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TABLE S-eoetinued

Cogipeetion of belliste: perfommsce of STF-mpregnaed EIVLAR ©
with dry filcs Lrprepaaied KEVI AR @

Samplke  Imipect
Famphy Veight  elciy  Feemmen
Targel Doa=plco [ Ak Depth (il
Li 4 ml 5TF mpregmatod i 15 laa L3k
4 brpem of KEVILAR T
E  &ml #TF inpregesral i ) agy NATS
& lapgie of EOVLAR ¥
X1 g doealiea 4.8 = Lak
= 3 bovere nf KFUT AR &
Xz  bgdsilia mpequoial = 1%4 1.2
in A hywers of EEVLAR ®
X% 12 g dry slica impre 135 il L

iz d bvers ol EERVT AR W

Table & shows that varying the innpregeation patkrm of the
target froen lager-to-layer, and varying the pattern of impreg-
nalkm within a single layer, con he used 10 emhance The
ballistic performance of the Bhric, Compaiamn of Tange [T
o Target O demansirobes thel including o fow boers of
KEVLAR®E mpregnaled with S5TF can  significandy
cohar: balligic nesstanes ower the equivalan oumber of
neat KEVLARE byers (Target O Furthemiore, Tarper [ s
compossd of o small amount of 3TF impregresed o e
KEVLARE i a “striped” pattem. Comparison of Tage [ o
Tanget J demaonsimbes that the impregmation of the 51F igio
ihe target can he “patiemed”, 1.¢, pesd pot be fully impreg-
nated and still sesalt in sobstanti=l increases in hallistic
resistnnce. Fusther, comgurison of the perlormance of Target
[ and Target 1, boih composed of & laves of KEVLARE.
shorws that even 8 very small smount of 5TF impoegnated
inie the fabric reshs m cokoseed hallistic perfomance.

TABLE 6

Ballisie perfinrdses of lagelr with vaning imprepnaticn pRems
dedtion w Sin Daver, and Berivecs 'i':liilnﬂ

Bample  [orcact

Semplo Weight Venciy  Fenoirsion
Terpet Mammpean [ {miz]  Dizpih )
T d liyer of KEYIARE 19 45 212
M7 s of e 119 28 07ET
KEVLAR %, macked an
fop of 4 ml af 5TF
e ralod ks 3 layere
of KEVL AR &
[ 922 ml ol STF 1IR q54 1.4
impregrated imie § layers
=f KEVILAR & fhric,
wili 4 siripal Impomemilios
patam i ach Tabys
baFer
T &y of KEVLAR 2 TR 354 17

Tadsde 7 almrees e wmiter cehascsmens o perfommance have bees
ackicve] with (Efimeal poeticher and enlvemis mprogzared oo the KEY
LAR ¥ G

Tabbe ¥ ahowe thal simalar enhancoments in parftemance
have bam achivond wilh diflerend particles and solvenis
impregnated e the KEVLARE [k

Tuhbz 7, sample K, which iz composad of 450 nm silica
parlicles coxed with an ndsorbed polymer, poly{winyl aloa-
hel) sl dospersed in ethylene ghbvool, shows eobunced
ballisic resistance comparabbe W 1be perfommemce of
sample A,

an

L

30

a5

4%

55

65

10

Table ¥, sample L shows resubs for @ shear (kickening
thoid composed of slice particks (350 mn) dispersed in a
pobymeric sohoent, polvetbylese plyecd {150G), where simi-
lar cnhaneemint m hallistic performance & schieved ag for
The madecular elhylens glvenl formmlations.

Toble 7, sample M shows a formubtion oging pwoch
smaller silica paricles, 30 am, m pabvelbvlens glveal
{PFEG), which ghows seenificant ballistic resistance tha g
comparahle w0 enples with the Targer particls sizes (450
nmj.

Tabde 7, sample M shoos noespherical parmicles cosmirtimy
af dliplically shaped calcinm carbomate ellmamidal particles
in ethylens ghread, This fomulation shows enhonoement in
ballistic mesistanoe compamble 1 the gpherieal particles.,

As showen the STFe em vary in cumier linid type, particls
ype, amd surfece fimciionabzsion, bot all STVs lested
successiully enhance hallistic perfonsance.

TARLE 7
Halbdic performeancs of unprograted KEVIAR E tangets wilk dilforest
g i STF
Sample  Impact
Eamipde Wopkt Veoody Fenarmeon
Tarpe!  Thaenpiian = |l Dcpih for=
A 2 mil ETF 450 nm sptecal AR 143 LA
siliea in eliylene plyeal}
TpogTaed i 4 Layers
af KEVLAR &
K 2 ml ETF 4% nm L] 259 =t
pelymer-atabilieed spdarical
wlizs in ediyvleos gyaall
mic 4 leyere
of KEVLAK &
L ﬂ_l:l'l #’-"‘ Ll TR TR 244 LE
mliza o pelypaiyiona
givend) impeegnencd oo 4
laper of KEVLAR
M 2 ol ETF {30 o xpherical 23 m 157
wilica in podyerdsdio:
phrenl) impeegreed (o 4
layers of KEWLAR &
M 1A mi ST (amiemmops LE pE] BAE
Col0H particlez @
etbvlens glveal)
UTfirepRaled e 4 layerr
of KEVLAR =

Toe material con be used for sdvanced body anoor,
aarhags, profeaive material, such as for engines and tarhines
ar anywhere that thers &5 a desans 1o dissipaie the kinctic
cacngy of o mvng article. The matesial can also e used e
bumb blankets, ok skins, siewable sehicle armor, milal-
alnbi prolmclisog devices, tents, seats or cockpits, soormpe and
tramspant of lagpage, or @arage and Imnspoet of munitions.
The meserial i ke wsed o fashion protsctive chothiog, sech
as boats, which could stiffen 1o provide badily protection
against blaiz, such as those cused by exploding land
s, and audden oopacts. such as these incwrred wpon
bmdang by paschule, or in accidems. The material woubd
busve sl et properics and can be used in provide
bexhaly prolection agains sharp instruments, sucl ag Koives
or awnernds used i heaod-so-hand combat.

ANl e referencrs deseribed above ase incompormned By
reference in their entirety for all usefil porposes:,

As can be secn from the abosve descriplion., the prosent
mvmlion provides an improved fabric for me in dissipating
the kinsic eocrpy of a moving adicle. While the examplss
ilknstrate that the moving smicle 13 a bullel the movieg
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wonls should ke environmenznlly stable 3o thar ey romain
wilepral b e Jubsic and suspended panlicks during servace.

The pesticles swe mgended in the solvenn and shoald
proxiuce o fligid that has the shear teekening properiy. Shear
Lhickeming dees nod require a dilitanl resposse, Lo, 1L may
il b ssociatied adth oo incroase in volome asch s afien
vhserved in dry powders or sometimes o sospersioms ol
larger paeTiche= {frdicr than 100 micmons), The flusd muoy be
dalusted with 3 secend salvent 1o enable imgregnation of e

fabric, and then econeenimned throgh evapomtion of the

seond sodeent afier imgregnation, a: loog =3 the remaining
impregmaled fliid remaing 8 Aowable liquad with shizr
Ihil:km'in@; ]1mp:n:ir:5

Thez hallisne properies of wowven fihrics, such as, bt po
limited dn, KEVLAR® fabrcs, are improved dhroaoh
impregninin wilh Quids that exbiban tbe shear thickening
cffcer. A1 low simin mles, for coample ssocised witly
normal motion of 1he oz of 2 hocky armor system, the
Tupd will offier limle inpedimenl ko fibric Gooere and defor-
matiom. Flowever, 22 the high simin ranes sssociated wilh a
ballizike irpect event, 1he fund will ioenzase n viscosity and
in doing =a, echance the hallistse prosecton of the fboc.
The %TF used in the lagols s compased of pamicles
sperded in o solvent,

EXAMILES

[ the: frldoaring examiples silica particles (Missan Chemi-
cals MPAZAY were sumpendad in cthylene plvoal. at a

vilume Faction of approximedely (03T, The: sverage pasticle

dizmeter, ns mensared ugmg dymamss hiphe :l_ﬂl.l:q.ﬁng_ wus
determuesx] 1o be 446 pm. Kboological measzrements have
shown Lhet this STE usklerpees o shenr dhsckening iranstan
Al g shear mle of approximacely 0F 107 57" AddiGonslly,
this s 15 eversible, Le. his liquid-to-salid transition
induced by flow is moi sssccamed with panseh agerezatian,
nuar choes il result in any imeversible change m b dispersion
Full details repanding the propaation and Theologicnl prop-
s ol e 5T can be foomnd ie Lee of al, 0 Moz Sei, 30
ps. SHIS 2533 (2003) and Lew and Wagner Bheel defa.,
IO

The KEVLARE labrc ased in all composite targs con-
siruslions was (00 denicr plaips-woven Hexced-Schoshel
high performance fabnic Sivle 7048 composed of KEVL AR
FM-2 aramnd fibers (poly-pemaphenylenc serephihalamide)
willy an areal -Ijﬂﬁﬂ:.' of 18Ik j_ﬂ'ﬂ.la.

Tampet Prepemation

T facilitwie inprepostion of e 3TF o 1he KEVLARE:
fahric, sn equal volumse of elsmol (220 dyne'cm]) was
nidded for e owiganal etbvlens phyesd (sorfsce temsion=47.7
dynefem) baged STF, Thos dilused STF was observed o
spantamisnasly impregnase the fabeic. Falliraing impregea-
lfun, the compasite fabric wae hested ot 807 O for 20
miies m a sonveclion aven b remoyve the ethnne] from e
samrple. The final compesinen of the impregnuied STF iz 57
vl % saleza an cibylene glyec], Mocmscopy b confirmed
st this praocess measlt: mothe [l] inpregnation of the 5TF
inte the KEVI ARE fubric, as STF wemiog 12 ohasrvad al the
filament bovel (Loe of al., F MWar SeL, 200&)

Acschematic desgesm of a ballisne et i prven in FIG.
1. Towr piece of 308 cmsc5.08 e alwminen il (50 mm
thnckmess) were ured o encapsulats the mrgess 100 The
KEVLARE layers were ool i £.76 cmaed 76 cm, imprep-
il with varymy amoums of £TF per loyer 2, 4, and # ml}
as indicated, and then meembled e b s 10, To
privind beakape of 8TF owt of the targei nssembly, hes-

i

a5

L4}

f
senbed pobveibvlene film [Aplock bags scaled msing a
LILINE EF-20HC hem sealer) was used w encapsulate he
Largets.

All targria 10 were backad with o backing 20, The
backing 20 comdninesd a singhe ply of unmmpregnated KEY-
LARE, ghood 103 5.08 cm diameter copper hoop (0635 em
wize diameter] nsing Ligaid Nails sdhesiwe (HCIL i order 1o
help support te laneet during desting,. In ol coses the plhoed
KEVLARE Lver, hackimg 20, was inmatiatedy adjocent i
e ballistic tanget 10, with the copper boop reing msde of
the targen monting, franse 30411 subsegoent dasoriptions of
hallistic targets 10 will list caly the KEVIARE laoyers
within 1he alumioum [0l Juyers, and do oot melwle his
individnnl backing 20 KEVLARE layer.

Ballistic Testz

The Ballistie ez were perfommed using a smoath boss
helium gas gun. All fests wers performned #1 /oom emper-
e T gun ward siphied oo the lnget cemfer and the impact
vilosly was adusted to approximasely 244 mds (800 foer
per second “fpe™), The exact impact velocity of each pro-
jesttle 40 was measured with a chronegraph irrssdiansy
heffpre imqactiog the tanze 10, The projectile 48 is a MATO
stalard Ergment simalation projectile (FSP)L consising
of & chugel-pointed metal cylinder of 1.1 groms {17 pgrams)
and 056 o diameter (X2 caliber) A 10L16 cmx]i 16
et 54 cm tock alummum black 30 wes ool wilk s
recessed sguare hole w socepd the 508 cmoaquane tinget
package as shewn in FIG. 1. The tarmet waa held i plase
nzang, light pressare from spring clips lecated nlong s dpe.
The mountiog Bock s then ekampead cobe 2 stec] fame in
lime with the s pon barre],

A cloy wilsesis S0 v el W measure the depih of
indimtatica (M standard-010004, 20017 (FIG. 1) Medel-
ing clay (Van Aken Inlernativeal] was packed ineo n 15,324
cmxA A5 conxf B cm wooden mold. compressed with a
mallel, and cuf imio four 7620 cmed, 43 cm squan: poicds.
Thas proccss mimimizes air hubbles or poor compacthan m
the ¢lay walness. The molded clay block s held oato e
hack of il tangetl wing o siip of adhesive mpe When
comparing the hallistic perfonmance of &ferent argets,
higher perdommance s demanstirnted by smaller messured
valocs of depth of indemation, which whcane thal mone
energy was staorbad by T TarpeL

The deformanion st an the uid during the ballistic event
1% astimaled 10 be on the onder of 10°-10F 57 {deformeation
rape- fprojectile dismeter—244 m's 0.056 m). This mie i
capeectod 1o be sufficient eo rigidiee the STF, 2o it exconds
the crtical shear mte for the STF.

Flexihility and Thickness Test:

Two-dimensional drpe tests werne od 10 mekure
ihe fexibaliny of the mpets, as shown in FIG. 2. In 2]l cases
@ 2 p, wgsipht &0 was used, and encapsalated hollistic meges
wene nseld g5 e W epecimens T, Gending angle is
reparied as o measure of incpet flexdbility, winb larper angles
indicating, greater flexihiliy. Target thickeesss al the comleraf
the targets wag also medanmnd wilh 2 micromaeter.

Kesalts

“Tabhe 1 coanpares e perlommance of areets A, B, and
2 pal of 5TV impregnated mio 4 layers of neat KEVLARS,
1 layers of nest EEVLARE, sl 4 Liyers of wml KEV.
LARS, respectively. Targets A and B hove comparible
wariphie. Hooever, target A, which is an 5TF KEVL AR
compesang, exhibils hetier ballistic performence thamn warges
B, the nest KEVL AR farper. Funthermore. the 51F KEV.
LAF® cmnposile (A} kas feoer lavers of KEVIARE, morc
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ADVAMNCED RO ARMOR UTILLADNG
SHEAR THICKENING FLUTDS

GUVERNMENT LICENSE REGHTS

The Unigex Stanes Crovervment has rrghts in this ioventica
ax provided for by Army Resessch labormories, CMR
coolicl oos. DAADIDOL2001 and DAaD901-2-
(KIS,

BACKGROAIND OF THE INVENTH

Diady armor s essendial equipmend Tor polaee and malnary.
Cugrenily, body armor i Gelded ooly in specilic high-risk
soenarios, and bs typically limsed e chest asd Bead peurhoe:-
tion. However, a sigaificant peremtagpe of baftielicld injuries
oocur ta the extremities, including arms, legr, kands, and
ek, Amme Tor thess cxiremnses mos aflir protection fram
{ragment and kallistic thresds, winhont sapeificanly hmiting
soldier mobility and dexteriry.

Comvenlional body armar maerinks are typically com-
prised of mamy layers of polvaramid polyphbenybene
diamine terepithadamade) fabne, sodd by DuPood under the
regiterd pame of KEVLARR, with oplivoal coramic tile
mserts. These materials are 100 bilky and suff for appliva-
O @ CXTreoi e proleeBon, A materal is needed which
can olfer the equivalent ballistic performance of Sosing
bady armar ennieriok, hug with signafesnly pon: commpod-
vizzs amd flenibility.

Shear thickening is n pan-MNewioaian fow behavior often
shairviad m copcentmied colloidal dispersions., and charae-
erized by & lange, somelimes disonlinuous increase in
viscosity with incrensing shewr strese {Log and Beder, 4. 5.
TAPP! Coatlng Conferemee Provesdings, po 200, 1972
Hoflman, K. [ L Colleld interface S, Vol 86, p, 431,
VT4 Barnes, H. A J. fves!., Vol. 33, p. 329, 1980). It has
b demsonstemed thar peversible shear thickemning in con-
cmtrated colloidal suspensicos is due 1o the formeation of
Jrmening chisers resalting from Tdrdynamic ibrcation
fomces betwaen porticles, ofien dencded by the ferm “heedro-
chisters™ {Bassis and Brody, £ Ol Mo, Vol, 91, p. 866,
1 Poes sod Brady, L Fluid Meck, Yol. 407, p. 167,
W0, Cotberzll ef al, L Rhbeal,, Vol, 44, p. 1, 20000, The
muchandsm of shear thickening ke been snadied esmensavely
by shea-optizal expenmeents OV Haepe o al., S Collaid
I.v.':mg'?m Srr., Vol 156 po 350, 1995; Bender and Wagner,
L Calloid Foterfoce Scil, Vol 172, po 171, 1595), nogtron
seatiering, (Lawan @ al, . Rbasl. Val 36, p. 743, 199
Bender and Wagner, S Rkeol., Volo 40, p, 899, 1996
Mewsmaan, o al, L Chewe. Phys., Vol 111, p. 4827, 1999
Marmnzano and Wagner, S Bheol, Vol, 45, p. 1205, 2000
Marznzmne and Wagner, S, Cheme Piee. 20020 and siress-
gomrp chenlesical mensrements (Kaffashi et al., L Callodd
Interface Sei., Vol 1BL, p. 22, 1997 The onsel of shear
thickemsg 1 stendy shear can new be quantittively pre-
dicted (Maranzenn and Wagper, L Rheod,, Vol 43, p. 1205,
2000z, and Mamnzano and Wagner, J Cher, Plyr, Vol,
114, p. 10514, 200K} for colloida] snspessions of band-
gpheres and elovinmsancally sbilined dispersions. This
shenr thickemipg phenomeseon e demage processing
wmipment amd induce dramatic changes 0 sUSpensica
milcresimeclune, sech s parsch sgprepation, which nemlis in
peror flusdd and coating qualities. The highly noaliseas bebuw-
bar can provide a self-limitimg maimianm rane o1 tow thal con
kit explaited in the dosizgn of damping and costeel devices
(Laun = al., £ Rbeal,, Yol 35, p. 998, 19%1; Helber 1 al
. S wwad Fibradiow, Vol 138, p. 47, 1950).
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The peneral fmures of comainmeent Ghers for use in
vneryy issipating fnhrics are high woacity and hiph lemsile
edalie, s msterials are also considered ballistic moie-
rials. At the same fime, in ooey applsiboms, it may be
desticablz 10 utilize o fabric having the benefiis of nelaive
lowe bulk smd flesibalimy. T achieve such praperties, paly-
it libers may be used. The fibers wihoch my be profemal
i lude arunxid Obers, uwlim-high mobecular weiphn polyeth-
wlene fiber, nlra-bigh malecubs weight polypropylene Gher,
ulica-hagh mokesular weighl polyvioyd alechal filkes and
mixtures thereof, Typrally, polvmer fibers having biph
temsile stremgth and » high modolus are hoghly oo,
therchy: resulting, in very smoath filker sarfinss: axhibating o
low coefficien of fretion. Soch fibers, when fanmed inga o
fabric metwork, exhibit poar epergy wansfer w neighborng
fibers during an impect event. Thes ek of enengy rnsfer
miry correlale to a redoced efficiency in dissapating the
kinetie coengy of & moving chjest thorchy nooossitniing, the
usser al more material to achieve Gl dissipaiion. The merese
m mkenial iz typically achicved through the sddiion of
meare [ayers of material whoch bas the negative consegoence
of ndding o the balk and weght of the avemll fabsic
Fruslune.

Amang e most commaen nsss for thess so-callad con-
mimment Ebrice ang i e e of body anmar, and windings
enrmaursling tho poriphery of turbine engines such as thess
found oo commercal aircesdl. Xisch ao applestion & dis-
closed i L% P B 4425080 0 Stnon ot al. the
teachings afwhich ans incorpormed beremn by mefamss The
fabric is intended B0 nid in the contsinenent of & projeile
wbnch may be thoown oubwardly by mtating pars within the
engrine in e evet of a catastraphic Caibare.

While the crverall energy dissipating ¢apacny of e fabos
winifings =orrounding the engine is impostant, mansmrEmg
ther Umnckeess of the windings is also critical. Furthermaone,
eeomomice eofanderations ditale that the namber of fbdc
layves milieed Bor this purposs caanes beexcessave. Thus, an
eiferive coamamunenl sinstun: should nod require an exoes-
sive mumber of fabaic layers w achieve the nesmesary kvels
of eoerpy comtaisment. I has been determined that the
soemingly conflicticg goals of improved hisenc cncrpy
coctuinmernt and reduced maeral liyers can, in facl be
achweved by improving the enerpy transfer betwern the
aiffacent fibers or yams ot the lecation of impact in the fabne
(I ATEL

Loversl vochmiques ane koown for incrensing the energy
transfer progerties between fikers o vams b cach of these
knowsm techniques has comtain inberent deficienciee, One
kiram methiad 15 o rouphen the sarface of the fibers or
wains by annding, or coran: tnsilment. Eowever, such rough-
ening is belicved to have limaed uility doe we the resulant
degradation in the fiker,

Aunotleer enciles] Gl inemssing snergy tmnsfor boracen
e fibers ar yarms is 1o coat the fabric with o pelymer
bawwvingg % baph coeffcrent of fnction. One deticiency in ihis
practice is the firmsation of fiber-in-fiber bonds. Such bond-
i may sesull m diness reflections at yam crossevers during
mupaet by o owwving arliche, which canned be trapsfemed
sy’ froom, the impact regaon. Anather delciency & the large
weight gain typical of comngs, wineh may be ben percent or
e A Tortber limitalion of this approach is & significant
decrease in fahrc feibiliy due o e addinon of the
relatively @iff polymer coating. A relried method is o use a
dlicky resin that creates pdbssion betwesn s fbers, as
diselind o LLA. Pat. Mo, 1,215,108 so lynch, b this
techmigue has the same inkerem deficiencics of e 1o fiher
kanding and increazsd weipin as exhibited by cootings.
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An amoor composite materizl hos been invensed which
contains o ballistic fabric which haz been impeopmaied with
shear thickening fluid. This imventicn offers & ballistic
resistant mezterial that is more flexible and kess bulky chan
oampamble, comventional hallistic fabric. The invended
meameninl offers supersor Ballsie perfor parixl Fin
eomvemiiaeal ballistic fabric-hesed materials of equal thick-
ness. The imvented material can be applied o applications
Uiy, Sor thal 52 SompacT and'or Dexible, @och as body
armor, prolective clothing and fBexible protective devices
anif chiackls, amd =ab resiztand clothing and devices.
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