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Shear r]1|.q:5h_—_|.|.n|_: fluml sl,:-'a.‘pl_wu,:'l};ull,a. are showen o exchikil
ugas malesial propertics that have poleotial applivalion ma
bl ange of fields afose. Suspoemulsocs comaimog shear
thickening fluids == mmiscible blends exhibin o ponorivial
shcar thickenirg resporse forvolime fmcions s loa ag 10046
af 5TT in the sihicoos emlsadan, Measaramends indicade the
the system shows phase mnension and it is Seen possible o
[ msterialz wiilh s coconlimuous micrstrocone with mber-
esting, byshendic, shear sensitng beunvior. Mevel STF oone
taining compasles with mbbes ane formed by blending the
shear thackenmng flukd within the ubher precuesars and tn
adding the caralvzing agent. Tt was possible i contan 5TF
cach of the silicones tested and the rubbers exbibated different
bedhmvinr with inczsed STE. Shear thnakenmy thid wess sdided
0 opon ocll polyaretluuwe 10 crcan: 8 Fom-5TF composite
which wars fovmd 1o exhibit an 1;!_]!-||-:IA:I.D1 shyar |l|i.l:k.n.':l.|l1r'
mespose. Finally, ST compuesites werne also formed by gaely
muer blegding, kading Lo mslenals with uni;{uram] HUPRTHMH
r||_-r|'|;||-|r;_|:|q,:; AR W SRR aof the 5TF cantent amd mul-
tipthass microstnochme.

Pictorial Representation of Emulsion Under Study With Shear Thickening Fhnd as

Discrete Phase
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Figure 4b: Silicone in Discrete Phase Shown at Rest, @=03.4
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Figure 53: Time Lapse Photographs of 3TF Suspoemulsionis Subjected to Shear and Allowed 1o
Relax
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Figure 7c: Shear Thickening Fluid Containment in Silastic T2




Patent Application Publication Sep. 2, 2010 Sheet 10 of 11 US 20100221521 Al

Figure 9. SEM images of STF-PO blend morphology. STF inclusions ane evident as holez ar

particle filled voids, which is a consequence of sample preparstion and PEG loss in the electron

hezm.
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SHEAR THICKENING FLUIT
CONTAINMENT [N POLYMER COMPOSTTES

RELATED AFPLICATIONS

[OD01| This applicticn chams henefin 1o 115, application
Sz, Mo, 11/260,742 filed O, 27, 2005 and provisianal appli-
calicn Ser, Mo, GOMIEITI filed Oes, 27, 2004 which arc
icorporated by reference in their eotirety for all usefil] par-
PSR,

BACKGROLIND OF THE INVERTION

[0003]  Shear tuickening Auids (STFs) ans Muide wheose vis-
ooy ipreases with shear cane. O panicnlar inferest an:
diseamdirmons ST, which at high shear rates traosloos 6o
& maierial with solig-like propenics. A typical example of
discontimous ST is = stabilized suspension of igid colk-
dal penticles with & ngh leading froction of partiches. Such
sysioms kv boen stodied for memy different combinntions
ol Moid matrix and particle gize and conpositiors (Fpnes, B
G, Lee. Y, 5., Kitkwood, 1. E., Kideaood, K. b, Wezel, E.
12, 2nd Wagper. N, 1., “Movel flexible hody ammor wifiziog
alwarthickening fiaid composite.” Procesdings of 14 Inter-
natiooad {onference on Composite Matersals, San Desgo,
Calif, Jal. 1418, 2003), (Lee, Y. 5., Wagner, N. 1., “Thynamic
propertics of shear thickening colloddal suspensices.” Bheol
Aeta 42, 199-208 (2005), (Shmow, 5. Wagner, M. 1., Hender,
1w, "E-FIRST: Elecinc flield respossive shear thickeniog
flids” Rheo Acta 42, 287204 {2007). The shear thickemerg,
itk colloidnl azpension fduete the frmetion of jamming,
elusters, or hydroclusters, Les, Y, 5., Wagreer, ML 1, “Dnnamic
properties of shear thickening collnidal suspensiees.” Bhl
Apta 42, 190-208 [200%) bound toygether by byadrcdynamic
labrication forees, The hydeocluster prowth and collision
eventunlly result in g perenlanad arngement of the ogid
perticle: semes mosascopic dimemsdon, Thos merosireciun]
trssformativn leads 1o the bulk sofid-like behavior. Upon
relmcatbon of The applsl piresses, the shear-thickesid mate-
rial Tpically Felaxes o the low stram rate, flaid-like bebavior
{Eric I3, Wetzel, . & Lee, . (5. Fgres, K M. Kidowood, 1. B
Kirwnod, and M. L Wagser, *The Effect of Rhealogical
Pammeters on te Ballisiic Propertics off Sbesr Thickening
Floid (3TT) KEVLARR omposies™ NUBMIFCIRRM, 201,
[0003] Sheardbickening, foids fove heen shown 1o hive
atility in the fabsicstion of enerpy dissipative devices, soch
dheck absorbers (Messo, . U050 Par Moo 4.500.852),
{Rosenbamg, B L, LS. Pat. Mo, 3. 833,852, [Sheshino, K.
115, Pan. Mo. 4,759.428) amid moee recemby in the Sbrication
of ballistic fabric composiies (Fazros, B G, Le Y 5., Kirk-
wiockl, J. ., Kidkeood, K. M., Werzel, 1. (%, ond Waprer, I
1., “Moree] Reible boudy armarutilizmg shear thockening, Said
composities” Procesdings of 14* Imernarional Conference
on Compesite Matecials, San Diego, Calil. bl 14-18, 20083,
(Lee, ¥, 3, Wetrel, E. D, and Wagner, M. I, “The ballistic
impoct chamcteristios of KEVLARE waven faboes ispeeg-
nabed with & colloidal shesr thickenineg fod™, 5 War, Scl 38,
2E25-2553 (BO0AY, (Firkc [, Weazel, Y. 5, Lee, B G Egpes, Ko
B Kirkowoad, 1. E- Kirkwood, and W, 1. Wagner, The Effect
ol Bbealogical Paramwters on the Ballistic Properties: of
Shear Thickening Fluid (871771 KEVIARE Composibes™
MLTRITCNRM, 2004 ) aged puncbare resislant nssterale (5th
resistanece af shear thickening Musd (51TF)aresied Shrics™ by
WL T Drecker, €7, 1. Hlalhach, C. HL Mam, M. 1. Wagner and E,
13, Werzed, accepied far publication o Compasies Science

Sep. 2. 2010

and Techealopy, Augoe, 2080, Then: is consaderable nier-
241 in Encorporatics ST 3 0o ey materials. PCTIS200470
DI5R13 caritled “Advanced DBody Armer using a shear thick.
coing fluid” is inceaporated by reference in its enlzrely foc all
useeful purpoeses, Incorporation of STF' e plestics, mbbes
and foams is disenssed beloa, Shear thickenmp frands sy
abocontain Glkers, soe PCT application no. US060458 1 (i
Teb. 8. 200, whneh 35 incomporabed by melemenos io 118 anliney
fiar all u=all purposes

[0004]  Within the seope of this invetion, e shear thick-
ening fluid iz defined as any uid thar sxhibits on incresse o
viseusity with incrensing shear mile or spphed siress. Shear
thickening is oot shear dilmancy, which isa mateial propeny
wherchy The matenal’s wolome chamges opon an applied
atress o deformaion. Shesr thekenieg [aids, howeves, oury
cxhibil dlataney under specific condilians,

[005] The shear thickening fuide may be concesirated
daspeeraions of particulates within a Buid medie that exhibit
an ingrense in viscosity wilh inencuang spplied stress, the
particles within the Ouid would prebrably e 2 smalle
chmensien being kess than 10 ooerons, mee preferbly, hes
tham 1 micron, i well i ommoparticles b, lebow 100
nm in smalled dimsenesnn. Parscles czn be of 2emy sohd mare-
rial, inelnding spherical ameephaus silica gech o that pro-
duced via Sioher ype symbsiis, symihetic inangmic particles
synibesined via solmion precipitalion procosses sach as pre-
cipitased caloium carbonate, or syntbesized by gel-sol toch-
e (hematite, Te02), or fumed silicn, or carbon black.
Watural incoganic parteolaees soch &5 monmarniloote aed
kaalin clays can he dizpersed in sobvents and hunee heen shown
to exhibil shear thickening bebavior. Ground miseral gaw-
ders, gueh 8 goarte calcie, talos, pypeven, mica con be
despersad in lquid mafiums and edhibit sboar thickenmg,
bedsaviog, The salid dispersed phase can slse be polymenic in
nature, such ag phnsols generated through anulscs poly-
EerETe procsses such as polyimeihy] methacoybie)
(PRALLA], polysiyrens (5} microsphenes such s s avail-
able from Polyseiences o Bangs Labornories, Ing, The solid
phass can alsa be starch or otk oafural polymers.

[096] There is Apeificant iperest in understanding thie
Flow properties and mEicresinmune formation of isnscible
blends of Tignids, Tndeed, the processing and fow of inmris-
cible blonds, emulsions, and misicenlbsions can affect the
microstroclure, which can in nam, affect the limal manerial
properties. Such hlends, emulkivas, and misemalsicos oocur
oificn in many sysems and processes of proctical isponance.
Firr exsmple immiscible flaids are often wsed in direct mass
contscting aperation, sch ap exiraction, while mamy foods,
cogmenes, bhauid scaps, and cdher conmmer products ame
defivered or processed a5 mixtures of mmiscble foids.
Imumiscible polymer blends are farmulated 1w schieve physi-
cal prapesties betwoen the limits of the pure components, 35
well x5 imparting mew charseiesstics arising Eram the pres-
emoe al an mérlass.

[9067] From o theoretical standpoint 1he peoblem hos oot
heen sobved, o5 how 1o deseribs the mnmiscible flod mixturcs
il e s st sely o exporinyentation amil semi-ceaparicnl
meadels far predictions of theslogieal ad matesial propertas,
Mgl woek bas boen done o desdribe pelymer bend systems
(Uikracki. 1. A O the: viscosify-oonooninlim dipendns
ol insmascible polymer hlends" 1. Rheol 35(8), 1615314637
CLOSIY) 5o bt indunriad processing, can be streamlined and
Mo mraephalogy more aptly controdled
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with an immiscible or parally miscibls matriz maserial
wherein the 5 TI comprises 4 golvent and particles sospended
in sl sl and the puarticles are colloidal parts:hes having
o pariicle size less Uem about 1 mecrons.

[0BL6]  Anotber sapest of the imeenton 15 dewi B & com-
posite which compnses a awspocmalsion, whens the saspe-
siea it e susprenmbsion is o shear thickening Quid,

[B017] A fusther aspes of the imvention is drem b a0
amscible hlend of a polymer wisch comprises a pobymer
wirh an immiscihle or partsslly misgible shear thickening
Maid {STFL

[0R] A Further aspest o the invention is denvn Lo o aon-
puosite Which comprizes a shear thickemng, fod (STF) in 2
foanm,

BRIET DESCRIFTICN OF THE FIGURES

[oi19] FlG 1 & a picenal mepreseniation of emulkion
according 1o the wecstion with shear thickening, flusd sz
disarete phes,

[O020) TG Xaillistsases dropleis of siloone in shear tick-
ening fuid, (P =634, FIG, 28 illnstrates droplots of shiar
thickening Duwd iy salicone odl, (=104

[0@azE]  FHG 3 illstmies the Viscosity-5hear mic experis
mcntal resules for the STE, neat salicone fuid, and s pocmal -
SITE.

(02| FIG. da idhestrates silicens dropleis mder sher,
D o634, FHG. 46 illustrates silicone i discrete phase
shon at pest, @, 634, FIG. 4¢ illostrates siboone 1 dis-
wnet: phuse under shear, § - 63 4, disphving droplet defor-
mtian.

[923] FHG. 5 illustranes: tims: lapse photographs of smphe
subjecied wo slusr and allowed 1o relm:

4]  FIG 6 illastranes siress-time droplet avoliion
[0025] FIG To ilusimies the diserens regions of 5TF
fornned in the silicone cin be obsenvad in o sonple 15% mos
STF, FIEG. Thsheros e sibe of shear thickening flaid formed
in Silastic T2 (%% mass STH), hizghlightnd with an s,
upsn exirieeg, FIG. Te shows o large dropletof ehear thickening
Fuid {white arca) that was contnied inside of a cured Sl
T2 silicone sample.

[M026] FIG. B shows the rembts of compression testing of
gt Froam 2nd STF-fixem composites for vardous rles of
defarmation.

[0027]  FIG. 9 shows mzegrphs of the phase morphalegy
in 3TT polymer composites obtnined by scammang St
MAiCFECpy.

[M025] FHG, 10 shows AST Trouser Tear Test Results for
STE-DO zamprles.

IHETAILED DESCRIFIION OF THE INWENTION

[DOZ9] Wi show povel materials Farmsed from shear tbick-
ening Muids in sealfolds, such as foams, We determined the
fedogica] peoperties of an anulsion containisg a8 shear
thickening [uid inmizcibly blended with silioons ol form-
g & noved shear thickening, sosposmilsicn. The system is
alao hypothesized o follew siandand shear droplel moephol-
pﬂ;wﬁmmmﬂnmﬂtﬂihm We
abii foomed mach shear thickening suspormalbions wsing
STFs blended witls meHed pobymer, such bt wpon cooline,
the novel microstructares Gormed diging, processing, s
“firgen™ in upon solichlfication, The Iater yielded matersale
camprizing encapsulated shear thickéning flusds wink greathy
cnhanced material propesties.

e
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[#03D]  Selid-Shear Thickening Fluid Coungrsites

(3]  Cme metbod comgrizss STFs in scaffold maleriak,
Snch seaffald mancsialk woald inclode. bat zme oot el s,
gpen coll faams, sach as Thase prodoeced fram polyurethanes.
polyolefins of agy polymeric material, Anatber poroos scal-
fobd manerial that would heve utitity 1e cxpanded polytets
raffuseocthybene: (e IFE) such 25 found in soveral matenals
sald under the trede name GORE-TEXER (W L. Gone amd
Assogiates, [ne.], or microponous or expasded polyethylene.
Anicther seafold material would be an engineersd parnas
plastic or mubbe, where pclnsons are availoble ta be filled
parily or campletely with 5TF.

[0032]  Awotlser vepe of scoffold materal woukl wchics
poonis il matesials, including ban nor lmited to wood,
porows shone e s cedaoss, pumice cbo., and the k-
ehons af enarine organizms inclading coralki and sponges.
(#0133  Altematively, tho scadTald materind comid ben boild-
ing mumterial suchis conerete or fephall. The presence ol sheir
Thsckening fid could sheorh demaging impact enerpy within
thize: materials which cowtribote to figgee: fiilire or coka-
strophie faibore of articles mude thersfrom,

[0034] A second meilkod by which a nobbery or 2ol (re-
ferred b Tienein i the second malerial sl bockening Daid
composile comnining damele or co-cominuons regions of
shear thickening uids, zuch a5 8 aspoemulsion, o be
Tabricated 2 via miing STF with an immiscible or partally
imgriscihle iguid or fluid-Bke componen (soch as a maolin
pobymier, ar resis tha can ke faamed or crosslmbed j tha can
subsrguently be consertsd o a solid throngh heating, sooling.
chemical reseion, @, Candidate materials woukd prefeabhy
exhibit Httle solubiiny with e Hgoid aspesdiog mdivo
wseed b prenecate tie shear thickening fluid, at Iest oo thee e
scakes and #1 the processing condifions neguired w0 Fasiien
the nesterial from o liguid s a solid. Contrel of the momphol-
opy can be ined hosed on chaice of sbear thickening fuid
and second material ligoud eompogent, the relatve compos-
tioms of the ST and secord maresial liquid compocent, shsr
ar pn:q.‘lﬁﬁu]f_ conditions, and the achEitaon of process adju=
vants sk 25 surfsciants, Glis, block copobymers. canoe aml
colloadal partaches, such 25 med i pickering comulsions, and
the like.

[Wi35]  Cme type of second materiad would nchede reactve
polymeric materials that cure or crosslink 1w Form sofids.
Henctive palymers include polynarethanes that cure through
ihe chemical mesction of components (palyals and isocyan-
ates]), epoxivs that euee thivongh the addition of a catalyer, saod
L% cumble resins. A preferred second matenal of ths fype
womld be from the class of elastameric or elasmaneric gel
muerials, such ag gilicone niher (cross-lmked PDMS) or
wilieane pets and the like, which ein b relagively low viscos-
ity ligquidds prior 1o oross-linking, whereafier they form resil-
jent materiks wirl geod rebound chamcteristies, A vareny of
elastamers exist o provide o wide pmge of propertice meh as
chemyissil s seleent resisiance, Ranpersiune FEsiance, and
hardivess {dursmerer), These maserials could be pnxed with
shemr thickering fluids af mom wempersnee o disperse the
s thickening Muids sdagusncly and 1o achieve the desinad
composite morpholegy or shear thickening (usd droplet size,
The liguid-like sooomnd eaterial could mbsequently be cunad,
or the curing could be accelerted through hesting or Uhe
additiom of sdditional componmis thal sitlyee the rewction
s bramsfoem the secead materind ioto a solid.

[O036]  Anciber type of second materals would inchide
meh proccssble polymers or thermoplasibc chstomers
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maineriad could be inoarponsiod o gloves that can serve La
rediie vibeani o prossct the bends from & jarriog imaect.
Oine passible applasation woubd be the wrist protection giards
warn dorisg rofler skating and roller blading, Additienzlly,
such conformable paddiog coald be used 1o generie ks
pads, cihow nads and the like for peoviding improved safety
Troen aipact Lo specific regions. The padding cim be uzed in
amy alber sport thai requires padding, soch as bt pot linited
ta baschall, foetkall, bockey, locrome, Gencimg, Baides
gloves, clhow and knee pads, other cxamphes of wes of the
pahifang, igsclisck: bl are not Emdked o ston g, shualder
padz, leg, padz, chest protectors, and ik sops,

[0049] A conformable cast matenial can ke fabricated from
the podyieric or elastomeric-shesr thickenig Muid compos-
ites comtainivg diserete deoplets, or co-comtbmioms cepons of
ghesor thickening [uids. Huch mwicrinls could provade
anyproved profectian hy lnuting, mevement {twisting, beod-
g of 5 hroken hooe, muscls sicas, spraing, or injurcd b
{wrist, elbow, aokle, ke, neck, spine o the like Such a
material okl also be ussd as 3 sl matesl worn whils
strsming and sprics sre healing simalar io aircass o the ankle,
wrzst o e fike which nllows movesnen bl prosects ngainst
rupkd twisting or impocts which could resimjure the nepion,
Such paterials can be of applseion in eethopedic applica-
ticns, whene pootection from foll npd impact of bips, Ko ared
clbow smad other jeants is desied.

[0050] Theoondconformablecomposite comprised of dis-
crete droplots, or co-costizneas nevanarks of shoar (ockening,
fruids comld be wsed in sei cushioning and nock sipports in
mtamobales, arpaes, frains wod the lde fo provede more
protection dusing sccidents. This wouald be particubsrdy bon-
ciicial for protecting the gpine sl peck from injury such =
from torgod o whiplash.

[051] Pads fabricated of conformable and resilicnt com-
praites containing shear trickenmg fowds &5 discrets droplets
ar ge-coatintons notworks within a plastic or elastomes soc-
ad meaterial conld be posittaned an high swess sddor fre.
quenily impacted regions such ai beneath the heel and
hemeath the ball of the foet, The natmure of the bad witun
these types of pads could also be a Jange pockel of foid
direetly Jocal o the point of mpect or potestial poiet of
impagt, These pads could be ipconperted dirceily uk a
sports shae despn or 32 parl of 3 shoe insert b reduce 1Epa
duging walking, mnning, jumping and the [k, The pads con
he wsed as an cribolix placed i the shoe. A pateotial enerpy
dissipative consruction For on athletic shoe would allow
shesr chickening Ouid 1o pass theewgh channels comneciing
pockels kcated beweath the hull of the St and heel, alloaing,
e Jer ol shear thickening, Mzl belwess botl ipect repwins
s a resalt o he natarz] heelo-tme wepht tens fer associated
with walking, nanning and the lke, Sucl materials can be of
miliary applicstion in beets such 35 but oot limited o pam-
trooper boats.

[0052] Mechanicnl comparents could be frbricated from
golid meerinls contaimps shear thickening fuids as diserete
deoplets or rezions or 2 a co-coatiemens petwork within te
salpd puiterial. Sman components could be febnicoted when
the stilfness or hardness of a0 flihle comganent can change
as a result ol dogreo: of defermation, soch o2 from elonggion,
heniding, tongue, twisling, comprsion, or dependent an the
rate of elongation, bending, torgoe, twisling, compresion.
%uch components could beve unlty as part of 2 suspension
which could snffen m response jo bending, el
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1#53]  The novel blends of shear tbckenang, uids 2nd a
secomd 1iquid maeriad diseussed carlser conid bave utility o
sivemr] applicalioms usad 2 8 medivm i comm] mechaml
actuation el aneobpss relatve toanotber, This matenad eoekd
he used as a dock absocbing medinm, such as wiling 1
milary shock absorber discossed by Thesse, US. Par Mo
4508 952, 1he viscoelustic damper discussed by Sezhmmo
(TL%. Par, Mo, 4,739,428), or dhe tug nesisant ik discassed
by Bichdzhon et al. (LLS. Far, Mo, 5,712,001 1) Additbanallby,
the novel energy dissipative blend coahd be usad 10 coairel,
atenuste, or Excilitate the temsfir GF snery between tan or
e Oljects such 2 that associabed with g imnslation
and vibmtion, Thess novel comgasites oould be wad m hand
drve and CL drive vibmation or shock desgapats, ar o poos
tect freen impact scositive meshomical, slectrical, o optical
equipmel.

EXAMPLES
[ixamagle 1
“hear Thickeming Suspecznulsson

[S4]  FICE 1 illusraes o represonialion of the suspoemul-
sines with shear thickermng Ml (5TF) as the dispersed phoss
[0955]  STF-Suspoenmlsion Preparation: The firg pan of
the two-part conulston 15 8 shear thackening, fuid (5TT) which
comprises polyethiyiens pheol and silica partieles, The foid
wig puespanrsd nsing amarpbous silica with 2n averape
particle dismeter of 450 mm (Mippen Shelubal KE-P30} dis-
persed in 200 MW Polpethyylene Glyool (Clariem PEG-200).
Table 1. The abes partichs were first added 1o PEG 61 3
weight froction of 309 with the dibrieness of Ow syeiem
aiding in porticle dispersion. This mixiure was then centri-
fugesd for 2 homrs szl the supemstant remareed, beaving a cake
ol prmshead silics particles (G450 Viry emall ameants
of PTG were acklid 1o the silica particles until the mixnee
reached the desired flow properties. higher additions of PEG
1 this singe woald desresse the visersify of the sabotion. PEG
cam b vaaly replacad by lower molscular waripil salvents,
s g eleylene ghoool. Thermuyrrnusane ambysis was
conducted o e sample o determine the wiight Iextion of
particles in this fissd solwion, 59.52%, which war thes used
1o deserming the vohume frdion of silica m PEG. All emul-
sions were farmmlated with the 2ame 49 vel % sifica shear
thickening fhad

TABLE 1
Matersd Progmies
pdpemi} m, (Fa-s})
Tilica 1055 —
PEG 1.0y a7
Silicooe Padt A 1.1z 2A

[0056] The seoond part wis & sificons ail, acquinad from
(il Bilboones (SLESTHR0 ), nnd was chosen for ils Mewis-
niam visoosly bebenior and bigh immiscibility m FEG. For
ihe rheclogical festimg anly Farm A of 1he twa part polymir-
imable dleane wag uesd, The silicone cam be polyimermad
with the skiftion of e camnlyAng agent, Part T

[B157] The eomulsians wen: propared by weighing out a
specific mass of each flusd o o 20 ml. glass scinlilktion vial
el e miing by hand with o sparala. The samgles snodied
are given in Takle 2, with 8 wide composiional mmge. The
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Vizcaely af Suspsermikons 85 o Faosinn
if Enseps and STT Phoes Vinberme

Hipee ve STF Phapse Wolignets
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0 Ba 2100 dXA1S BRGNS ML 1215100 2RE
W oPa LS9 JRISE  ALSES 13734 ALSGE RS
B0 Pa 2089 AL41T O MARS 19513 HMOME JRIET

[0068] Once again a belovicral differcnce 3 seen a5 e
vilusng Fraction of shear thickeniog floid 13 increased, At low
STF loadings be vt of shearsiaess an viscosily anemam-
mal, whersas & higher STV loadings, the ponlings depen-
dence of the 3TF cunpooent 15 eviden in the emolsion vis-
Oty

[O069]  Drenaenie wests were nom for all semples o both ane
sl fve mdisns per soooakl s s the lieesr viscoelastic
regiva coald be detemnised. This & describod i grester detail
inn 1.5 application Ser Mo 112640, 742 fiksd Oer. 27, 2005,
which again is incomaorancd by reference in s entinely includ-
ing all the figures. The low STF Joading samples show mim-
pinl effocts of mereasiog stress anplitades, wheress e bigh
ATT bouding conilsions show nonslincar behavdor pepial for
the STF compenent {Loc, Y. 5., Wagoer, M, L, “Dynamic
properties of shear thaskemmg eolloida] snspensians,” Rheaol
Agta 47, 199208 (20030 There ane swanicgly s diffoes-
£nces hetwoen U nspense of the mixhanes at the s dil-
ferenn frequescies tested. The o contribution i seen to
bex an onder of wrgoriude grester ot the high froquency whens
ag T elastic contrtution & on the sams arder for kol fre-
quEncics.

[00T8] STF-Suspoesmbsion Stnacture by Optival Micrms-
capy: The samphes were imepsd (o delenomee Ui cofiomms
and diserete phese formed in emulsions with vaesed shear
tickening fuid compasitions. As shown in FHGS, 2o and 26
it w5 passible bo creane diseree phises of each componest in
a conlinuens phase of the other, An analyss of the responsas of
the emulsioms o shair was performed using the shear cell
copsmacied of glass slides. A small amoant of somple was
plated batwimn tos glivs slicdes alkowing shear of th sunple
by movement of either shde while fixing the other. The sheur-
ing betecen plates was done by hand. The setup permuls ane
t0 view m a direstion pespendicalar to the ew field,

[00T1] FIG. do shows o sample with @ ~03.4 ander &
stress that 5 mol known, nn arrew is added o mdwas the
darextine of shenr. What can bo seon iz e clongation ol e
galicone droplels under this shearng action, FIGr. 4 shows
this =mume sunxple 31 e and again nnder shor io dc, esiab-
hiebung thet dhe 3TF inclisors remsnn in & Bewnble form
inside the sEsposmual exe,

[007L] T Tiarlicr mvesthigate whethor the STF auspommnal-
siom can relax alber deformswtion and shear thickeming. a
aamgple consisiog mosthy of shear thickeniog Boid, a3,

4, was plated oo top of & singhe glass sbide (oo aover) sl
sarhjecicd 10 sher stress ol o0, O e siress was renved
ihe sate of the syston W reeonled usicg imaze-capluruyz
saftware an the miemeope, This is shown in FIG. 5, wnhb
silboone cocugying Uhe discress reghons ina costmious shear
thickening fhuid mztriz. The fme sangs of when the pictones
were taken arc given and sod b used to caloalabe the sue-
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face tersion between the pliases, Evideant from the slides is the
clansation of the diserete phases of silicens and the ashe-
quend relaxation beck o # sphencal shape. Same of tee
alaggatid thresds are observed 1o bnml ko drepleis. This
gl hehavinr is cxpacted as a kiwer cosngy siate is reached
wilh a decremsed imerfacial arca and i= in Fgnasent with ke
prediclions of Fdwand, B, 1, Desssler, M., “A rhoalogicul
werde] wigly conszant approximate volume for immiscible
blems ol elbipsondal droplein” Rhecl. Acta 42 326-337
(23

[#073] S1F Bmsposmalsen Discussion of Resalts

[B0T4] The rhealogical behavinr of the emulsioms = mier-
ssting s discrete phases o s ghesr thickening fuid are shaon
i infhuence the Bow properties of 8 Mewtanizn fludd nestrat
Loy capevntranaons of shearthickeming fuad. The psore ofthe
enperimestnl method doos ool allew for sasel confimntion
ol misrsstonctors ander shear, aswould be possable @ glass
Cpoetie oell (Hosw, [ Pewaned-Dhsdics, K., ~ln sin chamc-
serrzation by small angle light scatbering, of 1he shear-mnducsd
coalescence mecharsms i immiscihle pobymer hlood=" 1.
Theol. 43(6), 1391-1408 {1589]). However, through sanple
anabysis of the rheabopes] befunior and pictures of the sy
lem Al stedy se g understanding, of e strfure ad
contipminy of the system can bedeveloped. Anabysis can begin
keeping in mind the key nesulte of FIGS, 20 md 2. FIG. 2z
ghews that when sl amooasts of slieone are addied o he
sheser thickening [ descree regios of silicone am lommead,
The same is tnse fior smal] amonnts of shear thickeong fod
added 1o salicone, FIG. 2 [1is then bypothezized that there is
a phase inversion herween a comtisomes phass of shear thack-
enieg (fuid and a contioumss phase of silicene at some inter-
muhiane valunss fraction of shear thickening flind.

[075]  FIr 3 dizplass the viscosity stiress nelationships of
thee: emualsions and oy shoows the sheer thickening behav-
for Jior wosh emvulzion wesied with Bow cumo: charsstensics
depindent o velume froction of shear thickeing fosd, The
digcomtimucns shear thickening chserved i pare shear thicks
coingz foid iz aleo oheerved in the samples with & woluooe
fraction of Glly-ax percent shear thickening, fuid. As tue
amonnt of shear thi ing Muid decreases, the behavior
changes as the fimids display a shear theckening transiion
Falkowid by 1 second pegeon of shear thicming al hagher shoeas
ries, FBG. 3. Thess meglts paninlly confims the hypothesas
1k gemples with shear thickening fad w fee contimuous
phase will exhibil discootionmes shear thickeong whils
samples with shear thickening Fuid in the discrete plase will
aat. | &5 also evident that thene = a differcm response for
camalsians armmd e repien where shear thickening Ouid =
halfofthe mixtums by s (=373 Also apparent & the
change in shear thimusing, behovior for samples as the valimme
of shear thickesing finid & lowesed, o a very siecp amd
enstic shear thinming rerines o a flaer, mos Mewionian like
Fluzd bebsavios,

[00T6]  Thedvaamas theclagical testing ol the ek can
alse he nsed to cxtract behavior differences ltwesn samples.
Analvaiz af the loss modulus shows it for the samples with
@ =A7.5 there 3% # very stesp shear thickening, inmesitic
with incressing siness amplinede, 1o ke sampbe where
P 5575 T shear thickeniog, respomse is charchni-
gally different and subdued from the pure ghear thickening
fhuicl. This respansedilfemmes apgess il when thot sample
i at rest, as inoemall smplinede dynamic esting, the shear
thickeping rsponse i different o e nepoass noder
gteady shear. The shear thickening responss b shear fest-
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(8% A fwo part room temperature foam was asquared
freqn Quantum Foam Bosins, LI B, with a1 ous oo of
1007, The density of the fisst part s pge <12 gaden” and
plays an importaml part in the suspensaon of the shear thick-
ening Auid, po~1.67 povon’. IF the dengity rotio were oo
lorge ke setiling time of the shear thickening Mad woukl b
o N scadis Dess b that of se cumng process. A flores-
et e (mlln Codor Carp, [-824) was adided v e shear
thickining, i 1o aid in visual recogaition of shear thicken.
ing inclasions. The follewing fam CompoSlions wier:
Jormd, Tubbe 17.

TARLLE S
Clomed Tl iTi I s [I0F %
Mace of Shomr
Pam &, Part [ Thickering Hul
Doye (il e lgm}
=] 4053 03315 il
12 15555 D247 LA 1AL
25 Eided 020 L A%3T
L H] 20814 [IREER] 1ATLE

JoiBY]  Testmg: Counrollod Compeession: The response of
the malen=ls o a ontmlbed comprezsion berween fwn par-
allel plates was kel The compression was dons betocesn
ro palle] plates on 2 rhecmeter {25 mm Parallel Plawe, Paar
Phvsica MCRI0N) using the anulog of a0 adbesive tack pes.
The velcety af the upper phate was controlled nnd the resih.
ing force basd recorded. The velocitics were mensured [oom,
] mms w5 ed's,

(0090 The tests wene pertfarmed co fean aamgples (Table 63
Cu uviea 25 pnm dismeter circle wilh a thickness o' 25 mch
Tl shear dhickening fuid was added e e o winl te
shear thickening nespocese could be felt ool the foan
wilk presgure applasd between finpers. The amnant of shear
thickemng fiaid in the foam composite is less than e porce-
wy of the fonm, and there & air inside of the foam-5T1

COMMposiie.

TARLE &
Iinret barms Flwisd i Cadl s O g
Migs Foaim Bl 5 TF
e {xpu) {pm}
1 HE PR n
1 Rt 73587
| 01771 54079

[91] Dwop Tesing: A 3 inch diameter spherical ball
bearing with 2 mass of 2881 grms was wed for ampoee
testimg. The impact was pecorded wsing o digital camers.
Impoct festing was performed oo the polyurethone based
orpien, eil] Braons with the: comspesitions gieen in Table & The
spherical boll bearing was dropped onde the targo! by Fomd
Trom 1 sppeoximaie distance of one fool. The nesalls wens
revueded wsing o digital chmera (Seoy PR in gquick suap
e exposing thinty frames per second.

[0092] Salscome Robbers: The ability in encapsulate shear
ihickening fiuid inside of the polymer matax s sdead by
mixing quandificd amoums of shear thickening fioid with the
slicome precursors. For all silicone rubbers tested the shemr
thickening Poid waz easly moed inna the precirsos, In FIG,
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Tar ther dgerete regions of 3TF formed in the silizone can be
observed i s sonple 153 mass STT, F1G, Th shows the nkbs
of shear thickening finid formesd in Silastic T2 (28% mass
1T} ughlightied with an aemoe, opos conng.,
[W093] FIG. Te shows a large dmoplet of shear thackining
o] (it raear) st o evnnesinead isssde of o cured Silastic
T2 silicomue samphe, e chmeraizon of the ghesrtinckensng
i dhigplas crncks duoe 1o fracharing of the fluid when the
rubhir win @mreiched. These fissures disappear ance the Boid
has relaxed. There ars many air bubbles comlamed walbon thi
curedd pubbir aod g preblem conld be alleviated with thewse
of 8 vacumm chamber prior to curing the sample.
[0dd4] When ihe mbber somple shown in FIG. 8 15
streiched the region of shear tbckenmye Boid vasuslly chamges
{from trnshicent o opaque. When fully reliied the mdex of
refraeton of he s Uckening fluid is closely macched
with that of the glicone and the droplet appears Irnsloceml.
When 2 sicuin &5 apphicd v U sanphe the st tnckeniog
(baid bardens, and tums into a region of opapoeness. 1 B
enoiaph strain e sppdicd The aid can be mrm agan asd fissures
suach a5 shown phove are readily formed. When 1he doun 18
remenved thee (uid relaes back 1o in2 orginal 1eansecent state.
[0085]  Open Cell Foam: Shear thickening, Muid was acdiad
Lo Lher ey il Bouens ] Bousd w0 wen very weell, Thes shear
thickening response of the shear tackenmyg fluid m the open
cell foam 1= ohservable by hand in bath foams with brge and
small ponc {60-1{Mk prarts per inch (ppi)). The reactian of the
mulerial is thmt of the neat Auid. AL Gst impas) speels the
{oesmn. appusara 10 @er like & solid and @ low simin mies the
compaaite can be extily compressed and the fluid is zeen i
florw i of the pores. This was forther quanfified with the
impact testing shawen Laler,
[oires]  Closed Cell Foam: The addition of shear thickening,
fruid 1o the closed cell fomm was [ound 1o nbikal U cans-
by=ing apment wsed to Jisamm sl eunk the nesn, I iereed o goop
similar in coasEiawsy % baking dough, Even nddifion of
a0 a2 mvach eatalyEing agent to the nixnre does not allow
e mujja-u[ the: lommn. We anticipmie the suocessful Incorpo-
rmticn of 3TF imo the closed ool foom tanoogh the mse of &
catalyst that i nol inhibited by the STE
AT Drnamic Testieg of Foam STF Composites: Tipon
slow compreseion of open cell foams comaimng STF a1
siresses between the plates below critical stress of shear thick-
iz, b flundd was foneed 10 flow oot of the foans and collect
a1 the base. Upon netraction o1 the vpper plate 1o 1he original
position seene of the foid woull ke wicked into the foam.
hicrwewer mt sl was imken o the pores.
[09E]  Drmamic tests wene performyad on elosed cell foan
ibers wills sezalts peporied in 10,5, application S Mo,
L1 20 742 filed O, 27, 2005, which again is incorporated
by refenence in its entirety including all the Bpanes:. Analyas
ol s dyuami propetics of o sinilar shear thickening fuid
can he fonmd in Lee and Wagner (Tee, Y. 5. W M. L,
“Dnynamic properies ol shear thickenng collowdal suzpen-
sioms,” Rbeol Adta 42, 159208 (200071 Theo was a lage
apniant of shp eccurrng o the plate<foam imerface o high
rodation amples. The amoant of dip wad s quantified kbai
comld be eliminied if the foam wene 10 be allached o ke
plates nsing an adhesve. Foom wis observad 1o Sl mechani-
c2lly at high siresses. However, for the STF-Foam campaosing
there is o shear thickenmyg effect ohaervead an high siress, such
lhew the STF-Fosn comgpsiie was observed to increase in
hoith elasticity and visoosily, = contrast b the Foam iself. 1t
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TABLE S-contismed

Tz dhepepatun dan

saryy Dispanad Tairing

welipne Fesman of STF Flhxs Lzar Tesm (12
ns LIS
Hixl LIS
[t el] [k 13

0113 Blends with & vol % STF dissipate 1be highest
enengy during Uhis st and ikis valoe 5 more than 3 tumes
Tigher tham Ui el pohyodefin

[0i1d] Toble 9 displays the maximam lead achwved snd
1 MK CXIETIEHL

TARLER

Vlume Feaction & STF i I a1 Masimmm

Phese. Lead (N} Lo fre)
oL 53 RN b
1% a4 02033
iLis &3 02373

.1 L 120E
22 L5 e ]

03 1.5 adeET

[0115]  The kiter is linised by t metnament {2 meters,
ard 5o the trus mesimom exenson achiovable s ot least this
higeh if non higher lor e STF-PC b that do ot fracre.
Thoe maximinm baod achirved 15 forthe 5vol %5 TT-PO Heml,
snd the massiimim extension i reched alneady for ke 2.5 vol
& blend. The prosence of STF inclusions incresses U oAKI-
g Toad by oy 20045 and b mrmimem cxlewion 1o =TE
shave e performance of the peat PO

[D1L6] ASTRL I #52 temsile cloggatiamn tests wen: per-
formed nsing e ninilnstron with sepmted grip feces at an
anitial grip separation of S0mm and an elongaton rateof 250
pnpmin, The femilts, shown in Toble 10 sbows that the 1wl
4 STE-P) blend hes the highest shear modnlns and the 10
STE-10 blend has Que Young's modulas.

TARLE 10

Flagn 5 b Pelod b CF aiad Frarag’s
Wisehahoy 2L STF-PO hiemcs

el Fractina o[ STF Yomgs
Flhase (L0 Rade) (MEa]  Mfinduins (F2)
i a7
Bl am
LIk irk] L
s R Xl
ol L3 31
a2 Les
1 as

{0417]  Fusther, the mesn PO, not shown, Exils ot the prip aed
e ot exlerel, This is Furiber evidence of the srengihening
and tenghening efliser of the STF inclusions during defarme-
Tar oof the PO blends.

SUMMARY
[011%] We bave demorstrated 2 nowe] compasate mEberial
comprised ol a shear thickening Thaid {STT) blended of inte-

11
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grated with an immiscitle or largely imueni e e D ale-
gial. As shown, the mati meerial can be o liqusd, dus
foeming 2 novel suspoemulizon whene ane phase is shear
thickening, which imparts novel rhenlogical belsvior, This
behmyiar is & comseguence of the STF matenal s trarsition o
high strezses or shear cans, but also is sbown o dicperl wn 1hes
gsie of disperston of the STF phass, The wovel rhealagy
inclhades 2 siffening along with increased rae of enenzy ds-
sipatiom #1 high strosses ar shear rases, az chacrved in both
stezay, bransiend, anl dynamic osAllanory experimenis. The
mtrin weenal oo alse be o foem or eresshinked ubber,
whire the STF phimse 5 dizpersed thonan of vice vers. Th:
farmation of this somposite sam be formed by reactive poly-
mesizaticn ar ¢ragslinking m the non-STT phase, The matrx
wsieral can alsy be a themeplasic whese e STF i
mechanically of atherwise blended into the EEErix malerial
whille the matyix maserial i& in the malten sate, which G
golidified upon eonling 1o the wemperstare of wse, Soch novel
materials cxhibil unique dynaic behovsor and show
enlagcement in mechamicnl propertics and energy absorplion
upon mechanical mmpsecs, a5 well as wahanced scar nEistance
ared elongativesl strength.

o119} a1 e references described abave are messpored
by reference i 5 eotinety for all veeful purpass,

JiZ0] While thons 1= eheomm znd deseribel certain speafic
structores embodying the iovention. it will be mamifest to
these skilled in the ar that various modifications and rear-
ranpements of the pans may be made withaut duparting from
st spirit and weope of the underlymng inventivg concepd and
thal the some §s pot limited to the partcular forms hereia
showamn and describoed.

1. A composite which comprise @ shear thickening fuid
(5TF) combined with an Emmisille or partially miscihlc
mmalrix gmerial wherss the STF anpeises a suspencng
flusd and particles suspendied n said suspending flusd and the
partiches are colloidal pariche hanving a particle size Jess than
abain 10 microes.

2, (cuncelad)

3. {cancelad)

4 {camsedad)

5. The compasile a8 climed in elaim 1, which farther
exhibits bath increased elasticny andfor energy dissipation
ugler shear deformation or apphied stressjes).

. {eancelead)

7. {camceled)

£, (eanceled)

9. (canceled)

10, The composie 5 claimed in cliim 1, which fusther
esehiibits incressed energy dizsguian under shear defonma-
ticm oo apphiod stress{es).

11. The camposite 25 claimed in clain 1, whicls Turiler
exhihits ncrepsed srenprh undes shear deformation or
applied stress(es].

12, The eoanposite 2 chimed in claim 18, which firther
cxhibils incmssed sieogth under shear defermation oF
apphied siress(es).

13. {canceded)

14, [camo=led)

15, (canceled)

14, (canceled)

17. {cancebed)

15. {camocled)

19, [canceled)

M. (cancelad)




