%, and their tearing strengeh is increased by as muach
a= pearly eight tmes as the amount of added STF increases,
Mageover, the flemral dgidities of the compaosites wers superior
to that of the nieat Keslar fabric.

The critical velocity of the shear thickening for STF in the
composites is very low, and & series of yam pull-put Gests
suggests thax the increased friction hetween yams 00 filaments
iz attributed to the shear thickening of the FIF. More yarns of
filampents will participate in bearing external forces with
increased friction, leading o improvement in the dynamic anad
quasi-static  properties  of the STF-prepared  composites,
Regarding  the  dynamic knifestabbing resistance, it s

TAELF | ASC A PNT, T, 3505 39800

detrimental when the composite contains excessive STF. The
optimal amount of added 5TF for the composites o resist
dynamic knife impacts s between 36.23 wilh and 65201 Wi
These composives have goad adaptability for both high and loes
speeds, including dynamic and quasi-Static conditions, and ane
suitable for use as soft body armour materials. hMoremer, the
STF can be separated easily from the composites and recycled
due ta its chemical properties.
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