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ABSTRACT
ABRSTRACT

A systematie approach was ursdentaken to enhance spike resisanee of flexible body amor, A traditianal STF comipasite 15 onsisted of
Bmed silsca particles (aboat 7 nm i digmerer but lighly agelomerated due 1o van der Waals farces), PEG, and Kevlar, PEG is adided fo
Aueous suspension of silica and the soluwan is evaporated 1o remmove water. This rroess of adding PEG 1o silica Susponsmm and
evaperaion & contioued sevcral Unees wntil the cancerstration af silica to PEG comes aroursd 55:45 by WeighL AL thes ratio, the mivime is
wenally termed as Shear Theckesing Flaid {STF) zince it shows a sudden UKL i VISCosity 3 9 vertnin shear vty when tesled in a
Bhesmeter, This sudden rise iy VISEosEY 15 due 1 Wvdroclustering of silica particles within the carrier fluid, PEG. Swuch hydrachastering
PELIEINTS SO movemen] and oczlation of particles which only passible when the carier lusd i in bqueid o in semi-liquid coadstion,
Uince STF &5 impregnoned with Eevlar {with the letp of cthanal, snd subsequenty dried) mevemen) of silica panicles are pestricied furikes
Changes ol bvdroclustering and amy alipneent of pasticles 1o Provids an insTastancois rise in vEseosily and offer resistance fio aptke
penctration are remaode. It is therefore Iwetieved that under dry sounblion, esismes 10 spike penedratan mosty comes from the EOETIY
required 1 {i) separate the filamseas in fiber bows, {16} deform the fiber, which is directiy related 1o e elnstic energy of the fiber, and (i}
Pl thirough the partiche-polymer-frber layers - which is redied e fnctivoal enerpy. We beliove, 5 comsderable amount ol enerpy ix
ahzorbed by seps (i) and {ilf). Exergy absorpeion in these 1wa HEPE e2n b mereased o we cim incresse the banding berween e three
P, particle, polyise, and fiber, W cannod dho much wth the fiber deformsstion aid Eractuire {stap-in) until its olastic ey and cut
piaperiies are improved. We Focused o mcrepsmy the clemical bonding. Followimg sieps wire inken

Sive ol the silica particles wis increzed o 30 nm oo redpce dzslomerations. These particles wens then functionadized with a sl
Goupling amens 1o devclop & bonding with PEG, This helped develop a Si-050 {zilaxans) bond ns evideneced in the FTIR specira of silsed
silica, BEM péctures absn showed that particles are hizhly clustered aound the: Blament alier functonadizason Afler funetionalization of
particles, spike resisianos increased b0 ) Femidis, Wik regular 5TF comiposite, this valye s arourk] 1520 Jaom2ie

Simee parfiches wers reated with silane during fumctionadization, AL was decded B0 remove FEG from bz syetem and simplify e

srclch which were evidenred by FTTR dpecira, These Bonds were wlentified by their shsomiion lrequencies. With the additon of Gluta, the
prak for cach of the three bonds increased indicarmg that the todal mumber of Bands (Le, cros-linkng density) s incressed. Such higher
conceniratings of chemical bomds allowed zilica particles b9 band much more mlensely with the polymer and the Keviar fiber Spike
reszlance ol this aysem was pheneenenal - X200 Jeomiie, almost 10 times mare fkan that of regular STF-Kesdar F¥Elem — an usprecedenied
madesials property for flexible armar was Ahrigved,
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Most significant sccomplishrmants are as Tl bovars;

“A systernatic study has been conducied ta understand the cul and frasture behavior of varous types ol commercial fivers far
potentsal applicaton fo fexdle amor, Uniguaz testing faciliies hawe heen doveloped at ARL to conduct these Expeiments. This
companent of e project has demaonstrated 2q everahaiming amount of collabaration between Tuskeges University and ARL.

=It b been demonstrated thag ultrahigh molecular weight polvethylens (UHMWPE) based fibars such as Specira and

Dyneama has superior cut resistance than that of Kievfar, The study alzo showed hat S-glass fiber haz very good potential for
armar application. But further studies are nesded to confirm thig finging

“A sonochemical procedure has been idriduced o produce shear thickening fluid {STF) in large quantifies. The procedurs
Uges silica nanopowder dispersed inlo palyethylens ghyool [PEG) usmg high frequensy ultrasome waves in presence of @
gclution. Large amount of soluticn and high intensity of iradiaton allows unilarm distibution of nancparticles in tha polymer

=NIJ tests hawe demonsirated that Spectra provides mone stab resistance than Kevlar as it was concluded in the cuf and
fracture studies, Mulliple soaking of the fabric with sikca-silane-Ghta solution have shown that knife resistance can he
enhanced almost 3 timas: from & J-em2/g 1o 20 d-emid iy for sero-laver penetration

“Micro dropld tests hawve indicated that dynamic frictan at the fibermatrix inferface wits respomsible for such enhancerment in
knife: resisiance

*A two dimensional homegenized continuum maodel has been developed to characierize the nan-linear anisalropic maderial
praparies of the neal and nanoparticle-mpregnated fabrics under large deformation. Validaton of the model was pierformed by
simulating a 300 off-axis tension test and 2 static ndentation fest

Technology Transfer




Figure 1b shows the general behavior af high performance fibers during cut resistance
testing at 45° longitudinal incidence with a Celanese food processing blade, At this fiber angle,
Yectran has the highest cut resistance force with Twaron being very close in magnitude, Zylon
has the lowest magnitude of all of the fibers tested. As the fiber angle changed from 0° 1o 45
the response of some of the fibers became mare noisy,

Figure le shows the general behavior of high performance fibers during cut resistance
testing at 45° transverse incidence with a Celanese fond processing blade. At this blade angle,
Dyneema has the highest cut resistance force and S-glass has the lowest cut resistance force,

2. Size effects and scaling
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Figure 3. (a) Force/diameter and (b} force/diameter” as a function of angle of incidence for
Kevlar and Twaron fiber eyt with Celanese blade.

k=1

This secction comparcs Kevlar and Twaron. [n this section, the reasons for the
force/diameter designation are diseussed, It is most reasonable to normalize by the fiber
diameter instead of diameter® because it is envisioned that the blade-fiber contact was a line
comtact rather than a cross-sectional area loading, Alternatively, one could choose o normalize
the cutting force by the fiber eross-sectional arca, proportional to fiber diameter squared. Ta

Figure 3a and 3b show the force/diameter and force/diameter” as a function of angle of
incidence for Kevlar and Twaron.  The plots contain both longitudinal and transverse cut
resistance results. There is g greater amount of overlap with force/diameter plot than with
force/diameter” plot. F/d is chosen for normalization of the fibers.
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a study was done in order to develop a test procedure that reliably and reproducibly measures the
cutting resistance of yams under tension-shear conditions. Further studies by Shin and Shockey
would expand the study to Kevlar and Spectra (2006). A very limited amount of single fiber cut
studies have been conducted. Knoff (2001) investigated the fiber transverse deformation work
and cut performance of protective apparel.

Mechanical characterization of single fibers is a study that has been conducted by many.
Hearle et al. (1969) studied the theory of tensile mechanics of staple fiber yarns. Liu et al,
(2007} examined the tensile properties of electrospun multi-walled nanofibers. The dynamic
tensile response of aged Zylon (PBO) was examined by Rhorer et al. (2007). Transverse
compression lesting was studied by Cheng et al, (2004) and Singletary (2000). Forster et al.
{2006) examined the effect of bending on Zylon fibers. Very few mechanistic studies have been
conducted on single fibers. Single fiber studies, which are more fundamental that fabric and
yarn studies, are necessary 1o fortify and improve several types of materials.

The scope ol the current study is to explore the relationship between fiber type on cut
resistance and the implications for the design and performance of stab resistant body armor, to
provide comprehension of how fiber structure influence cut behavior, and to understand on a
fundamental level, the physics/mechanics of cut behavior,

Experimental

The fibers that were examined are in Table 1.

Table 1. Fibers cxamined in cut resistance study,

SeMW oy Modds TS

Trade Mame Chemial Compesition Denier Thameter E:J%L:-c (glem’) (Gt 1[|.Ec;|h§:|lh
Kevlar 129 aramd 40 13 3.3 144 Lol 338
Twaron aramd g40 P46 3.5 144 Gt i3
[ryneema SKTG UHMWPE 400 158 16 HE] fiE1 2.62
Lylom (PR arpentic heteroeyclic SIHp 12.3 35 .34 140 5E
Vietran FOAIIG POl yesier 1500 I35 i3 1,41 75 33
Tedhmnm aramid 1504 123 4.4 1.39 13 344
59 ghacs glass 111 9.0 5.5 248 &3 44
Carbom fiber praphns B0 & z 1.& 134 4.83

Kevlar and Twaron have identical molecular structures and scientific name (poly-
paraphenylene terephthalamide). One major difference between the lwo high performance fibers
15 their diameter. The diameters of these fibers as observed by the author through SCanning
electron microscopy were 13.0 pm and 9.46 pm for Kevlar and Twaron, respectively.

These fibers were held in place with a specially designed fiber clamp that is shown in Fig, |
The fiber clamp fixture has a rotary platform, angle indicator, and rubber clamps. The two
rubber clamps on the fixture were 127 mm apart, which gave the fiber to be investigated a gage
length of 127 mm. The fiber was clamped at one end and at a position of 127 mm at that end. A
Celanese food processing blade (American Cutting Edge, Inc., Centerville, OH) was mounted in




Here % is the half of the length of the fiber (63.5 mm), ¥ is the extension or displacement of the
fiber at failure, and r is the half length of the fiber at failure, Thusly, the formula used 10

determine the cut strain 1o failure is
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Figure 2. Photographs of (a) fiber clamp fixture showing normal incidence cut resistance
testing, (b) longitudinal mcidence, (¢} transverse mcidence, and {d) normal incidence cut
resistance testing.

The effect of cutting angle on cur performance was evaluated through two armangements:
longitudinal (Fig. 2b) and transverse (Fig. Zc). The numbering convention o was used to refer
o the longitudinal-transverse cu angles for a siven experiment.  All fibers were cut at
longitudinal angles and transverse angles varying from 0° 1o 45° in 5° increments. Longitudinal
cut testing invelved varving the angle of the fiber under mvestigation while keeping the blade at
« = 07, and transverse cut testing involved varying the angle of blade while keeping the fiber at @
=0°. All of the fibers listed in table 1 were tested for cut resistance.
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Figure 5. Cut strain to failure as a function of fiber type for all fibers tested for cut resistance at
normal incidence, 457 longitudinal degrees, and 45° transverse degrees.

3. Cut Strain to Failure Results

Figure 5 shows the cut strain to failure as 3 function of fiber type of the fibers examined in
the cut resistance study. At normal incidence (0-0), Vectran had the lowest cut strain to failure
while Technora has the hi ghest. At 45 longitudinal degrees (0-45), Zylon had the lowest cut
strain to failure while Carbon had the highest cut strain to failure. At 45 lransverse degrees (45-
0), Vectran had the lowest cut strain to fajlure while 5-glass had the highest. Errorwise. S-glass
had significant errors for angled testing.

4. Organic fiber results

In general, as the fiber angle increased, the organic fibers cut resistance decreased in the
lower angles but began to level out for the duration of the testing. As the blade angle increased,
the organic fibers cut resistance decreased. On average. considering all angles tested; Zylon had
the highest cut resistance and Veciran had the lowest out of the organic fibers. Veetran and
Technora average cut resistances were very close in magnitude with Kevlar cut resistance not far
behind., Twaron had the lowest cut resistance of the tested organic fibers.

Table 2. Summary of average force/diameter (N/mm) of longitudinal cut resistance testing.
Fiber 00 05 0-10 0-15 020 (25 030 0-35 040 045 Averaoe
Kevilar 297 208 122 173 138 | A3 1595 121 136 174 1)
Twaron 276 145 142 121 120 130 123 1L 1.07 146 143
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Figure 7. SEMs of (top) Kevlar and (bottom) S-glass fibers after Ut resistance testing at normal
incidence,

(2) (h)
Figure 8, Schematics of failure dynamics and responses of (a) Kevlar and (b) S-glass fibers
during cut resistance testing,

Figure 7 shows the SEMs of the surface damage of the Kevlar and S-glass fibers afier cut
resistance testing.  Figure £ is the failure progression inferred from the SEMs of the two fibers.
The blade pressed into the Kevlar deforming {crushing) the fiber at the point of incident. The
blade cut between halfway 1o three quarter through the fiber until there is interfibril splitting
reated by the fibrils of the Kevlar fiber. The fibrils are too sirong to be cut to because of
increasing transverse compression, the fibrils finally give way due to tension instead of cutting,
The blade pressed into the S-glass but no deformation could be observed. Instead, the blade
pressed a dent into the S-glass and with increasing transverse compression, the S-glass fiber
broke with brittle failure. Witk S-glass, a smooth cut surface i5 scen where the blade enters into
the fiber. A rough, brittle fraciure 2onc is seen where the S-alass fiber hreakes because of tension,
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encompasses a fibril bundle that has to be broken through with tension. This is easily
accomplished because of the new reduced cross-sectional arca left after the shearing away of the
Kevlar layer. More branching of the Gbrils are seen in the SEMs of the damaged Kevlar at 45°,
With S-glass, the blade makes a similar indentation mte the fiber as with normal incidence.
There is not much deformation, if any, duc o fransverse compression.  The fiber breaks with
brittle failure.

'l :

Figure 11. Schematic of failure dynamics and cut response of (2} Kevlar and (b) 5-glass fibers
after 45° transverse cut testing (45-0).

Figure 11 is the damage progression of the Kevlar and S-glass fiber during 45° transverse
cut resistance testing. With Kevlar, the blade shears away malerial on both sides of the blade as
the fiber is being cut. The fiber actually moves up the blade, which creates extra shear. At the
conclusion of testing, the outer circumferential layer of the Kevlar fiber has been sheared away
(as seen in the SEM). With S-glass, there is no shearing of layers. The hlade simply cuts
through the S-glass fiber.

IV.  Discussion

There is a good amount of deformation seen in ductile (organic fibers). There is very little
deformation seen in brittle {inorganic fibers). We see shearing of ductile shell. There is no sort
of fiber shearing for britte fiber. There are well defined brittle and smooth cut surfaces for
brittle fiber but no well defined cut surfaces for ductile fiber.

Because of provessing parameters, the outer eircumference of the Kevlar fiber is hard and
erystalline. The regions become more amarphous and sofier as the regions come closer to the
center. Hard structures call fibrils that have diameters around 30-50 nm exist in the outer shell of
the Kevlar fiber (Singletary, 2000). S-glass is a completely amorphous and isotropic fiber, 5-
glass fiber has a higher hardness than Kevlar fiber. Maximum cut resistance occurs at Kevlar
surface. Cut resistance is highest at normal incidence because blade has to break through hard
fibril circumference. As angle increases, the circumference is sheared away instead of broken
through {less force for shearing away). This explains the pattern for ductile/organic fiber cut




incidence). S-glass has a higher denier, strain to failure, density. and tensije strength than Kevlar
fiber, Kevlar has pot Proven to be an acceptable material for stab armor, From the cut resistance
tests in this work, S-glass fiber would be more acceptable material for stab armor. Ha Wever,
from these tests (single fiber cut resistance Lests), we cannot conclude that S-glass would make a
suitable material for stab armor, Stal armor has many other parameters that determines its stah

resistance (i.c. weave tightness and fiber/mechanism friction, compaciness of fabric lavers, areal

density, etc.). Therefore, actual stab resistance testing, would have to be performed on S-glass
AT,
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L. Inctrodusction

Shear thickening is a no-Mewtonian flow behavior and defipesd
in the British Srandard Rheological Nomenclature as the increass of
VESCOSILY with increase in shear cate, This i distinguished fram
rheopexy which is defined 25 the inerease of viscosily wirh rime
wihile the shear rate in constant [1], Dilatancy is another term used
to describe shear thickening, however, i has been avoided since i
usually implies an increass in the volume on defrmation, which is
ot considered in thiz cass [2] The shear thickening trend can take
place in concentrated collaidal suspersions that have been shawn
o exchibl reversible shear thickening resulting in Large, sopetimes
discontinuos, inereases iy wisrosity sbove a critical shear race, In
order to explain this behavior, pwo theories of shear thickening
phenomenan were reported: the order-disorder transition [3=7]
and the “bydrocluster™ mechanism [8-13], This transitien from 2
flovering liquid to a solid-like manerial accurs due to the formarion
and  percolation of shear induced LEansient aggregates, or
“hydroclusters”. that dramatically increase the viscosity of the
Mhaid. Rheological, rhea-aptics and Aow-5ANS experiments have
ben demonstrated in support of the tydmcluster mechanism of
shear thickening phenomenon [14.15] in addition 10 COMmpaInEr
simalations [16L It was reported in the literature thar shear thick-
ening bas been observed for 2 wide variery of suspensions such as
cay-water [17] caleium carbonate—water [1EL polysryrene
spheres in silicon odl [19]. iron paricles in carbon tetrachloride

* Comrespondisy sehor. Tel- <1 324 729 ABTE [ax: +1 334 724 324
E- it edgres: rangaiviPluskeree sl (V. Rangasil

E3S-A1TT/5 - 5w froar matter & 210 Hsevier 07 Al fights resepaed,
doi: T T0E ulesonch 010,02 001

120]. titanium dicside-resin [21]. silica-poly propylene Lhyenl [22]
and zilica-sthylens Elycol [23].

Many ressarchers have Teported the synthesis of materals har
show shear thickening behavior. Faghavam and Khan stated that sys-
pensions of fumed silica in polyprogylene gtyeol exhibir shear thick-
cning under eady shear and "strain-thickening™ undier oacillatory
shear, He also explained the combination of shear and strain tkcken-
ing behavior through a clustering mechapizm which atiribuges the
thickening phenotsena to the presence of temporany, fow-indaced
clusters. These clusters are buring generated by the action of hopdirody-
namic farces an silica FEpregates [22]. Exch suspension was made in
60 o batch by adding the liquid palymmer 1o ~14 nm spherical silica
pasticles and rixed i a blender for Appraximately 1 min and placed
undervacunm for 17 b to et rid of air bubbdes, The samples concen-
Lrations were varied from 3% to 10% weight basis,

Lately Lee et al. [23] repommed the applications of STF in Liquid
biody armier Fabrication, They alss studied the ballistic impact chag-
acreristics of Kevlar woven fabrics impregnated with 3 colloidal
shear thickening fluid. The STF was prepared from 456 nm spheri-
cal colbosdal silica particles and ethivbene glyoal. The synthesis pro-
cedure stamed with 3 h of centrifugation for the collsidal stlulion
ar 3300 rpm U separane the silica partiches from thi aquenus-based
supernatant. The silica sediment was then crushied using a spatula
and re-suspended in ethylene glvool using a vortex mixer, Thiz
process was repeated four Gmes in order to minimize e amownt
of residual agueous Supernatant present within the samples,
Ballistic impact results of Kevlar fabrics impregnated with chis
STF sample shosed significant enhancements in balfistic pemneira-
lion resistance of the STF impregnated fabrics compared 0 neag
Kevlar due to the addition of STF without any lass in materal
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Bz, Bynthess recknique Cample S0 partiches cize [fm} Siy weigh framion (£] PEC warighr fraction ()
1 Zonnchesiral method A 13 55 44
3 H 15 52 4E
i £ 15 4z 3
1 o 15 &0 &N
- E I5 £ 62
& F 200 52 43
7 G 200 45 52
] H 200 £y 50
& Mechanaal mixisy methid 1 1% 40 =)
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Fir, 1. Ehenbogy qvaph af STF sample A aed STV Sample B, Fig- 3. Rhenloey graph of 5TF Sampde [ and &TF Sampde ¥,
¥ {5"} T study the effecr of particles Sizes in preparation of STE. 4 col-
10 o 1t lotdx] siliea solutian (spherical 200 nm) was also used as SOAFCE
i o — 1 of silica nanoparticles, The smple (F) was prepaped using a
52wkl of silica (200 nmj and 48 Wi of PEG and the rheological
1 Eraph is presented in Fig IF. As seen in the graph the sample vis-
: . Cosity changed from 2 Pa s o around 33 Pa s, which iz alsg vy
£y W0 iy bow compared to other samples, STF sample (C) containg 48 wi
o '. B g‘ silica and 52 wak of FEC and (he rheclogical graph is presented
[= ] =] in Fig 40, Fig. 45 shows that the sample demonstranes g shear
5 i %  hinning behavior befure it stares 1o exhibie 3 shen thickening
E ; - ehaprior, The VisCosy of rhe sanple (C] increases from 4.5 P 5
= g i = to 75 Fa s, however the shear thickening effect is minimum, sTE
oy ey g & sample (H} was prepared from 4wt 5 of silica and G T of
‘;_‘_’ ] = PEG. Eheological test rosules for STF sample {H} are shown in
® Saogie (47wt 5il1) Fig. 4H and fit ﬂ&_aﬂ_-.- sbows The signature of the shear thickening
B Sample I3 (Sl 500 effioct and viscosiny changes from 2.5 Pa s at shear rate of 3z o
r[:-'-l— : e = 15" 17 Pa 5 af about 18.5/s shear rate before a reversal trend is SeET,
it Iﬂ-fl 1 The rheological properties for STF samples (sample (Fl. sample
Ti5) (5] and zample (H]] confirm that the optimum weight fraction of

Fig. 2. Rhinlogy graph of 5TR Samply ©and STF Sampde 0

is presented in Fig, 3E and ghe 5TF samiple {E) containg 62 Witk of
PEG and 28 wi of silica nanepowder, The rivolagical graph shows
that the sample did not exhibir 2y shear thickening effecr, instead,
shear thinning belyavior is noticeable at shear rage range of ~2_hy
& Among all as-prepared samples. samnple (D) shows the bast the.
wogical propertics, Theee fesulis supgest thar e optimal loading
of gilica nanaparscles 015 mm ) by sonochermical methad 15 A0 wrs,

colbaidal silica nanoparticles iz A% o demsonstrate hemer shear
thickening behaviar, The sudden increase in the vigcasity of as-pre-
pared silica dispersions and the shear thickening rransition are dus
Lo miCrostruciural chianges in the fluid abang with the hydrochester
mechanism where the formation of particles clusters increases the
hydrodynamic stress in the shear thickening fluid thar l=ads to the
dramars increase in the visoosity. From the rhealogical graphs dis-
ussed previowsty, it is clear thar ge As-prepared STF camples con-
t3ining 40wt of silica and S0 Wk of PEG shown enbanced shear
thickening effecr.
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Fig 1. SEM maceodraphs o [a} STF

Fig 5 shows a comparison of thealogical properties of STF sam-
ples prepared from $0wrs of silics and G0 Wik of PEG with thiree
different syntheses techniques, As chown in the Fig. 5, it is clear
that the 5TF samples [sample (D} and sample (H]) exhibit shear
thickening behavior at lower values of shear rate as compared ro
samples 1) prepared by semple mixing. Fample (V) bas 3 superiar
shear thickening behavior as compared to other as-prepared ST
sampdes prepared at same weizht fractions of zilica and PEG, These
resuls prove tsat the sonechemical method is an effective synthe-
si technique for preparation of shear thickering fuid for Tiquid
by armar applicarians.

The temperature effect on STF sam phes [samples (D) and sample
(H]) were studied by measuring the viscosity changes at 040 and
A0°C, Fig. Ga depicts the theclogy graph of sample (DY) tested ar
0C. These results show that the sample exhibits a shear thicken-
ing behavior at kigher shear rage [7/5) as compared 1o the sample
(D) tested &t room temperature, I is also noteworthy o mention
that the highesr value far the sample (I viscozity at 0°C s
~G6 Pa 5 which is much bess tsan the MAximALM Viscosity (410 Pa
=) value ab room temperature. Wihen the temperature increased
0 302, the rheology rest resules show char the sample {01) exhibit
shear thinning far a broad range of shear rave {T-30/5) 25 shown in
Fig. Bb. This behavior can he cxplained as the temperature in-
creases the sample viscosiny decreases with the increase of shear
rate, then the sample become thinser and have mose scamered
data For its viscosity onril e vise Csily beromne rero Fa s [3F38)

Fample O and (b) ST Sample H

Sample (H) was also rested for jis rhelogical measurements a
U*C and 40°C shown in Fig. 72 and b, Theo results showr shear
thickening behaviar af 0°C at 2 shear ratc range beowesn 0.3 and
3.5/ and with increase in the VisCOsyY Trom 6 to 60 Pa <. These re-
sulits are consistence with the results observed for STF sammgpde ([¥),
Hmilarly when the sample CH] eesoed 2t 4070 it demonstrated o
shear thickening behavior at shear rate 3-50i5. However, the
ncrease in the viscosity is inferior w the sample bested ar rpom
temperature, Tleess rheological resules af Oigh temperatures cleary
sugpest that the high temperamres have negative effects an shear
thickening fuids as tomipaced o the rhealomcal PMPErTEes at room
1E|'.|'I.;|E‘.I'Jll1l'l:'.

The actual weight percentazes of silica and PEG in 5TF samples
(sample (D) and sample [H]} wrere estimated using TCA PP
ments, The TCA graph for STF sampie (0] presented in Fip Sa
shoaws residual weighr percentage of 355 of silica ar GO0 = The
WO difference in the weight percentages of added silica (40%)
and remaining residual silies (35E) can be explained by the koss
aof silica nanoparticles during the preparation and TGA eNpETimen-
tal errar, The TGA sraph for sample (H) is presented in Fig. &b and
the residual weighr percentage of silica estimated is 38 i The
2wtk difference from the added 40wk aof 5ilica is wirhin the errog
fargin of the instrument and it is seceptable. These resubts sl
that there &5 no loss of silics during the senochemical syathesis
pricess, Aleo the praphs show no weitht lass ar kwer Lerpera-
tures, confirming that the samples do o Ccomlain any remaiming



Enhancement of Knife Resistance and Interface Shear Stress

Hassan Mahfuz, Dedmna Sewell ang Mujib R Khan

In our previous work with the addition of Gluta we were able to enhance spike resistance of both
Kevlar and Spectra based armors almost by a factor of 10 o 230 J-cm™g, Correspondingly,
improvement in knife performance was just minimal. The system was made of SiOx+Silane+Gluts
reinforced with Spectra. This system will be considered as the reference system for this report.
Although knife performance shightly improved with the use of Spectra, the energy level for zero layer
penctration remained very low - within 6 Jem®fz. A rigorous attempt was undertaken to improve
knife resistance using different chemical routes. The idea was 1o slow down the shearing of fabric by
inclusion of nanoparticles into the matrix as well as to the fiber surface. Knife would encounter more
frictional resistances cutting through a sirongly bonded particle-polymer-fabric system and hence
dissipate more energy. Micro-droplet tests were also conducted to determine interface shear stress and
associated frictional resistance between the fiber and the matrix.

Enhancing Knife Resistance

A} Introduction of Various other Nanoparticles:

In an attempt to replace silica (Si02), other nanoparticles such as calcium carbonate (CaC0y),
carbon nanotubes (CN T). and titaniurm dioxide {Ti0) were used with wlentical concentration of silica.
Results were somewhat mixed; CNT reinforcement increased the spike resistance for zero laver
penetration to 130 J-em’/a compared to 10 J-cm’/g of the reference STF-based armor. Values for other
two nanoparticles, CaCOs and Tioh fell below at 90 and 110 J-con'fg, respectively. The results are
shown in Fig.1, Although CNT showed good improvement, the results were lower than what was
achieved earlier with silica, Subsequent knife tests did not show any change in knife performance,

Fig.1: NIJ spike tests with various nanoparticles




quantity of CAS00X POSS as the supplier had only a limited stock. This prevented us to have multiple
soaking of Spectra with POSS reinforced silane, We strongly believe that multiple soaking with POSS,
knife resistance could go beyond that of styrene.

Fig. 3: NIJ knife tests with POSS reinforcement

1) Multiple Soaks with the Referemce Solution

The reference solution here is the original Si0:+Silane+Gluta solution that was used to spak
Spectra fibers. To increase the amount of particles adhering 1o the fiber surface, multiple soaking
stralegy were taken. After each soak, fabrics were dried and soaked again in a fresh solution, and then
dried again. This continued for 2-3 times and the materials were ready for NUJ knife tests. Results are
shown in Fig.d, As expected, triple soaking helped improve knife resistance to 20 Jeem™/p for zero
layer penetration — by far the best performance we have seen so far, Soaking bevond three times
resulted in excess silica in the panel and thus lowered the energy level.
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Fig. 5: Microdroplet with embedded fiber

Fig. 6: Micro droplet test set up

The figure indicates a very small force compared to conventional fiber/matrix debonding force,
However, we observe a much greater energy absorption in dynamic and static sliding region due to
a large amount of friction, This behavior is similar to strain hardening behavior of materials but
caused by friction between fiber and particle-polymer mixture in this case. We belicve such high
friction is responsible to absorb a large amount of energy during spike and knife tests,

L
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Investigating the transient response of a shear thickening
fluid using the split Hopkinson pressure bar technique
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Abstract The split Hopkinson pressure bar (SHPB)
technique i implemented to cvaluate the transient
response of a colloidal suspension exhibiting shear
thickening at strain rates and timescales never before
explored in 3 laboratory instrument. These suspensions
are shown to exhibit a discontinuous teansition from
fluid-like (shear thinning) 1o solid-like (shear thicken-
ing) behavior when evaluated using rotational rheome-
iry. The effect of loading rate on this transition fime is
studied for a particle volume fraction of (1,54 using the
SHFB technique. It is shown that the time required for
transition Lo occur decreases loparithmically with load-
ing rate. From these results, we conclude that transition
is o trigoered by a characteristic shear rate, but rather
# axitical shear stran 15 reguired. Resulis from SHPB
cxperiments performed up to Peclet numbers of order
107 are presented and discussed for 0,50, 0.52, and (.54
particle volume fraction suspensions.

Reywords Shear thickening - Colloidal dispersion -
Syueeze flow - High strain rate - Impact
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Introduction

The focus of this study is on moncdisperse suspen-
sions of colloidal particles, which have been shown
to transifion rapidly from a fluid-like (Newtonian or
shear-thinning} to solid-like state under an increasing
applied shear load (Barnes 1989); the micromechanics
of shear thickening behavior was first explored over
thres decades ago (Hoffman 1972),

Shear thickening suspensions appear in many ap-
plications, such as paints, cement, and abrasive clean-
ers (Larson 1999 sec also, for example, a recent
workshop by Coussol and Wagner 2009), where shear
thickening is often wmdesirable and Emits the appli-
cilion. On the other hand and more specific to this
research, shear thickening hard-sphere colloidal sus-
pensions have lound applications in a variety of fields,
including impact resistance (Lee et al. 2003; Tan et al,
2005; Decker et al. WNI7) and vibration mitigation
{Laun et al. 1991), specifically in composite sandwich
structures {Fischer et al. 2006), automotive dampers
(Helber et al 1990), and padding for hip protectors
{ Robinovitch et al. 1995). As many of these applications
are dynamic by nature, understanding the response of
shear thickening suspensions under dynamic loading,
especially al very high rates, i of importance, However,
to date, studies of the dynamics of shear thickening
have been limited Lo timeseales typically accessible in
commercial theometers, which is on the order of 10ms,
and at shear rates under 10F {Bender and Wagner 199
('Brien and Mackay 2000; Lee and Wagner 2(63).

From 2 dynamic standpoint, the time required for
this transition lo occur and the factors affecting this are
critical for many applications. such as in ballistic pro-
tection. This time will depend on the microstructural

ﬂﬁﬁﬂﬂsn
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compression { Kenner 1980; Hoglund and Larsson 1997
Ahrstréim et al. 2002) loading, The squeeze flow SHPR
configuration has been validated for Mewtonian fuids
{Lim et al. 20083, b) and an analysis is performed to
demonstrate the accuracy of the resulis presented in
this paper,

Materials and methods
Suspension preparation

The hard-sphere colloidal suspensions (referred 1o as
shear thickesing fluids, STF) evaluated in this study
consist of 50%, 52%, and 54% volume fraction (¢)
silica particles and have been the subject of carlier
investigations (Kalman and Wagner 2009). The silica
particles {Fig. 1) are nearly monodisperse with a hy-
drodynamic diameter of 520 nm with less than 10%
polydispersity as reporied previously, Thess particles
were oven dricd and suspended in polyethylene glyeol
200 (Aldfa Aesar) through a combimation of hand mixing
and roll mixing for 72 h.

Densities (£) of 1.95 gfec and 1.127 glec are reported
by the manufacturers for the silica partiches and poly-
ethylene glycol 200, respectively. A sound velocity ()
of 1650 mis (p = LI205 kgm®, K = 3.05 GPa) is
reported for low molecular weight palyethylene glycols
{Sasahara et al. 1998). For silica glasscs, a sound velog-
ity of 5,809 m/s is reported (Lynch 1980). To determine
the density of the suspension or shear thickening fluid,
a rule of ideal mixtures is used (Eq. [).

o = feiie + (1 — o) ppeg (1)

This yields a suspension density of 1,57 sfcc. These
material properties will be used in later caleelations in
the subsection on specimen design.
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Fig. 2 Stesdy state shear viscosity of the collaidal dispersions at
varying volume fractions and the sespending mediom (PEG)

Shear rheolooy

The steady state shear viscosity of these STFs is plotted
along with that for the suspending medium, PEG 200 in
Fig. 2. This was measured using an AR-2000 rotational
theometer in the steady-state shear sweep mode using
a 40 mm 2° cone and plate with Peltier temperature
control at 25°C. These STFs cxhibit a shear thinning
regime, followed by a strong shear thickening response
at relatively low shear rates (1-200 571, Mote that the
point of shear thickening occurs around 3-4 Pa for
the most concentrated samples (Fig. 2}, and that thiz
behavior is reversible (the data are both ascending and
descending curves superimposed). In contrast, the PEG
200 s essentially Newtonian over this range of shear
rates.

Al lower volume fractions (¢ - 40%), the suspen-
sion exhibits only comparatively weak shear thinning
and thickening (Bender and Wagner 1996). As the fo-

Fig-1 Silica particles at increasing magnifications
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requinng any knowledge of the material propertics of
the specimen,

Corgi—g;+egd+ Corper
M

(2}

AgEg

A,

ey + e + £7) {3

Thus, the compressional stresses, strain eates, and
strains are reported here as “engineering” wvalues,
namely with reference to the initial sample cross-
sectional area (As) and thickness | Fy), respectively,
This is traditional in the SHPE method {Gama et al.
2004) as well as often employed in polymer Bquesze
flow lesting,

Dwring testing, the suspension is placed at the inter-
Lwce between the incident and transmission bars. The
specimen is then covered by a flexible band, which pre-
vents loss of material due 1o gravity while allowing the
specimen to expand radially. The pressure developed
by the band has been measured previously by Lim ot al.
(200%) and was found to be two orders of magnitude
lower than pressures associated with the Hopkinson bar
experiments performed i this rescarch, Therefore, this
band has a negligible effect on measurements made
during lesting, Experiments are conducied at an aver-
age temperature of 224 + (.4°C. For each cxperiment,
a new specimen i3 wwed and the temperature before and
afler testing is measured.

To demonstrate consistency between experiments,
twir lest results are compared in Fig. 5. The ind-
dent bar strain gage signal is plotted for each test
with the incidenl (negative/compressive) and reflected
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Fig. 5 locident bar strain gage sipnals for two experiments per-
farmed under identical conditions

(positive/iensile) pulses marked, The incident pulscs
are nearly identical (1est 2 has a peak stress within
2% of test 1), indicating thal these experiments were
performed under the same conditions, The reflected
pulses arc also nearly identical; if experiments were not
reproducible, the rellected pulse would vary betwesn
the Lao.

Specimen desian

Thin specimens (0.55 mm} are used in order 10 achieve
@ strong transmitted signal. These specimens are 1,000
tmes larger Lhan the average particle diameter, ensur-
ing that bomogeneous suspension properties are being
probed. The specimen radius is kept equal to that of
the incident and transmission bars in order 1o ensure
that there is no dispersion due to reflections off the kar
cnds (Ciama 2004 ).

A specimen may be considered 10 be in force equi-
librium after an initial ringing up period (Gray 111
200}, which 5 a function of the material Properiyes
and geomelry. This is often discussed in terms of the
specimen thickness and sound velocity; in fact, a typical
esfimate is i, “where & is the transil time for the lead-
ing edge of the pulse traveling through the specimen.”
(Ravichandran and Subhash 19%4; Li and Lambros
1999). A rough estimate of the ringing up time for
our material can be calculated with the understanding
that, when dealing with a fluid, more complex processes
will contribute 1o equilibrium (Lim et al. 2009). The
sound velocty of the suspension is bound by the sound
velocity of bulk silica and that of the solvent (g, =
LG50-5,869 mis). A specimen thickness of 0.55 mm
yields a ringing up period of .37-1.33 ps.

This ringing up time may alo be determined ex-
perimentally wsing the homogenization ratio, Ko
{Ravichandran and Subhash 1994), where oz and OTE
are the axial stresscs at the IB and TB ends of the
specimen (Eq. 4).

iy — g

RN = =
0 {ry + #Tg']j'r?

(4)

This ratio is plotted in Fig. 6 for a typical suspension
specimen. The ringing up period is considered complete
when the variation between the incident and transmis-
sion bar stresses drops below 10%. For the experiment
plotted in Fig. &, this occurs within 50 ps, That this
time is larger than predictions based on model elas-
tic materials {(which consider only sound travel time)
15 reasonable given that the rheological behavior of
the suspension is viscoelastic. It will be shown thal

) Springes
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Fig. T Siress-sxeain dala for
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Fig. 7, are nul obviously ordered at higher strain rates.,
These two representations of the data indicate that both
strain rate and strain affect the state of stress of the
sumple.

To help better understand the specimen’s respronse,
Fig. 9 compares the SHPB results for a 54 vol. % sus-
pension with the model caleulations for & Mewtonian
Nuid specimen with a viseosity of 15 Pa s under the same
tesl condhtions. The calculations wse the guasi-static
squecke [ow model, which accounts for radial inertia
(Kuzma 1967}, During loading, the STF undergoes an
initial period of deformation marked by an increase in

1 1] T T
ETF, = 54%
SHPB, H, = 0.55 mim
al i
w0 i
= S——
- —— 5400 1
B o AR — ey ]
- i 5130 e GG
St ) 210 745y
=800 —— 5540 ——— TR
- 3580 5960 —— 200 ]
— 35 ——&140 = 8740 -
——430 ——8230 ——gg30 ]
o i i 2
[\ 2000 A B0 ] ]
dixdi {8}

Fig. ¥ Loading portion of the siress—strain rate dais obiained ¥in
SHPE technique

——— B0
araq

stress with strain rate. Al stresses above 2 MPa, the bars
decelerate. indicating substantial stiffening within the
specimen. After this point {35 MPa), the $TF continues
to deform under loading with hish resistance. Unload-
iz leads 8o a higher stress during deceleration with
substantial hysteresis. The sample has a much higher
stress at the lower shear rates during deceleration. This
is in contrast o the Mewtonian fluid, which undergoes
near linear loading and unloading, with no cvidence
of stiffening. Behavior of the 0.50 and 0.5 volume
fraction silica suspensions is presented and discussed in
the Appendix.

15

4TF, 4 = 54% loading

5TF, 4= 54% uniaading
—— Mewlonian laading
—— Hewignian unkoading
an k.

o [(MPa)
,
!

00y IS0 A0

a SO0 000 b
s

Fig. 9 Comparison of resulis for 3 54% STF with calculations for
4 13 Pa s Newlomian Auid
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maximum strain rate of each fest (Fig. 11) The tran-
sition lime decreases with meressing strain rate and
ranges from 50 to 20 p=. From this plot, it is evident
that the transition time decreases exponentially with
the maximum compressive steam rale.

Concentration effaect

The effect of colloid concentration on the mechanical
response of a hard-sphere suspension can be obsarved
vy comparing samples at similar conditions. In Fig, 12,
the incident bar sirain gage signal has been plotted for
30, 52, and 54 vol% suspension. The incident wawe
i negative smee the loading is compressive while the
reflected tensile wave is positive, These experiments all
have very similar loading pulses, hence it is appropri-
ale to dircctly compare them. As expected, the high-
esl concentralion suspension exhibits higher stiffness
and lower hysteresis than the other two concentra-
tions (Fig. 13a). Interestingly, the suspensions appear
1o undergo similar loading behavior prior Lo stiffening
{Fig. 13b), but the discontinwous shear thickening sam-
ple (34%) exhibils a much sharper rise in stress afl the
transition than the continuous shear thickening samples
of lower volume fraction. That the transition, defined
as 4 decrease in compressive acoeleration, appears 1o
begin at approximately the same stress for each sample
is consistent with the observations of the steady state
rhealogy in Fig. 2.

The fact that these facets of the mechanical behavior
of the 5TF suspensions cim be captured here demaon-
strates the applicability of the SHPE experimental tech-
nigue for complex Ouid evaluation. Tt is possible o ob-
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Fig. 13 Transion time for 36 SHPE experiments a8 a lunclion
of ateain rate

serve The changes in material response which can ocour
with a change as small as 2% wolome silica, similar to
that observed in a rodational rheometer (Fig, 2).

[Miscussion
Transition

The results in Fig. 11 indicate that the lime required
for a 5TF to transition decreases logarithmically with
loading rate. This indicates that a specimen is able
Lo transition 1o the shear thickened state fasier at
higher compression rates. This alone is an interesting
conclusion, but does not address the ssue of whelher
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slip, this demonsirales that there is a minimum strain
required for shear thickening al high Peclet numbers,
These results are particularly important for engmeering
5TFs for apphcations where high rafes are applied
or short durations are expencnced. Further work 1=
required for reduction of the SHPE measurements 10
miterial properties as was done previously for New-
tonian fuids. For these highly nonlinear fluids, this
requires a robust constitofive model andior indepen-
dent measurements of the kinematics in the sample
during deformation, which is the subject of ongoing
research.
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Appendix

Examining the results for the lower concentralion sus-
pensions (¢ = 0.50 and 0.52, Figs. 17 and I8). it is
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observed thal these materials experience a weaker
loading transition a5 compared (o the more concen-
trated suspension. However, nomlinear behavior similar
lo the 0.54 volume fraction suspension is still evident.
In Figs. 17 and 18, it can be noted that there is les
stiffness in the post-transition material as the highest
stresses achieved are generally lower for comparable
sirain rates.

Due fo this lack of discontineous behavior on the
stress—sirain rate plod, defermining the transition Gme,
a5 well as the strain al the onsct of transition, is very
difficult for the case of the 0.50 volume fraction silica
suspcnsion. In the case of the (L52 silica suspension, it is
possible o identify the strain af the onset of transition
by analyzing the acceleration behavior during loading
as seen in Fig. 10. While a decrease in acceleration
docs ol [vpically ocour for this volume fraction, a
comparison of the strain at the point of inflection in
the acceleration vs. time plot for these experiments has
shown that strain 4l the onset of tranzition corresponds
wll with that for the 054 silica suspension.
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Abstract

This study presents the development of a constitutive model for in-plane mechanical behavior of
five styles of plain woven Kevlar fabrics impregnated with silica nanoparticles. The neat fabrics
differed in fiber type, yam count, denier, weave tightness and strength. 4, 8, 16 and 24% by
weight of nanoparticles were added to enhance the mechanical properties of the fabric. It was
found that fabrics impregnated with nanoparticles exhibit significant improvement in shear
stiffness and a slight increase in tensile stiffness along the yamn directions over their neat
counterparts. A constitutive model was developed to characterize the nonlinear anisotropic
properties of manoparticle-impregnated fabrics undergomng large shear deformation. The

constifutive model parameters were determined based on uniaxial (along yam directions) and 45"

off-axis tension tests. This constitutive model was incorporated in the commercial FEA software

ABAQUS through a user-defined material subroutine to simulate various load cases.

Keywords: Kevlar fabric, soft armor, nanoparticle, constitutive model
1. Introduction

Kevlar® fiber is a high modulus, high strength and low density para-aramid synthetic fber, In
comparison o high strength steel, Kevlar has much better strength to weight ratio. It is a good
candidate for use as a soft body protection material. The fibers are tightly woven intoe fabrics and
multiple layers of fabrics are used in many soft body armors. The primary goal of soft armaor
design 15 to reduce the weight while maintaining the protection level, Hence, weight and

performance are the two major eriteria that must be balanced in selecting soft body armors.

*Corresponding author. Tel.: +1-TA3-494-5130; Fax: +1-TH5-494-0307.
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resistance was observed, and they attributed it to the increase in projectile-fabric and inter-yarn
friction.

Many different approaches like simplified orthogonal pin-jointed bars to model yams, unit
cell based models, equivalent homogenized contimmum models and detailed 30 models
incorporating individual yams and weave patterns with contact definitions have been used to
analyze and model woven fabric material behavior, King et al, (2005) developed a continuum
constitutive model for woven fabrics in which the fabric yam structural configuration is related
to the macroscopic deformation through an energy minimization method. Lin ot al. {2009)
developed a finite element model to predict the shear force versus shear angle response of a plain
woven fabric. The fabric was modeled at the vam scale by assuming vam behavior to be that of a
3D orthotropic solid. In a recent study by Gryjicic et al. (2009), a meso-scale (vamn level) unit
cell was developed and its properties were used to model plain woven Keviar 129 fabric as a
continuum surface via a user-defined material subroutine in ABAQUS. The properties of the unit
cell were obtained from contact forces and shear response of a solid FEM model of CTOSS Varns
in a single unit cell.

In the present study, dry silica nanoparticles were wsed to reinforce Kevlar fabrics.
Unlike the STF-fabric material, these nanoparticle-fabric composiles do not contain any fluid
and thus minimizes the weight added to neat fabrics. Uniaxial and 45° off-axis tension tests were
done to evaluate the in-plane mechanical properties of the fabrics using an MTS servo-hydraulic
load frame. It was found that the nanoparticles significantly increased the in-plane shear
stiffness, while only slightly influenced the tension behavior along varn directions. All the tested
fabrics exhibited highly nonlinear behavior in shear deformation and large relative rotations
between cross yams. A constitutive model was developed using a method similar 1o the classical
laminated plate theory in conjunction with the incremental deformation approach to characterize
the nonlinear anisotropic properties of nanoparticle-impregnated fabrics undergoing large
deformation. This model was incorporated in the commercial FEA software ABAQUS via a
user-defined material (UMAT) subroutine to simulate the mechanical response of Kevlar fabrics,
Validation of the model was done by comparing the numerical results to experimental load
displacement curves for a 30° off-axis tension test and static indentation tests. The simulations

agree well with the experimental results until the onset of failure,




vacuum mode. The image reveals that silica nanoparticles did not form a uniform coating on the
fabric surface but accumulated in the space between fibers. Abrading the surface of the treated
fabric dislodges only the particles adhering to the surface but the particles in the inter-fiber

spaces remain undisturbed.

2.2 Uniaxial tenzion tests

To evaluate the yarn direction stiffness of the fabrics, quasistatic uniaxial tension tests were
performed on the neat and nanoparticle impregnated fabrics. The fabrics (single laver) with
different wio additions of nanoparticles were tested in both the warp and the weft directions. In
order o prepare the specimens for the test, the neat and treated fabrics were cul into a rectangular
picce of 25.4 mm in width and 150 mm in length along the varn directions. Hard end tabs were
bonded using epoxy adhesive to both ends leaving a gage length of 102 mm between the tabs.
Figure 4(a) shows the dimensions of the final specimen. A 100 KN MTS load frame was used in
this test. The crosshead speed was set to 0.1 mm/second. The specimen was aligned and gripped

using hydraulic grips during the test. No slippage at the grips was noticed during testing,

2.3 OMff-axis tension fests

Picture frame tests are widely used to evaluate the in-planc shear propertics of woven fabrics
{Mohammed et al. (20000, Peng et al. (2004) and Lomov et al. (2006)). The stress field in the
picture frame is usually assumed to be uniform. When shear deformation is small, the fabric does
nol wrinkle and the uniform stress assumption is reasonable. However, the fabric wrinkles under
large shear deformations. This results in nonuniform stress distributions and the accuracy of the
test result 15 not guaranteed.

In view of the foregoing, we employed a 457 off-axis tension (bias extension) test 1o
determine the fabric shear property. The specimen size was the same as that used in the uniaxial
tension tests. Figures 4(b) and 4(c) show the initial and deformed configurations. The yam
orientation angle (a is the acute angle made by the warp direction yam with the short (25 mm)
edge of the specimen as shown in the Figure 4{b). The specimens were cut such that this angle
was 45” in the undeformed state. As the warp and weft directions in the fabric are orthogonal to
each other initially, this test has a symmetric configuration with respect to both vamn directions.
The specimens were tabbed and tested with same experimental setup as the uniaxial tension tests.

Mo slippage at the grips was noticed during testing.
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uniaxial response 1 thus markedly bilinear. The results show that, in general, the well yamns are
stronger than the warp vamns and also display a stiffer response. The addition of nanoparticles Lo
the fabrics seems to increase the uniaxial strength and stiffness only slightly as evidenced by the
plots presented in Figure 7. Nonetheless, there are a few obscrvations of interest thal present
themselves.

Firstly, as the deformation progresses, it is noticed that the width of the specimen remains
more or less unchanged. Unlike a homogenous solid, the deformation in fabrics 15 largely
soverned by interaction between yamns at the cross over points in the weave. But once the crimp
imerchange process is complete afier the initial loading phase, no transverse yam pull out is
noticed, which indicates that the width of the specimen (distance between outer most axial yamns)
remains the same as the initial width of the specimen. This was noted 1o be the case for all the
specimens tested and thus an assumption of negligible lateral contraction is made for the Tabric
loaded in uniaxial Lension.

As the crimp interchange process reduces the yarn waviness in the axial direction while
increasing it in the transverse direction, the variation of the overall thickness of the fabric is very
small, Variability in the load sensed by individual axial yams is reduced by ensuring high
precision in the specimen fabrication process and alignment and gripping procedure for the test.
However one of the factors affecting the scatter in the failure location (apart from any local
defects) may be the slight difference in pretension induced due to emors in the aforesaid
procedures. Owing to the existence of these conditions in the fabric during the uniaxial tension
test, it is reasonable to assume a state of uniform axial stress and strain field. Hence, engineering
stress versus sirain can be reported using the initial specimen dimensions, which are presented in
Figure 7. The thickness of woven fabrics is measured using ASTM D1777-96 standard. The
thickness values as quoted by the manufacturer (Table 1) are used to calculate the fabric cross
sectional area. The warp and wefi fabric strengths as obtained from the tests (Table 2) differ
from the manufacturer supplied values given in Table 1. The average difference between
measured and supplied value is about 16%. As the manufacturer’s test procedure 15 not suppled
with the material data sheet, the varation in the measured strength values is attributed to
difference in test methods and conditions. The axial mechanical properties of the fabric are
obtained from the test results using a bilinear curve fit. The strength values assume significance

only in the context of failure prediction which is not dealt with in the present study.




loading of the fabric. For balanced plain woven Kevlar fabrics with the same varn count in warp
and weft directions, a 45" off axis tension (bias extension) test produces a deformation that is
symmetric about the longitudinal centerline of the specimen (Figure 4(c)). Distinct shear regions
are observed in the specimen during deformation (Harrison et al. (2004), Lebrun et al. {2003)).
The central region C as shown in Figure 9 has a pure shear deformation as the yarns experience
only rotations relative to each other, while the region A remains undeformed and region B has a
shear angle hall that in region C. Due to the rotation of the yams, region C displays larze
transverse contraction. The length of region C depends on the specimen dimensions and vam
count of the fabric. The load displacement curves show a steep rise after a critical value of
displacement is reached in each case. This occurs because as the yam rotations progress, a
limiting angle is reached when adjacent yarns become compactly packed without any inter-yarn
spacing. This angle is referred to as the locking angle for fabrics. Afier the locking angle is
reached the shear ngidity of the fabric is driven by the compression of individual yamns in the
transverse direction which causes a greater load to be sensed per unit displacement. In the post
locking deformation, out of plane wrinkling of the fabrics occur. Failere initiation occurs
thereafter by the slipping of the yams at the interface between shear regions C and B. Unlike the
uniaxial tension test, the failure does not occur at a well defined load but progresses gradually as
weft and warp varns slip over each other at cross over points. The oscillatory behavior in the
curves at displacements close to failure is due to this phenomenon of yarn sliding at comers. The
maximum load is sensed during the yarn sliding phase after which the curve falls rapidly as the
two portions of the specimen separate. The failure location was always observed to be at either
the upper or lower shear region interfaces. The addition of nanoparticles did not affect the
location of failure. However, treated fabrics display a more definite failure load as the enhanced
load carrying ability diminishes rapidly once the nanoparticles that lock the relative motion
between adjacent yarns are dislodged. This reinforces the inference that the nanoparticles
enhance the shear rigidity by increasing the inter-yarn and intra-yarn friction in woven fabrics.
The load displaccment plots (Figure 8) demonstrate that substantial enhancement of shear
rigidity and strength is achicved by the addition of nanoparticles to the fabric. The effect is
greater [or coarse weave fabrics which have low rigidity in the neat condition. K745 (the coarsest
weave among the five styles) registers a failure load of nearly 26 times that of its neat strength

with an addition of 24 %, by weight of nanoparticles. In comparison, fine weave fabrics that have




However, an in-plane shear loading can cause very large changes in the angle between the warp
and wefl yarns due to their relative rotations. This behavior makes the modeling of the fabric as a
homogenized continuum rather difficult. In addition, for nanoparticle impregnated [abrics, the
effect of the nanoparticles on the mechanical behavior must be included in the constitutive
equations.

To simplify this task, we adopt an incremental deformation approach in setting up the
constitutive model in conjunction with a procedure that resembles the classical laminated plate
theory. As the response of the fabrics is highly non linear, an incremental deformation approach
is used. At every increment, the fabric deforms through the interaction of the warp and weft
families of varns. This interaction is simplified by modeling the warp and weft yams as two
scparate plies in a composite laminate, Once the incremental constitutive equations are
established, they can be implemented as a user defined subroutine in the commercial finite
element code ABAQUS/ Standard to perform numerical simulations.

A set of coordinate systems are established as shown in Figure 10. The fabric is assumed to
lie in the x-y plane with the warp and weft yarns initially assumed to be oriented at angles o and
8 respectively to the positive x direction of the global coordinate system x-y. An angle measured
anticlockwise from the positive x direction is represented as positive and an angle measured
clockwise is represented as negative. As the out of plane thickness of the fabric 1s very small
compared to the specimen in-plane dimensions, an assumption of a state of plane stress is made.
For plain woven fabrics the warp and weft directions are orthogonal to each other in the
undeformed condition. As the fabric undergoes larze shear deformations, the yams rotate relative
to each other and the angle between them in the deformed state (@) can become much larger or
smaller than 90° Two local coordinate systems, (xp-xz)q and {x-xz)gare established for the warp
and the well layers respectively such that the x; direction is along the yam direction in cach
layer.

At each incremental step, a single layer of Kevlar fabric of thickness T is modeled as the
composite of two layers of unidirectional fibers. The effective mechanical properties of each
laver arc modeled as a two-dimensional orthotropic solid and the fabric is modeled as the
laminate consisting of two fiber layers. Considering the warp layer. the incremental stress-sirain

relations for this layer are formulated in the local coordinate system as
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The superscript [§ denotes the wefi layer and the reduced stiffnesses for the weft layer, Q.}ﬁ
arc given by
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The warp and weft layers exist in an interwoven state in the actual fabric and hence to

(&)

simplify the formulation, we assume that both layers occupy the same space and have the same

thickness {77 which is the thickness of one fabric layer. This thickness is set to be constant over

the fabric undergoing large deformation. To be consistent, material properties for the warp and

weft layers are defined using the thickness. Thus, the stiffness matrix for the fabric is obtained as
[o]=[ o ]+[¢’] (7)

Equation {7) provides the stiffness matrix for a single layer of fabric which is dependent on a
total of six unknown material parameters — three cach for warp and weft yam directions. For
each layer, the maduli £, E; and G2 are calibrated from the unmiaxial and off-xis tension tests,
These moduli must reflect the variation in yam spacing under large deformations due to relative
rotation of warp and wefi vams. True strain and true stress are used in the ABAQUS incremental
formulation. In the following discussion, neat Kevlar K706 style fabric will be used as an
example to illustrate the procedure for obtaining the material parameters. The same procedure is
feallovwed for other styles of neat and treated fabrics,

The uniaxial tension tests in the warp and wefl directions display a bilinear trend. Hence, a
simple bilingar function was used to approximate the tangent longitudinal moduli E*and E/ in
the warp and weft directions from these stress-strain curves. In the uniaxial tension tests, relative
yarn rotations do not occur and thus the yam spacing remains unchanged. However, when the

fabric undergoes shear deformations, yarn rotations induce a change in the tangent longitudinal
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causes the yam spacing parameter to decrease. Thus, the tangent longitudinal moduli which are
mversely proportional to the yamn spacing parameters increase as the yam spacing reduces. This
reflects the phenomenon of increase in yarn direction moduli due to increase in friction between
adjacent yarns as they become closely packed.

The transverse moduli and the shear modulus are estimated from the 457 off axis tension
tests. The mechanism by which the fabric resists shear loads transitions from one predominantly
due to rotation of yams to one due to the transverse compression of adjacent vams as the relative
angle between the yams approaches the locking angle. Hence, the shear rigidity is very low
during the initial phase of the deformation. Once the locking angle is reached, the varns become
closely packed and further deformation is resisted by compression of yams in the transverse
direction and the occurrence of owt of plane wrinkling. We introducc this effect into the
constitutive relations by assuming that the shear modulus (which is attributed to the initial yarn
rotations) to be constant and that the highly non linear behavior at higher displacements arc
caused by variation in the transversec moeduli. The load-displacement curves for the 45° off axis
tension test can be converted to an equivalent shear stress-shear angle curve using the kinematic
relations for an equivalent picture frame test (Milani et al. (2009)). Comparisons show that both
these curves have nearly the same slope at low values of displacement! strain. Under these
assumptions, the shear modulus is estimated from the mitial slope of the load-displacement
curves from off axis tension tests. The individual shear moduli for the warp and weft layers are
indistinguishable. Both G»™ and G,/ are assumed to be equal and to be the same as that of a
single layer of fabric. For neat K706, the shear modulus is calculated from the initial slope of the

CLrYe a8

GE =Gi=G, =0.4 MPa (12)

The parameters E;” and £ are obtained from the load-displacement curves using a non
lincar fitting function which depends on the yam spacing parameters. When the cross vams
undergo large rotation, the parallel yams are packed together. The stresses in transverse direction
prevent the parallel yarns from being too close to each other under large shear deformation. The
tangent transverse moduli £.% and .E'.;""] could be calculate from these transverse stresses. Since
hath £:% and £ attribute 1o prevent the further yam rotation, we assume they are the same

nonlinear function in terms of non-dimensional varn spacing L. and Lz The form of the fitting
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experimental and numerical indentor load-displacement curves is presented in Figure 14, The
numerical simulations it the experimental data very well until failure of the fabric begins due to
the slipping of yams at the corners. Since this model does not account for damage, the simulation

starts to deviate from the experimental results at large loads.

6. Conclusions

In-plane mechanical properties of five styles of Kevlar fabrics were investizaled 1o show the
difference between the neat fabric and the silica nanoparticle impregnated fabrics. The
nanoparticles impart subslantial increase to the in-plane shear rigidity. When off-axis load is
applied, nanoparticle impregnated fabrics sustained higher failure loads, SEM images reveal that
the nanoparticles are lodged in the inter-yvam and inter-fiber spaces in the fabric. This increases
the friction between adjacent and cross yams thereby augmenting the fabric’s resistance 1o
applied loads.

A two dimensional homogenized continuum  constitutive model was  developed to
characterize the nonlincar anisotropic material properties of the neat and nanoparticle
impregnated fabrics under large shear deformation. The material parameters required in this
model were obtained from uniaxial tension and 45" off-axis tension tests. The constitutive model
was interfaced with the commercial finite element code ABAQUS via a user defined material
subroutine (UMAT). Validation of the model was done by simulating a 307 off-axis tension test
and a static indentation test. The simulated load-displacement curves were found to agree very
well with the experimental data. This model can be used to predict the load deflection behavior

of neat and nanoparticle impregnated plain woven Kevlar fabrics with sood accuracy.
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Table 1: Manufacturer's product data of five stvles of plain woven Kevlar fabrics

aim = —

Fabric style K310 | K706 | K720 | K745 | K
Fiber tvpe Comfort | KM-2 129 29 159
Fiber modulus (GPa) 87.0 80.0 99.7 73.0 97.2
Yarn size (Denier) 400 600 1420 3000 200
Weight (2/m’) | 122 1 80) 258 475 132
Warp count (Yarnsfin) | 35.5 34 20 17 70
Weft count (Yams/in} | 355 34 20 17 70
Warp Strength (Ibs/in) 530 775 978 1600 385
Weft Strength (Ibafin) 530 RE0 Q02 1800 530
Thickness (mm) 0.1% i 0.23 036 0.61 0.1%

Table 2: Meat fabric weights and strengths measured in this study

Fabric stvle K310 | K706 | K720 | K745 | K779
Wcight [_g"mg} 127 17% 254 435 127
Warp Strength (Ibsfin) | 630 760 1220 1770 350
Weft Strength (lbs/in) | 730 a70 1290 1910 670
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Caption of Figures

Figure 1: Optical images of five styles of plain woven Kevlar fabrics. {The image size for all the
fabrics are 6.4 x 6.4 mm. The true color of the fabrics was bright vellow. They were post-
processed to black and white format to enhance the contrast,)

Figure 2: SEM image of K706 fabric with 24 wt% silica nanoparticles

Figure 3: Identifying warp and weft varns in the fabric — Warp yams are wavier than weft yams
Figure 4: Diagram of tension test specimen: (a) Uniaxial tension, (b) Off axis tension (initial
configuration) and (c) Off axis tension (deformed configuration)

Figure 5: Schematic diagram of static indentation test

Figure 6: Indentation test on ncat K706

Figure 7: Engincering stress versus strain curves from uniaxial tension tests for five styles of
Kevlar fabrics with difTerent wi%s of nanoparticle addition

Figure 8: Load versus displacement curves from 45° off axis tension tests for five styles of
Kevlar fabrics with different wi%h addition of nanoparticles

Figure 9: Shear regions in a 45° off axis tension test — schematic diagram and actual deformation.
Figure 10: Coordinate systems

Figure 11: Yarn spacing parameters — initial and deformed configurations

Figure 12: Experimental and numerical load-displacement curves for a (a) 457 and (k) 30° off
axis tension test using neat K706 style fabric

Figure 13: A snapshot of the deformation in a 30 off axis tension test using neat K706 style
fabric at a grip displacement of 18mm — (a) experimental and (b) simulations

Figurc 14: Comparison of the experimental and nurmerical load versus displacement curves from
a static indentation test on 45 neat K706 style fabric
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Figure 2: SEM image of K706 fabric with 24 wit%s silica nanoparticles
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ia) Uniaxial tension specimen ‘

(b} 457 OFf axis tension specimen (Initial configuration)
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Figure 4: Diagram of tension test specimen: (a) Uniaxial tension, (b) Off axis tension (initial

configuration) and (c) Off axis tension (deformed conliguration)
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Fioure 6: Indentation test on ncat K706
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Figure &: Load versus displacement curves from 45" off axis tension tests for five styles of
Kevlar fabrics with different wits addition of nanoparticles
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Figure 10: Coordinate svstems
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Figure 12: Experimental and numerical load-displacement curves for a (a) 43" and (b) 30" off

axis tension test using neat K706 stvle fabric
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[a} Experimental (b Simulation

Figure 13: A snapshot of the deformation in a 307 off axis tension test using neat K706 style

fabric at a grip displacement of 18mm — (a) experimental and (b) simulations
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