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Figure 1: Pictonal Representation of Emulsion Under Study With Shear Thickemng Fluid as
Discrete Phase
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Figure 3: Viscosity-Shear Rate Relationship for STF Suspoemulsions,

Fluid.
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Figure 4c: Silicone in Discrete Phase Under Shear, Pyw=063.4, Displaying Droplet Deformation
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Figure 6 Btress-time Droplet Evolution
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Figure : Compiled Force Displacement Curves
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Figure 10: Trouser Tear Test results for samples, as labeled.
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[0 The gencral realimation of a0 emalsion, goch s the
nuuuudﬁmdy,i:muummfmcpb:msscmmsmd
the secood a5 diseree droplets, eher ellipseidal or spherical
iy shape, or a8 hoth phases in & contionois form (known &5
ci-coptimususl. The disonde plose drophbets < defprm,
break up, spgregate, and eonlesos undr erwe, Elom indlueed
deformation ¢ quise complex. (Fdwards, B. 1., Dresiler, M.
=, chenlogical mode] with comstant approxinete valumss for
inpiscible blends of ellipsoidal droplets” Rbeol. Actn 42,
126-337 (2003]), (Weteed, F. D Tucker, C. L.. “Droplet
deformation in dispersions wilh ooeganl viscosilie s e
intezlaeial tepsion,” 1. Fluid Mech 226, 199-225 (20013 A
e in-depth discussion of droplet defermalion e b [ound
it Covalle, Diagreon, ., Allal A, Marin, G.. Mendiboure, B,
“[ inenr viscoelastic praperties of emulsions and auspensicas
with thermodymssnic and ic imteraetions,” Rheo
Auctn A1, SC513 (2003), Fdvards, ar Weteel (Weteel, B LR,
Tucker, C. L., “Ivoplet deformation in dispersions with
unequal viseosities and o iplerfacizd tegaion,” T, Fluix
Mech, 426, 199-22% (2001}, Werzel, B. D, Tucker, C. L.,
“Micrsinacturl svolation during complex lamims flow of
fiquicd-liquid dispersians,” 1. Mon-MNewtonsan Fluid Mech.
101, 21-41 {20017). Even more impotant 10 ihe curmel wisk
are Tl resualis of Bermick 2nd Waygmer (Kemick, W, Wagner,
B 5., *The rele of Bquid-crymallize palymer shesbogy on the
ewvulving, morphodoyy of immiscible biends contamizg lig-
uid-cryatalline polymers,* 1. Rheol. 43(3), 521-549 {195
showig that con-Mewtonizn floids m emalsiea can lead 10
dramstic changss in marpbology vder flow ducTe shear ravic
dependines ol morphokgy.

[00%]  The analysis of e aulsien ander sTidy is per-
farmed with the premise thet the state off te discrebe phass
droplets can b undersiood thaugh consideration of it
bevskup and coaleseence (o, M.. Ohta, T., "Dymamics and
rhenlogy of comples imterfacs, [ 1. Chem. Phys, 08, 1242
1245 (1951, (Tayloe, G L, " The viseosry of a faidd contnin-
ing small drops of anciber uid ™ Prosc. R. Soc. Londan Ser. A
135, A1-4% (19320, [Tayloe, O L, “The foamation of emud-
sians in definable fields of fow,* Proc. K. Soc. London Ser A
146, S01-573 (19547). Wik by Busu (R [, Povrel-
Dhgdicr, E., “In st characierizaneon by small angh: light
aeattering of the shear-induced coalescence miechanisms in
immiscible peiymer blende 1 Bheol. 4306, 1381-1409
(1590 hipghliphes i detail g complexitics of the dynamic
ecquifibrinm hetweoen dropl coalesoenos and dispersion
mechapisme, The droplel coslescence i broken down inte
fiour stages (i} the collisson between e two drops; (11} e
drairespe of the many film siparating the calliding drogs; (iid)
b rupture of te metrix film; aod () e drop cosbscence.
The wiork on the shese-induced coulmssmces of droples 5
comsidered 10 be consisbal with previcusly usderstoad
sechanisms. However, the prediction of’ fmal morphabagy
{panicle sime distribution and stabe of dispersion), 1 connes-
tion witl the peenitede of deformation and streses, is very
diffiialt (ra, BL, Bousming, B, “Mealmesr cheology of
smrnscible blenide: Siop simin experments,” 1
bl 44(6), 1363-1384 (2000]).

(000 Adding mons of the dispersed phace czn lead wr U
foemmzan of 3 co-canginuows mosphology or phss iversica.
_-"q?q':lpi_ﬂlh'ﬁ. (. H_,WI.:i.ﬁﬂ'L. EC. Hauddizon, 1 FL, Bohem,
G, A, “Helwropeneoms hlends of polymers. Eheolopy and
Morpholegy,” Ruhber Chem, Technal. 48, 93-104 (1976)
cancluded 1hat the peint of phase ivarmon 5 reached when
thy: 1o ratin of 1he components s squal to the companen
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valame freton miio. Werk by Utscki {Utrscka, L. A, "0
the viscasiy-concemmiton dependence of immiscible poly-
iy blends” J. Rheal 35(8) 1615-1637 (1991 )} suppests Lhe
phusie imeersion. point can bi predicted husid on the depen-
denoe of 1 virgosioy oa the volume fractxm of monedis-
persed hard spheres in the matrix, as proposed by Krigger amd
Dotrgherty (Kreper, 1. WL Dougherty, T. 1, "A mrechanism
far noo-Mewieainn Bow in suspensioss ol npid sphecs”
Teans. Soc. Tleod, 3, 157=152 (1933)), A more indipth snaly-
siz ol Tl previous wark in e area of phoce iEversion can b
foniped in wark by Astroc, BL, Mavend, P, A fkew-induood
phase mversion in inmeible pelymer blesds coniaining, a
Bequid-crystalline polynoer studied by in i aplical RS
copry.” I Rl 23743 G93-T12 (2000).

[010]  The blend or emulsson under sudy 152 maxiure ol
shear thickening fluid comprised of particles in  suspending
media, dispersed in an immiscible lguid (F15. 1), The solid
particles ancsuspienided in the suspending media ala sufficicni
Jending 1o produoe 2 shear isckening Ausd. The parickes ao
ool added de the silicane phose and the emulsion G b
sechrzad 16 pwo phases. Such realiations ans Koo a5 sus-
poespmizlsians, which reder o tha digpersion of a HngpEnEnn N
an i iscilble liguid Phase inversiamn, cither by canceniRmicn
or processing, can kead 1o the dispersson of the iruigeihlbe
Tiggaid into the shear thickening fluid, or te eistence of
co=crnbmEs microsrociane,

[0012] Previous liserarure is limited s [ime Emves g alaois
dealing witha shear thickening phase in ancmulsion (Fal, B,
“Mop-idetities 10 the rheolopical behuvior of cmulsons,”
e, Tng, Cognen. 121, B1-97 (19050, (Tan, H., Trmy, B C..
Jenkins, B D, “Ehealegical Propertics of Semidilute hydo-
phohically Modified Alkali-Soluhle Emulsion Polymers in
Sodiuen Dodecyl Sulfsie and Salt Solutions.” | angmuir 16,
AG00=5606 (2000}, Pal (Fal, B “pom-bdealifics in e rheo-
tagical hehavior of emulsions.” Chem, Fog. Comn. izl,
£1.07 (19937 stodicd (e rheplogicad bebavier of pure com-
peoent EDM ail, a non-discontinucasly shear e being,
fluid, and emulze contaizing EOM. Resulls s thal
with the addition of an eonsifiing agent the oil could be
ermubsified in deinnized water (Mewtonzm fusd) readimg in
an envalsion with Mewtonian viscosity behunvior.

[0013]  Studving the rheology of immiscible dispersions af
a pon-Mewtonin fguid-crvstalling polymer Kemick and
Wi found dmmatis chospes in morpholegy under Gow
due ta shear pane dependence of morphedagy. I thenefone
eapecied thal o smposmulsion seoainieg the highly Doa-
Mewtomian shenr thickening, flusd will have a change in mor-
phoalugy onder diflerent fow conditians,

[0014] Such supeesulsions can have nseful applications
in and of lemsedves due 1o teir complex thoological prap-
caties. To addition, sech aaspocmul s can be profursors 1o
forming STF compasiic materials that can e aseful appli-
eations, An cxampleof the latier is a polynser blend contin-
ifnp STF inchasions, which is prooessed when the polymer i
above of BT 0 s neling ronsdon seh tul # oo be
processed, bt is usid below this lemperature where porly-
mer is mems fpsl Another example is tha formation of a
syspoemulsin i a crosshnkable or palymeriabh: s
Fluiel sueh that the ST coenposite is fomned spen crosslink-
ing or pelymenzation of the mares fluid.

EUMMARY OF THE INYENTION

[0015]  Oneaspect of the Ervention i draw 0 A Compase
which comprises a shear thickening flusd (5TF) cocmbane:d
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CTIFE). Meln processable polymers el but arc ool Jaated
in pobyolefins swh os palyelrylene and podyproprione,
nykun, ;nl:.unrth:.:]um‘s.m-:q-luu.pulwing.-luhlurin.la. puibyeth-
wlene wrephibatae (FET) polyearbacate and the ke, Ther-
moplastic elastomers wonld isclude such as materials as
s sobd madiee the trade parnes Santupri: ™ Fxxon Mol
hemsical), Hytrel# (DuPont Company), and Engage™ from
[ruPan-Dow Glsemers. In this since, inenssed tems
perture & wsed 1o liquefy 2 pobmeric gnaterial. AL he peo-
costing condfbons required Lo achicve the desired medt flow
propertivs of the pelyrmer secand materizl, the shear thicken.
iy Mg would b compuamitcd with the palymer mell
nchiovs e desined beved of mixing sl micrstrucnse. The
wemperature wouk] subsequenily be recduced 1o gemembe the
eolidd polymer-shear thickenimp, fluid composne

[003T]  Fod use arxles con be wenrated from 1he afore-
mentivoed poved materalks throogh mjeetion mulding, her-
pofirmang. extmsion, and conccivably ary method sl 1o
[abrieaie articli From the seooad pelymeric manerial alonzas
Yo by thoss skalked in the a1,

[oa3E]  Allemainedy these oeenals cauld be eorpamted
us diserete bminar nepions between bowrs of ibe seoonild
ratesial, such 4z betwesn Lo of polyme s peserials and
campoailes (such &6 polycarbonate and fiherplaes reinfonoed
epoay} glass, serEnic, or metal films or shier, Such lemimar
composites could chibit drmatically improved tallistic ac
impact related energy dissmpation, as the COMPressinn e
cinted will fmpect would initixe improved coogy dissipe-
tian betwenn the soveaed steral layers within the constmc.
fion. The particles in the shear thickening fumd of the
imvention are prefesably colloidal particles baving & particle
wige e than 10 microns and more preferably ks than ono
scran. Thee Funinates fonmed sre different than the manates
disclosed in WO 2004012658 (WO "954) The humnates
disclased in Wi "534 neguire a specific shape (cormugated oy
¢m1=shapc].1h¢imtﬂlnn¢m1btpm:ﬂw1mw:ing1hx
specidic shape requined by WO "534,

[0039) The shear thickening compasic meserinls are dil-
feronl s those disclusad by Plant (U5 200481 71521) 2
they describe a dilatant materia] impregnated it o resilient
varrier, The dilstans materzal e dilatast compoands and
puny and are distinct from the shear hackening Ouads
described mn this work.

[40]  Liuid-shear thickening fuid compsites: One
embodimint of the imwestion relates 1 a composibe liquid-
Tiguid mixiure, or blend, whens the two liquids are inmiscbls
ar oaly partially miscible such that they develop a heteroge-
nepas mosphokogy, and when: at least oo Companent i e
miixiure 15 # fisd that exhibits a shear thickening Lansitice,
(inereas in viscosy resilting fom ineressod shour stress or
shear ratel. We bave shown b blends of shear 1ickening
fbuids incarporsed inie 2 secand Doid medivm cxhibit rheo-
logival behuvior mdxting their abiliry 10 impart improsed
encrpy dusipative capabilities W camposites made there
Tran.

[0041] Suwch a il mey kv uliliy i comtrs] anilllasnping,
applications, One soch applission may b & mechanical Hm-
itigg Tbaid thal resiss deformation beyood 3 certain applicd
sirss or dhelienimzan mi, Soch e fuid mas beve utilily wien
ncorparaled 85 & comling. ngregnatod it or dispersed
within & solid manerial. Soch a Muid conld seree a6 & beyer
hetossen L maberials such as glass, metals, or plastics 10
provide energy dizsipative characteristics. O application
for such a Moid would be o impregree or imbibe it oo 2
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puenus salid scaffold materizl. Soch sald nssterial struclans
vl imclude, bt are net Himited to fiber yarns, wowen Gibric,
spunlaced orspunbanded pomwonen fubos, s open o] frsm
{tr formn & co-continuous petwork with the malbid open cell
Fanims neobwarkisenfiald), or o ekt as disenete droplets within
a salid. The composition of the yarns o fabrics woukl anehade
synthet materials, such 35 polymers, elastomers, 96 well as
inerganic s materiak, Polymeric Gk iezluds hiph
modnhis polymeric fibers mach o polyammids pobyiphes
iylene dizming 1erepbthalate) sold by Dupant unsder the rip-
e mademark KEYL AR, aylan, polyester, Ducron ol
Flastameric [hers include polyisaprens, other Ghees nchsded
withie the scope of this imvention inchibe high modahas ioor-
panic fbers andior fher yames andfor Bbnce, of rmunl s
rirg, fbers such as coton, wael, heenp, e, High meidalus
i ic fikvers and fiber yares and febrics inelode, but ane
gt limited to graphite, Gepglase, S-glass, ceramess fbers el
[0042] The nowel blend coald be ingorparatid 2 discrete
druplets o co-continunng pleses within a solid material by
mrethods deseribed carfier lor fabricating solid-shear thicken-
img it conmposites.

[3043] [Mainction Between Cur Invention and Dnkagsnt
Erergy Ahsorhing blzierialz

[0043] Palmeretal. [ 205003718941 WOIRE5219
AT W A05HNNI0GS A1) describe an inention whersy o
“enlymer-based dilatant™ is detrsbuted inlo & sodid, foamed
synilhenc i w0 form a “sf-supporing oerpy
ahsnrhing composine”™. Plant (LIS 2004401 71321) deseribes a
dilatapt mederal mnpregnaicd Do & resilionl carfier. Those
applications uwse & knoam, popmescially avatlable palymer
(3., “slly patry™) dhat dilates under strocg dieforonaion a5 ¥
conpooenl in & composity marerial. Thos applicatioas ane
lkmited in scope and arne findamentally diffenont tan what is
proposed ke, in that: A dilatan manerisls ocpand i wolemie
when #nbject 1o stress, while shear thickening materials ane
eentially inepmpressible amd have a viscosly tha iBCreases
with shear siroes: B 1he shear thickening materials consist of
callnidal and enoparticls dispersions, asopposed to 2 mEg-
rial in which the ditstaney is provided by podymer alone or by
a combimation of polymer wpether with ane ar mans other
companes, & 2. finely divided particulate manerial, visoous
fruid, plasticiner, extender ar midures thereaf, and wherein
thse porlymer is he principle compoment” [Patmer and CGrecn,
LIS J005/CH3T 189 Al Thas, the igvention deseribed herein &=
distimguailied from the work of Palmer etal, ured PPlamt by b
prisciphe and maeriali, and is not dervative thenoaf,

[0045] Applications

[046]  Applications far shear thackening floids incorpa-
puled inte pads for sparls equipment. Bieycks, motorcycls
helmet, comsinegion lunlbet and the like which ineespammes
padidad regiogs hetwoon the cater shell and the wanes ha=nd
containing shear thickening Ausls cither in s poAlsians,
mpwpmwihhm-exisllup,:sdiﬂmdmphmmsmpﬁ
or byers within an ¢ . ar 2 part of  co-coml s oF
intespenetmiing setwork of shear thackening, fuid metwark
within 5 solid plaste of clasiomen: materizl.

[004T] A monrih guard Fabricated from a eonfinrmaible pidy-
mer or clsiomer contining discrete oF SO-COMIMENE
regions of shear ickening fhuids would likely wxknbat
imiproved energy disspation. Such an aicle conld redoce Lhe:
likelihood of comeussion, demal damage, ic.

(48] Confoemable Pads incorporating discrete ropgwng,
dispersed droplets, co-contimous petworks of shear thicken-
ing fusds within a solid polymeric or elastomenic Er R
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gamgles will be referenond by the wohsne fraction af shear
ihickening flnid contained, o

TABLI 2

Migs of Shee

Thickemox Flusd Wi of Ellcooac Weg e e
(i) [g=y =TF Digr
A ks 01T |3 E18
2T R TR 3.3 614
L-721 (LB GRD Ak
1504 505 300 TS
.93 5 AHG Aan 164
{1,748 1ETH 14.1 1k

[005%] STT-Suspoenmbsion Sruchars: The Tem compo-

nents wene mixed by hand and a sample of this emulsion
phated onto a glass slide For inspection under a0 optical miem-
penpe; Fopreseralive imaged ane shown ie FIGH. 2a and &, [t
was sispectod tiar the ahseoos of & mechans:s] rirer woald
e nvery polydisperse droplet sime dus 1ok noa-ucafke
purwer mpat (Fitad, % Ichikenwa, A, loum, N, Takahashi,
¥ Mo, 1, “Rheological progentics amd deeniin st ol
unmiscible bicrxls urder sty and osqlkecy
shear flos,” J. Bkl $1(5), 103810460 (15971 Visual con-
firmation of the fomatian of we disticet phases cnablsd
gizing of the disperss phase. The dooples sime af the disperse
phisseas prepared was foumsd 1o mange botwien -1 and 1060 .
[0039]  STF-Supeemulsion Rheology: A 25 rzum g and
phate: genametry (gap 00 g, asele=00045 mdians | wis
wifized oo @ strain-conteolled checencter (Rhevmnetnics
SR-500] fe deterenine the shoalogical propurtiss af each
crmilsion and s pare components, Testing was performed atf
& comstant 25° O with & pelfier and constam] wemgerature
wriier hatk wied for tempersmuse control, The samples were
subjeeted 10 a uniform force gap hesting followed by a crecp
yesst 2t 5 P unei) thee wiseoainy of the samphe reached 2 sicsdy
state, approximmely tio manses. This was dooe 10 insure
hmﬁmityufﬂh:mmpl:mﬁmsdaﬁmm}ﬁnurj far
coch fest, This constanl preshear shoukl reidll in an emulsion
mophology af steady state as a balance between drplel
hrezkup and coalesmnge, SUess EWeEps Weno o o the
rheometer with a masinum time of 30 seconds per dara point
and fregmency saesEpE wer rop withimet @ tame fimittion Sor
ench duta point. Afler completion of e fesological te1s 2
poctben of te el smphe w5 then plutal fir shseralion
under the optical micmscope, The queck relaxation tiige of
thse: ranple made quantifatng analysis af samples plated after
esting in lhe rhepmeter inseenme, o thie wystem relaxod
befare Ui phase micrestricrure coald be anshysed. The mes-
supements, however, helped in qualitative anderstanding, of
i elfets of shoar flow on the sample morphalogy.

[BE] A simple shear ool was constructed by insering
sample besween two glass macrascope dides, The shdes
conld then be shearsd with fespect 1o cach otber and (e
resulting Muid behovior observed under 3 cplical jmeno-
scop wilh iege capharing soflesm:

[051] A moee complets apsdysis ol e ahenr thickenmng
plemnomenon for gysiems wry similar o the one studiad 18
gi\-x-nb'_-'l.aen.ndWam‘rﬁ[f.m.‘:’.ﬁ.,‘-l'ngw.ﬂ.l.."l)}mwﬂ:
propertios of shear thickmang colloidal pnspensians,” Rl
Actn 47 1096204 (2005 ) amd the isterested reader is referred
s that manascript far a hamugh explanation of S1F rheo-

O
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loical bebaninr, Bames (Barpes, H., 1. Bheel. Wid. 33, 320
(1985} prowvides &m cactensive, bin nod oxhausnve, list of
possible phesr thickening fuids.

(2] The vismsty as o fooction of bath Firnin rabe amd
atresss For this nest matenials and suspaerolsions are showm in
FK:. 3.

(063]  As can be seen e viscosily of e emulsion is
highly deperdent on the vl Traction af shear thickesing
Fhuiel an s mizxture sl thee sheear stress impartod. The visoos-
v of cach emilsion is a pontrivial combnnation of the pure
companen curves. ALlew ghearthickening Murid votums: fresc-
fins, the samples display Mewtoian Ik floid behavior a
low sirscs and 3 very pmall shear thisming regiva. A1 higher
ST Juaadings the low shear viscosity meore sy iracks Lkl
of the STE The emulsioes with the hiphest volume fractions
of shear thickening Tuid (@ op-82.0, 634, 542 alse eachilit
discontingous sheor thickemng, ot incncasngly higher strces
levels while the Lower valume samphes cxhibin shear thicken-
ing, Lolkesed by o platesn and tew 2 seoond shear thinning,

pipL

[O06g]  The erical siooss for shear Thickening i defined as
e siress at fhe misieum in e viscosity v, e stross
puirve at thee onset of shear thickening, and 15 shown in Tahle
A

TABLE 3
o Srpev Waducs for Shoar Thickersng
55 & Panciog &f E|EPM:HE
Crisical Rl rimcsl Steew ¢ ritical Viseraimy
g =t {Fsi) Pa-t]
T 5541 £ 114
. 4L] 1757 ] ek ]
Ba.A 44827 & 1na
w2 il 55 §Ll
ni p ALY 128 4l
1.5 R4 11 1.5
LE4 TAIL 251 e
s azy 112 3

[0065]  This isckesr evidence that the STF phass in the novel
STF suspoemmlzions & abl 1o exchibnl slucar thickemng, The
siress pequired for shear thickeming is highest @ ow 81F
Tnahngs.

[066]  Thinetropy m the form of bysieresis in e i
curves was ohserved ot intermediae and low STF phase wl-
amce, This & deseribed in greater detail in U5, application
Rer. Mo, | 1726074 filed Oct. 27, 2005 which again 1 inoor-
puoraned by refenenes i s ey inchuding zill the lgures.
Such hysieresis i a sign of shoar sensativity of FUCHEtG-
bare,

[B06T] Theviscosily-oncentmtion relatiogship of the mix-
T o determained by tking the visaminy of each compo-
{ent 4t constan stness values. This relafionship s shown in
Table 4

TABLLE 4

Ma LREMS Je85 554 BLEER L

2T sk
2LLE  a546L

TL50 25Ty INEZLUNE 2055 LN
156000 TINHN  SER4E00  RESR6D

i

b =
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ing is mire appancat for the kew volume (=164, 10.4]
shear thickepnng fid sanples than in the dynanise lesting
whare e bow volume fracten samples meore claschy
resarhle the pene silicossoil sample. This sigpests the shar-
ing ol the spmple aflects the micrastroetun of the sumple. A
smore in depth diseussion of the dvoamic properties of the
shiear thickening fuid respoase can b frand iowark e by
[ and Wagner (Lee, . 5., Wapner, M. 1., “Dnynarne props
erties of shenr thickening colkidal sepamnons,” Rheal Acts
42, P00 G203,
(00T Fow smulsSoos wilh o kew valmme fracton of shear
ibickening, fld, o=l the sificons is e confiomous
phse und the shear thickening fusd 35 dispersed in discrene
droplets, An imporant concept far undlersradling, the tew
flehd would be a chamcterization of The draplet break vp and
coakescenee, FIG. 6.
[OOTE] 1t is hypeothesizod that the emaliden droplets follaw
pypical heliavior under tus applisd shear srosics such tha a
dynamie equilibrium will be reached fiar o piven steady fow
bepwien dmplel breatop and coulescence. That keads to &
droplet sime disrsitatinn proportional 1o the power gt or
applied sress, on the fuzd. The higher the stress, the smaller
L e dropliet beerenes, whenzs when the applicd sire
i decresed the deoplats coalesee nnder fow and the svemge
giye increases (Wagner of al. Dai-Ohm mode] liar Bleeds
AICHE J. 45 (19097} This hecomes coumplisted by U pros-
ence of 2 shear thickening Misd s the droplel phase, as
heyond acennin critical drpk siressthe betasaernlihe STF
wall transfer Troen a lguid to solid-like phase. At this eritical
dropliet stress e svess of the bulk phase is hypoleseed b
the memsured critical siress showm in Table 3.
[0075] Al find consideration it 13 expected thal the eriical
deoplet stress required to it the shear Ghickening
respeme: 12 eguivalent for emulsions of varsous voiums -
tingrs of shear thickenang fuid. This would be expeciod = the
shezar thigkening respemes 5 stress comrollel. For enmlsions
with 1T e of armrmd 5% and higher the: critical stness valoe
are equiralent 10 that of pure componenl shear thickening
finid. This suppons the chaervanon that the shear thrckening
fuid 18 the continous phicse 21 high congemtrasicns of T I
s oot koo, lowvever, 1T silicooe 5 alsr oo=continins at
of the valume froctions. [ & remarknble that envolsions witk
e STF boodings still shoe o clear signatars of shear thick-
ening. A1 the lowest baadings, the STF plise canpot be oo-
comlinmes snd yot, 3 s trensition is evident even if it doos
gt lend to the discomtinnewns behunior observed for the lapher
STF loadings, T is very significant that shear thickening is
indueed in the drophkis, as this b pever heen provaoisly
reparied.
[0l Hevidepes for the possibility of microstructone Toe-
i wiilsin (e emulsson under shear foo s high stress
Jenvieks, such o5 o phese inversion from dserete 1o cootinuous,
is fmumd in Tahle 4. The viscosity fora constant stress valis
changes drestically with increassiog compeosition, n the
region of lower vohune frocton e VIO Dy =ConoE AN
relatiaeship i relatively independent af stress. In the region
af high sher thickening fhoid vohme the nelationship & mons
on the stress. This is e 10 the shear thmomng
hehvior ol e samplis, The fp fom a siople nelinionship
1 o bighly sinss dependent one sceies when the wolume
fraction of shear thickentog Maid is approctately one ball,
This suggests & phose imwrsion point oooaming m 1has
nepime, presumably shifting from a cominmons phase of gli-
cone 1o oo of shear thickening, flusd.
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[00%1] The dynamic freqoeney swesps for cack niateral
can be tmed o [urller suppot cu observitions ahoal phass
joversion. The ersover frequency, G0 ()L for ¢ach
sampli was desermined by findieg the interanction of the tao
curves. For samples nol showing erossover within the range
of the testing Hmits te coesover roquency wis determind
by exrrapalaticg the eoduli oo o an appaoimale gk
seetin, Where tene 12 8 continuoes phass of silicone ad
dominenl relisation ime of the syaem i cose o te valieof
that oo 1l pisre compaoeml Comersely, the relaxaton timeof
e evetem i close 1o the value of puee shear thickening Husd
wbrem thue vl froction is hipher e 3%, which sappons
plise imaonzion,

Fxample 2
ool Shear Thickening Floid in Foams and
Cared Rubbers Composiles

[#08Z] Sample Prepastion: The shoar Quckening fuid
{3TF) waz preparsd usng amophos slic perwvder {Mippoo
Shakontal KE-PI0) dizpersed in 200 MW Palyehylens Gly-
ool (Clarkent PEG-200) The average dizmeter of the salica
particle wag 430 nm and e densify was determnned o be
055 pieny® a1 25° O, nsing 2 deosiny meter {Anpon-Faar
[3hEA 48], The silica particks were Brst added W PEG ot a
weight rsction of 30% with the dilubeness of The sysiem
aithng in particle dispersion. This mixiune wis then ceEln-
fuged fior 2 howrs and the supermtant removed, keaving a cake
of clope packed sifica particles (T o3, Very small
amnts of PEG wene sdded 1o the silica pormiclkss nntl the
mmiwiare reached e desined flow properties, kigher additsons
of PEG a1 this stape would decreise the viscosity of the
solutivn, Thermopravimetns anakysis was conducted on the
sampke W determing the weght froction of particles in this
fical selution, 58.52%, which wos then weed 1o determine the
vabmne Irmetion of silica in FEG, 49 wol Ya.

[00%3] Foor sizes of polyurthane open cell Toam were
used, with s avermge pore siwe ol #0, T, B0, and W pores pee
inehy (pp). They wens sech received from Feames Inbema-
tioeal and have o desity of ~0.1 gmben”.

[F084] A nepative poisson ratie Teflon faam wag scaized
fromm W, L, Ginre for testing, porpeses. The matenal construcs
L ihosess munt allow The sbwear thickening fusd 1o wet the fram
dige 1 the parface teosion, We anticipabs mnproved perfor-
manss using b STH thal wets the fram.

[P0ES]  Meat samples of varioes slicooes wers cured ag
wpe samiples with cessprulated ropions of shear thickemog
fiuid. T encapsulzse e dwar thickendng fusd ths compa-
menk were pnssed and mied wogether by bomd noil anemaul-
wion of the silicone and s thickening fhaid was genemiod.
This emlzien was sel intae a mekd and pul m the oven at
sy dheprees Celsaus antil cuged. The oven wis used b
spend the Kinetics of e pofymerization.

[OOE6] A fwe-pan polymenzable silicoos ol aapuired
from (5F Silicooes (SLESTOOTM ), has been rhenlogcally
charscierized in Part | of this paper, The silicone can be
pralvmeeroad with the addition wl the catahyring agent, Par B,
in o S0 weight mlia with Part A

[I087] Two elastiv mlkones were festod, Sibtic T2 aod
Cilastic 5 with gresn curing speot (Dow Coming), Silasfic T2
i o translece bigh strength mold making silicome and 15
created psing o 1] mie, Silastic 5 iz also s high strengih
sificone with the same misieg ko, Hoth cure @0 eeon tem.
perature and ane immiseihbe with shear thickening fuid.
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shoild abin be noted 1k dhe shear hckening, foid was
absemand 1o licken vissally g these kigh sinss kvl
[0099] Both pest silicons and F1F-Siliceas composites
wiere beshad st warious lovels of anitinl force ksl The same
problems were enconntoned forthe silicone as in thi open cell
[ame, There waes o wemendows ansou of glip preesn sug-
geating snother leetieg method may Be mors ApropTIale.
(011 Compression Testing: The force required Lo Gom-
[ress open cell foans impregmated with shear thickeroog fuid
is compansd fo the compeszsion of the @me nem open cell
{oarn. Thi: resulte for the neat Bxon aed 5TF-Foam arelowis
for the differam vebocitivs w FlG. 8.

[107]  Iotersminghy the STF modifies the foam response 5
a mmewhn unexpoct] manner, allowing e faom to be
e “Rexible™ ar lew mies while resising deformation 31
hipher rates. These resulie sugmested interzenng spplication
arsd #5 & consoguens, dop impact Testing was performed.
[0102] Impact Tesing: The response of both neat and
impregrated open cell fruns was tesed agaest iy impact of
5 simindess geel hall bearmg. The impact ol U bearing oo the
pava dafferent STE-Feam compasites was reconded by digital
camera a5 shmwnin U5, spplication Ser, Mo, 117260, 742 el
Cict, 27, 204, which again is incorparsied by nefieoence in s
cotirery inchading all the fipares. The rebound height of e
‘bearing is nonicenbhy subhned for the STE foem and almost all
Mmeimpammwaabﬂcbcd.amwmdrmm#
imglasne galad.

(03]  [nseussion of Resulie —The mixicg aod cnring of
thes rubbers (GF Stheose, Silastic T, Silasic 5) worked
well, When mixed witk: the shear hickening lhad discrete
inchusiars of §TF coubd be formed, This work Bes shoan that
containement of sheur Usekening, fuid within 4 palymer com-
pasite is poasible and that te STF remains scuve

[ei0d]  Compression mesurements and dlrog Lesting, is cane
lussve that there & a0 coploitable resposse of the STF-TFoam
swstem. There i3 5o obvious visual difference in the impact of
m open cell foam impregnated with shear thickening, Daid.
This energy absorplion & nulicesble md possbly eploatable
for penctical apphicanion. There is an apgrnas imp e
the [l dorieg the impet a5 the shear thivkenang fluid
teansaicons From s fusd o solid-like st

[0105] The nesults of b dynamic thealogical tess showed
a shear thickening of the viscows modulos o the open cell
foam=5TF composie hut no char reult of the STF nbber
composites. [ i o closr whet the actasl strain on the sample
was herause of e Inrge amoug of s1ip present betwcen the
parallel platis and the smumpls, Fusther study waoulkd inchide
thi uze of disposabbe platcs so that the sample coald be
aiiached, removing any possibiliy of slip.

Esammle 3
S Thickening
Palymer el

[M06] Mend Freparation: 3 sions af ST in
polymer melts also show osefid and novel properucs, The
apme PEG-bazed STF was prepancd &5 stated in s previons
twr cxamsples and blended with an ethylene-ocicne copaly-
mer [Eogege® B2, Dulfon-Dow Elasooers), Elending
wis perfarmsd ot 807 Cusing a Haake Rheocord with & sennll
cingntermotating, mixing, chamber at 200 rpen for 2 muimutes,
The reaniunt S TF-polyolefin wis cooled and observed o be
an clastic solid. Samples fir e vesting and SEM charscters
izatian wene prepared using a Carves press wilh o clston
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made dic. The compression malding was performed an 806,
far 1% minates mell G and 15000 b, conpression with 10
mdnies armeling

I0U07]  The Blends were charcterized by pressing bars of
4521 et mm of solid maerial for tarsponal fhenlegical Test-
ing amd films of 2 men thickness for Trewser Tear Method for
Tear-Propagaticn Resistmes of Flastic Film according to
ASTM [ 1935, A mirinstroe was employed al & separation
ot of 350 mmimin. Seannive FElectron Miermacopy (S1EM)
was performeed o characterine the blend el ogy by cul-
fiog, U bars with a nreor blade W expose b,

[O10E]  FIG. 18 shows micregraphs of the phise morphol-
agy ohtained by seonping elesinon MICrsoopy. Clearly the
khend nearpholopy b the STF phase dizpersed in the matny
palvmer, showing thet the blending procedur: & ruceesstal in
proddncing moephology with micron-sized featnes. The 5TF
inchasians are pebydisperse with o sive that merekees with
STF Joading. As the 5TF Insding neaclhes 309 by wduse,
srpnilicant coaleseenes of the 5TF inclusions & ohsoraed.
PI0%  Meckanical Testing: Torsicaal feological wcsting,
perfrmed 3 posm temperature using an ARES chwometer
coaipped with the inrsicnal lestog oeling. All zamples
shiwed & gker clastic modils than sboar nodalis, and the
miodhilus is ohserved w0 increse witls ol ieg of the STF, @tk
& mociemam at | wod % of the STE phase, Table 7 shows the
elastic medalis =1 0.5% strain ampliwde and 1 he seellaion
frequency. shuwing than the modmlws ineresses with the addi-
tioe of STF amd then, decreases.

TABLE T

Hingtic Medubis of Polvoiefin STF bl o7 poom mpemtan:
merared intomsional lodling 41 0.5% smin ampinsls

2o 2 i) 5 TF phascwal th hiened
[ ] a1 radix
<] A ED
anlg & 0
fLas 2AT1ES
s plord
[INTL] 11ETRE
.30 pE

[0110] Tear Tesing: Reoprosmmative feor ost (ASTM I
1932 stanckrd) resubls an: shown in FIG. 10, whese # is seen
thal oeat polyolefin acd 1 wol % 5TF blends wwar through,
whereas 2.5, 5, 10and 20wl % di st fail duaring the courss
af th experioent.

(111] Higher STF loadings head w filure. Clerdy, the
presenc: of STF inchusions m the PO Jeads 10 subenamiial
enbanesment o tear resntire

10012 lzble & sheavs the energy dissipated diing e wer
westing, which is defioed 2 the rea under the Fares verus
displacement carviz shown in FIG. 12,

TABLER

E (et

iring Tear T

Frerygy Dissignod Dhering,

ol Fraction ol STF Plase Tear Tost (0]
Lol 054
a3 LAY
nos a7
il = L]
nl Lafor)
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2. (canceled)

X (caneled)

X, (cancelal)

24, A composiic which comprises o shiar Tickening fuid
(STF) oombiread with & scaffold malerial wWheeein the 5TF
compeises 0 suspending fuid snd pasticles suspended in sod
suspendding fuid and te particles are collaidal particles Bav-
ing, = particle sios lese than abot 10 micms,

2, The composite #5 clpined in claim 24, wherein the
seallohd maashl b an open cell or chnand eell fume

Zih, The composite a8 ¢laimed m claim 34, whenan the
scu TRl msaserinl is & pomas sealTolkl meancral.

27. The composne a5 claimed io cluim 24, wherein b
sadiold  mmerial is cxpanded  polviemrafluomiiny e
(2P TFE}, or micropommis or expanded palyetlylens, an engi-
neered pornus plastic or rubber, whers nchasions are aanl-
zhle ba be [iled panly of completcly with 51T

4. The composite o5 claimed w o 24, whercin the
scaflald material is an expanded porous nataral material

2%, The compasie as claomed 1o claim 2§, wherein tse
soafTold moterial i wood, porous sone ar seeletans of marisnes
Organisms.

H), The compasite as claimed i claimn 1, whers the mmis-
zible metrix msteriol is o crossHokahle resan theat fomms a solid
upan crosslinkinsg.
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31, The eonsrposine o5 cloimed inclin §, whers the insmis-
cible mairix i a resin and foeming, agenl such e i oo be
cured g foom a foam

32, The composite 85 claimel in caim 1, whemeas 1lss
iminiscible or parilly miseible nutrix meerial is a moltos
polvimes, or resin that cm be fsmned or erosslinked.

3, The eampesive as claimed n ¢lom 1, whersin the
immiscible or partzally miscible matrix materal &= 2 polyure-
tisaes, m epoy or LY cursble fesn.

4. The composiie 25 climed io clam 1, whergin the
inmaiscible or partzally mascible metrix matersal i an clasio-
meric or eletomens gel marerial o silicane zel.

35, The campasive a& claimed in claim 1, whenmm 1l
inemiscible or panially mscible matrix material @9 polyels-
fisn.

36, The compoaiss 35 claimed in clam 1, whersin the
innmviscihle or partially mircible watrix material s polyeth-
viene, polypropylene, evlon, pobymethyimetbasrylane, pely-
wanylchloside, polyethylen: wrephibelne (PET) or polyse-
Baane.

37. A conformable pedding which comprises e compas-
fe ag claimead i claim 1.

I8, A cas mesierinl which comprizes the composibe as
claimed m clamm 1.

A el cuhionang or neck support which eomprizes the
conEposite 2 claimed 1o claim 1.
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