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(57 ABSTHALT

An armor composite malerial his been ievenned whsch
comtams a ballistic fabsic which has been imprepnated with
shear thickesing finid, This ioweemon offers a ballistc
mexistanl material that is more fexible and e balky them
conprable, convembonal ballistc fabric. The imvented
malerial offers saperior hallistic performancs congarid To
crmventional hallistic Fabric-based materiaks of el thack-
oess. The invented mmerial can be applicd o spphication:
reguiring nrmar il is compees aselior lexibbe, such as body
amoE, prosective clothing and flexible prolective devices
acd shields, nnid siab resissann clonking and devioes.

12 Claims. I Drawing Sheets
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ADVANCED BODY ARMORE UTILIZING
SHEAR THICKENING FLUIDS

GOVERNMEMT LICENSE RIGITTS

Moz Vnuned Staves Governenent has rights in this isventen
as provided for by Army Beesrch labombories, CMR
coplmel nos, DAADI0L-20001 msl DAATR-01-2-
LM

PFACKGROUND OF THE [NVENTION

Body armor is essential equipment for polios and miitary.
Currenrly, buody amnor is Gelded anly in specific lopl-risk
scenarmg, und is typically limited o chest and bead protec-
thon. Howeser, a gipnificin pencentzze of hattlefield injorics
awcur to the extremities, inchudmg arms, leps, hands, and
neck. Armnor for these exinemities must offer prowectien fom
fragmenl amd ballistic threats, withen signifieandy limiling
soldier pootiliny and dexienty.

Comventicnal body arovar matemials are ypically com-
prsed of many lvers of pelyarsnid pobviphenyiens
dmanine tereplthalamide) Fboic, sobd by DuPon mnder tlse
registerd mame of KEVLARE, wilh cplianal cermmic tile

imzserils. These maerials see oo bolky and @il lor applica- 2

T in exlremities protection. A maierad @ nealed which
van offir the equivalent hullistic performance of existing
hody amior maserials, b with significantly mare compag-
ness and Aexihilin.

Shear thickening is 2 neo-Mewmonss fow behaviar ofien
abserved in consmlmled collaidal dispersions, aind charme-
ferized by o lorge, soanetizes disconfinens incresse in
viscogily with mersasies shear stress (Lee and Redes, & 5,
TAPP Costieg Confereace Procesdings, p. 201, 1972
Hoffman, B. L., £ Coltoid fmterfaee Ser, Vol. 46, p. 391,
1972; Bases, HL A0 Bheall. VoL 33, p. 330, 10850 H has
been demomstrated thad reversible stisr Quckenizg in con-
cetrated colloidal suspensions iz disg 10 the foonation of
Jamening clusters resulting, from hydrodynamic lubrication
forces betwven particles, often denoted by the term “Tydno-
chuszers™ (Diossis and Brady, £ Chew Flys., ol, 91, p. Bis,
1989; Foes and Brdy, L Sluid Mook, Vo, $07, p. 167,
20 Catherall e al., £ Rheol, Yol. 44, p. 1, 2069, The
machaasm of shear thackensng buo been stedivd exiensively
by rheo-ppiical expenmiens (' Hseme o al, 5 Colloid
Feterface Bei, Yol. 156, p. 350, 1995; Beoder and Wgner,
I il loid -!'mn.-l:i'hrr.‘n-c"r ol 172, p. [71, 1995), nemtron
woaticring (Laan et al, I. Bhel, Yol 36, p. T3, 1993
Bender and Wagner, £ Rkeol, Vol 40, P ORED, L9E0G;
Mewsedn, o al., L Ckewe. Phes, Yol. 111, p, 4527, 1590
Mlaranzano and Wagner, £ Rheoi, Vo, 45, p 1205, 2001a:
Maranzane and Wageser, S, Ohewe. Pps, 2002 ond sircss-
jmmp rheological memurements [Kaflashi ¢ al, S Collaid
Trmserfare Sei, Yol TBI, p. 22, 1997). The onset of shear

thickemioeg n steudy shear con now be quanfisstively pre- S

dicted (Marapmaro and Wagner, S Rlieod., Vol, 45, p. 1204,
DM, ond Marsozsne and Wegner, J Ches. Plow, Vol
114, p. 10504, 2001 for colleddnl suwspensicad af hand-
spheres and elecrostanically stobiliend disperdions. This
shir thickiming phenpmenon can damape processing
cquipinent and indwoe drametic changes i suspensson
mcroglnpcur:, sich as particls aggregation, which reslls in
pear Fuid aod eoating qualines. The kighly nondinear hehav-
iorcan provide a self-lmitiog moocimum e of fiow that can
bz gxploiled in the design of damping ard contml dovices
{Loum et al., L Rkeel, Vil, 35, p. 899, 19901; Helber &1 al,,
A Spund and Filheadicn, Vol. 138, p 47, 19900,

du
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e pewerl features of comiaiument fibers lor use in
ety dussipating fabrics are high tenoziny and high lensile
wenalie. These materils are also considensd tallistic maie-
rals, AT the same fime, i0 mapy applicatioes, i@ may be
deszicabli 10 unilise o fabeic having ithe benefitz of nelstive
low Bulk and Qexibalary, To achieve such propertics, poly-
it fiers mary be used. The fibers wioeh mey be prefemred
iclude arungid fihers, ulica-high mobecnlar weighn pelyeth-
vhene fiber, ultra-biph moleculer weigh polypropylens Gher,
ullci=hizh molecular weipht polyvioyl alcohal fiker and
mmziures thereof., Typically, polvmer libers having high
tensile sirengih and o high modualies are highly anesned,
theerebyy pezultieg in very smoath fiber serfaces exlubiting a
low coefficient of friction. Soch hers, when formed inm
Bhric netwark, exbibit poor enenzy transfer to peighboring
fibizrs dburing am impact event. Thia lack ut'm‘rg} irunsfier
may corfclat: o oa redweed efficiency m dissipaunp e
kimciic energy of 8 moviag object thereby necessitating il
use of i mesterial 1o achiceo Tl dissipation. The imcrese
i malerial i bpically achieved through ke mddition of
mare lipers of noncral which has the negaiive consequesss
of akling 1o the Wik and weight of the overll fhric
SIMACTuEe.

Ameng the mosn common wses lor these so-called cop-
taizmend fabrics are in the we of bedy armee, and windings
srroamibimye the peripheny of narkine engues such = 1base
fisuesd en commercial nircrafl. Such an spplication is dis-
chnsd in LS, Par Moo 4475080 o Swhoton of o, the
seachings of which ore incorporatal harein by reference. The
fabsic is insended 1o akl in the containmend of & projeetils
which may be thrown ourwardly by rotsling parts within the
exmgine: a0 thi ¢vent of a catastrophic failure,

Whale the averall energy dissipating capacity of the fabric
windings surrsimling e mg,l.ne i5 imponant, minumzog
the tnckness of the windings is alse critical. Farthenman:,
ke consklennions dicinbe ibed the susber of Ebbc
bavers utilised for thns purpose cannot be excessivie, Thus, @
effective confaument stroclure shoald not regaire an exees-
sive nusnber of fabese laves  achieve the necessary levels
ol energy comninmegd. 1 hag been detenmined that the
sovpnmply conflicting goale of improved kinetic eoenry
comtniemyeni and redoced maledal layers cas in facy, be
achieved by improving, the energy transfer berweemn the
adjocen fibers of wams ol the lecativn of impact in the Tabric
ek,

Several techniques are koo for increasing, the enengy
transfer properlie: between fikers or yams b ceh of these
knovam wchnigoes has cemtain inherent deficiencies, One
known method @ 10 fonghen the sarfsce of the fibers ar
yires by sanding or corana ireaiment. However, such rough-
enmy iz believed to hmve limited uniliy doe wo the resubtan:
degradation in the fiber

Anoiteer method of Eerseing cnergy tmnsfer beracen
sl fibers or yarms is 1o coat the fabrc wath a polvmer
having a high coeficsent of fndion, One deficiency in this
practice is the farmation of Gber-to-fiber bonds. Soch band-
ity ey rerull i stross reflections i vam erossovers dusing
impact by a maving amticle, which cuoned be imnsfemed
sy from the impact region. Asoiher defiieney = the lage
weight guin fypical of coatiogs, which moy he ten peroent o
mare. A forther limitstion of 1hes approach 15 o sipnificant
docrease in Ghric Dedbality doe o tbe addiion of the
relativily stll’ polymer coating, A related method is 1o use a
sticky nein thet crestes sdhesion befween the fikers, oz
disclosed in 115, Por Mo, 1213118 to Dynch, ko 1his
teichndue has the mame imherent deficienceess of fiker to liker
bocding, and incressed wesgly s sxhibivad by coatings.
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vents shoukl he envinonmenlally stable 50 that they remsin
zbegral bo fhe Brhric and susperded pasticle: dusing service,

‘The particles are saspended moihe sobvent and showld
preduce o fluid chet bes dhe shear thickening propery. Sher
lhnckemny doees nol nequine a dilalam eeponse, i il may
e b gesocasted wath an wenese i volume such as often
abzerved in dry powders or sometimes in sispersions of
larper particles (grder than 10 macrons ). The Blusd may b
dlaluted with @ second salvent 1o enable impregnation of he
fabric, and then recancenirated throzgh evapomiion of the
sepond solvent afier mnpregnaion, o3 loag &= te renxdning
impoepmalied Q] memaims o Gowabke liquid with shesr
lcKemng, propeztics.

‘The ballistic properties of woven fahrics, soch as, bat pot
limited 1o, KEVI.AR® fabeics, arc improved throsgh
impeymation with Muids that exhibit the shear thickening
cffeet. AT low staim s, for casnple mesociaied with
normal motion of the wearer of & ey armor svenem, The
fhuicd will offies linle impexfimes o fabae Sesme and delior-
mialiom. Howsirver, 2l the hiph simin mtes associsted with 2
ballistic impact event, ihe fluid will increass n wEgoEiry and
in dring &y enhance the ballisiic protection of the fabric.
The STF ueed in the tepss @ composed of padicles
mspended in a solvent.

EXAMPLES

In the fallowing sxamples gilica parmicles (Migzan Chema-
cals MP45HY) were smspended in edhylens ﬂ\ml a &
walume Lcticn of approximately 0.57. The average parick:
tiameter. as measured using dynamic light scaitering, was
dbetemmmmzl o be 446 pm. EBhoolngical measaroments have
vherwm thal thiz STF vniderpres a shoear thickening inmsitien
al & shese pate of appromimssely WF-107 57°. Additionally,
this transition is reversible, Le. this ligoi-io-selid ransmoen
mlucand by flow 5 pol associated with particle nggregmion,
e ke il mewult in amy imewersible change in the disperssnn
Full detnils regarding ihe preparstion and Thealogical prop-
erties of the STF can be foamd in Lee ¢ al, S Mae Sci, 38
pps. 2B25-2833 [2003) and Loo and Wagner Sleol, Ao,
20HHE.

Tiee KLV ARS fabric naal in sl composie farget con-
Etruciore was 6K denier plain-wowven Hexoel-Scirvebel
kigh performance fabric Sovle TG composed of KEVL AR
KM-2 sramid fibers. (poly-parsphenylawe erephthalamida)
with an arenl density ol 180 g’

Thrget Preparation

T Excilliiate Empregnmiion of the 5TF inte the: KEVLAR®
Tabric, an equal volume of ethanol (Z2.0 dyosfom) was
added 1w the arginal etylese glyeol (surlace fensian—47.7
dynerom) based STE This dilmed 5TF wos observed o
spoatanecn:ly ipregmnale the Gbrc, Pollowing impn-.pﬂ-
ten, the composane: fabne was bemed ar 307 O for 20

minutes in 8 eovestion dven W remawe T thars] fmom the <

sample. The final composition of the impreznaied STF iz 37
wal % giliva in cthykene glvool. Microscopy has confirmed
thal tlus process resales i the fill aprepgaation of e STF
wili the KEVIARR [abric, = 3TF worling is abserved at the
filamoenr bevel (Lar er al., £ Mo, Sei, 2002).

A schematic dingmm of 2 hallistic tagped B gjl.rcn i Flis.
1. Two pieces of 508 conx5.08 om aluminns Boil {5 moy
hickanzssh were wmaad o the targets 19, The
KEVLARE byers were cur 1o 4.7 coed. 76 cm, mpnsz-
ruabed with warying smonnes of STF per layer (4, and & mi)
ag indizabizi, amd then assembled into the targets 100 To
prevomt leakage of STF am of the e sascmhly, bear-

13

A0

5

G
sealed polyethylene flm (fplock bogs sealed using 8
LILTNE BECF-20HME et semdor was nsed {0 encapsalnie the
iargeis,

All targels 10 were backed with o I;upckjn];_ M, The
backmg 20 costmoed a sicgle ply of unimpregnated KTV
LAR, phied u o 5,08 cm deameter copper boop (U635 cm
wire diameter) using Liguid Mails adhesive (K1), in cedes s
help suppan ke arget daring wetang. Inall ceses e ghisd
EEVLAR® layper, hocking 30, was mmedintely adjecent
ihe balfistic tagen 18, with the copper hoop pestiog mssde of
the lrget mawsting, frame 0. Al sulsequesn deepiioos of
ballistic tamgets 10 will list ooly Ihl. EEVLARE Lryers
within 1he alumisun ol Joyers, and do nol inclode this
individnal backing 3 KEVLAR® layer

Halleng Tl

The ballistic tesis were perfommed usng & soneonh bose
helyaen s gom, Adl westz were performed at roam tompen-
lure. The gun was sighted oo the arget cemer snd the immas
velocity was ndjosed o approxinssely 2448 ms (800 fial
e smnmd “lps™). The cxact impact welogity of ewch pro-
jectile 40 was mesured with @ chroneeeaph immaediansty
before mapacting the taneet 10, The projectile 40 is o WATO
standard fragmernd simalaion projesile (CFSFL contsting,
al'a chisel-pointed mesz] cylinder of 1.1 grams {17 grams)
and 056 cm dismeter (22 ealiber) A 1016 emx1016
cmwT. 54 e thick alheminuen Block 38 s i with a
reEsed square habe o aonepd the 508 cm square larget
package as showm im FIG. 1. The tarper w2 held m plac:
using light pressure from spring clips Iocssed along, 1 wlpe
Tl mounting block was then clamped onte a stec] frame in
lmé with the gas gun barrel.

A clay wilm=s 50 was osed 0 menmare the depth of
indentasion (NI standarnd-0101.04, 2001) {F1G. 1), Model-
ing <lay (¥Wan Aken Internationzl) was packed inte n 1524
cmeE RS cmxd BT e wooden mald, sompressed with a
madlet, and cu mbo four 762 coned 45 cm squane pieces.
This process minimizes air babbles or poor compacton m
1he clay witness. The maolded clay hlock wes held onto dhe
hack ol the largel using a sirip of adhesive tape When
comparing the ballimke performance of differear s,
higher pefommance is demoesicaied by smaller mesured
valoes of deprh of indemation, which milicale that more
anergy was absorbed by the target.

The defesmation cate o the foid m%lhehail'ngl.}c eveErl
is estimated 1o b oo the arder of T0-107 ' [deformalion
rie~V projectile diameter—344 m's 1}.056 nt}. This sape 15
expertin] 1o be suthicim 1o dpidiae the ST, since if excoods
ilbe critical shear mae for the STE
Flexibility and Thickness Tess

Tea=dimensional dmpe fests were performed 10 meanre
Iz Bexibility of the trgeiz, a5 gheam in FIG. 2, Tn all cases
A 20 g wiight 60 was used, and encapsulased ballistic targms
wierg sl ax the sl specimens T Bendicg angle is
reporied asam.enmnl'lnr__q,ﬂ Ew:n;jbjmy, with Ia;'g;:;;' aupglics
indicating grester flexibalsty, Target thackness 50 e conter ol
lhe targels was also measured with a micrmeter
Resulis

Table 1 compares ibe perfomnoes n:l'naq'g_mﬁ, B, aml C:
2 ml of 5TF imprepnated into 4 layers of next KHVLARE,
10 Lvems ol mwil KEVLAR®, and 4 layers of neai KEV-
LARE, repeciively. Tagsts A aod B have comparsbbs
weights. Trwewer, target A, which is an 5TF KEVL.ARR
wimposile, exhibis berer hallistic perfoemanees tesn Tarper
B, the nem KEVLARS tage, Funbeomore, the STF KEV-
LARE composite {A) has fower lopers of KEVLARE, mors
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TABLE S=continaed

Cempanesn of balleic pesfbetiase of STR-impreganesd KEVLAR &

=ik v iy i mpecamoied KEYTAR &
Eamele
Sk Wighe  \iltoiy  Peicindisa
Tt Dwecriptioa iRl [t Dugsth Veazsh
G 2 ml BTF impeegnabed |n TR T 1% T
& bypers of EEVLAR &
E Bml FTF istprogmind iz R X-) ok} 0ETE
£ pare o6 KEYVLAR &
X1 ¥ oy eilics impeegnaned 40 153 LAz
g d laverx of EFAVT AR @
X2 6w iy silica impeegraial I8 b 12z%
iz 4 lavore of EEVLAR B
Eh 12 g dry sliea i 113 bl e

iz q boyvere of EEVLAR B

Table & shooes that varying the inprdpeation pattem of the
target from layer-to-layer, and varying the poiten of usprep-
natE within o single layer, can he uged 1o enhance the
halbistic: perlormance of the fbeie. Comparison of Target H
to Targel © demonsraies that incloding a few loyers of
KEYLAR®R impregnmied with 517 can  significamiy
cuhance ballsiic resistance over tbe equivalent namher of
neat KUY LARE lyers (Taped C). Furlhermare, Target | s
camgeiand of a small amoung of 5TF snpréegnaiod inte the
EEVLAR® i a “striped” patiem, Companson of Target 1 1o
Targel J demonsides that the imprepnation of the STE ina
e targel can be “patierned”, Lo noed ool be folly impreg-
mated and sl resull i subslotial incrensss @ ballsoe
resnstinoe. Fartber, comparizon of the performance of Targe:
I and Target I, both composed of 6 ks of KEVTARR,
shows bl even & very small ameunt of STF inprégnated
ity the fabric resalts in enhanced ballisite performance.

TABLE &

Ealbni porfonnuies of lagese with vansng, EOpoEasies galeno
e iTHins & fabris Wwr, an berescee fybrcbper

LR
Faisnle Waght  Velseiy  Poodewan
Tagel Deazplia gk Lmis) Drepth femm)
L 4 fayar of KEVIAR 2 10 224 11
A ¥ Bayprs of near (h2] 24 NTET
KEWLAR %, socled az
top al ¥ ml af ¥TF
B exived o 7 layors
of KEVIAR &
I 233 ml of §TF LIk 254 1.4
2 vl o & Lavene
of KFEVI AR @ Ghrc,
wilh 3 eriped smEreRation
P o aach Tabeig
Taper
F & loyerz of KEVIAR B 18 254 1T

TaHe -'Mlldttn'duﬂ}mnmuh in periomence boe been
weah A0 i tha BT
LAR & fabhmee-

Lok -

Tahle Y ghorwe that similar enhancements in perfarmemee
kv bown schivved with differsnl porssles and solvenls
mnpregnatal into 1be KEVTARE fubres:

Table 7, sunple K, which is composed of 450 am silica
particles coatead witly an adsorbed pabymer, poby(vind aloo-
bal} and dispersed o oethylene gheool, shows enhanced
ballislic resistance comparable W the performance of
senple A

i

L5

Fal

aF

)
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Tanle 7., sample L shows pesalts Tor o shear :mn:km'ufu;
e eomposed of sificn paricles (430 nm) dispersed i oa
polsncric salvent. polyvethylene glvnl (PEG). wherne simi-
kar imhancement in ballsie poaformance is achieved s for
the molecular ethylene glveal fommulatians.

Table 7, sampl: M chows a formulnéon usicg msch
smaller gilica pardeles. 30 nm, 0 polyedwioe gheol
(FEG). which shows significi hallistic sesistance that is
sompamhle to somples wintl the larger particle sizes (450
nem).

Tabk: 7, sample M shows nosspherical particles consisting
u:I'cL'ILp1|r_||'|:|-' shapead saleiam carkonate ellipsoida particlus
i ikl phyeol. This formulmion shows cubemoement in
ballistic resistans comparable W the spherical parvicles,

As shown the STz cem vary in carrier floid 1vpe, particle
ype. and surfece fmetonahizstion. bot all STF: tesed
sceesslully eobance balliste perfonmmec.

TABLE 7

Balistiz pezfiemaser of imprepaned KEVLAR @ tupets with delemat
b of STF

Cample [mpact
Weighe  Velpsny
1] TR

Sample
lamps Drowenplioa

A 2ol STF (4] nm splevical
silia in diplene gheonl)
imprepmaed i 4 brvers
of KEVIAH B

I il TF (450 mm

sl o otliylese gheeol)
mpoegniaced o 4 Lepen
of KHEVLAR B

3 ml 5TF (4% am spherical
xdfica @ pahrby ks
wyonl} imprepamad imo 4
byrers ol KEVLAR &
2l STF {31 wan spbwical
#ilica in polpolbricas
ghvenl} imprepmesed i 4
lwpare of KEVLAR, &

L& ml STF ||u;-.1;|1:|-;~||:.
ColR pafickes m
ciindena ghycal)
HetEaied s 4 laywere
ol KEVLAR &

a3 231

49 0.74

qi
E LT

137

a4k L 5]

The material cim ke ussd for sdvaoced body amner,
adrbags. profeclive materizl, soch as for engines s tarbines
or anywhese thar thire i o desine o dissipese the Kinetic
vy of o moving article. The mateial tm also be usad for
Ecnahy Bilankets, tank skirs, stowable vehicle armor, midu-
ablo profective devices, ey, asits or eochpits, storage and
tracepon of lugpape, o stamge and tmnspoet of oo,
The mategial can b wed v fshion prosscrive chothing, s
ag boats, which coald stiffen 1o provide bodily protection
agamst hlasts, such o those coused by exploding land
mincs, and sudden impaes, goch s those incurred wpon
landing by parachute, or in secidents, The matedal woald
havi stab resistance propertics and can be wsed 1 provide
bedily peotecton apamsd sharp icsinaments, sogh s Knives

H
! or swards nsed in hood-w-hand cumbas,

5

Al the refercnces described shove am incorporxied by
relirence in ibeir enivery for all nacfil purposes.

As can he seen froen the ahove desoription, the present
it providkes an improved fabric for uss in dizsipating,
the kinctic energy of 5 movieg aticle. While the examples
illuseste: that the moving article is & buller, 1he moving
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