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{57) ABSTRALCT

Polycthyleae solutbons are extruckd theough a multi-ocifice
spinmeret mee & cross-foor gas gtrcam 1o form a2 foid
product, The fluid prodoet 1= strebched al a iomperature 3
which a gel will form a1 2 sretch ratio of 2t least 511 over
a length of ks than abouwt 25 mm with the cooss-flow pas
atrgam vilocily al bass than aboug 3 my'min, The fuid produet
& guenched in a quench bath consisting of an Eamscible
liquid to forer a gel. The gel is sireiched, The solvent &
remonie] from the gel to form 4 werogel and the xecopel
product is siretched in # less fwo sigges 0 producs a
polyethybene yarn charactertesd by 3 fooacity of at keast 35
aid, 3 mocdielos of 21 beast 1600 pid and 2 work 0 break of
al keast 65 Ifg. The yarmn is flarther charsctienscd by having
greater than about §0% of 3 high stran orbachombic
crysialline component and, oplicnally, 2 menoclinic crystal-
line component grester than abowl 2% of 1be crysiailine
coutenl. Compesdle panels made with these yams exhibin
excelleant hallistic resistance, e.g., SEAC of 300 J-m™Eyg or
higher against 028 caliber bulles wang test procedure
MILECI-STD-DL0L0L,

9 Claims, 5 Drawing Sheets
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HIGH TENACITY, HIGH MODULLS
FILAMENT

BACKGROUND OF THE INVENTION

Polyethylene filaments, films and fapes are wiell known in
the art. However, uotil recenily, the fensile propecics of such
prociscts ave been geoerally unremarkable a5 companzd w
competitive materials soch as polyamides and polyethylene
wrepbibalate.

Io recent years, mapy processes bor the preparation of
high teosciy Alameniz and films of high molecular weight
pelyaletios have been described. The present mvendion is an
improvement of the procssses and products described in
US. Par. Nos, 4,413,110, 4,663,101, 5,578,374, 5,736,244
and 5,741,451, cach berein meorporated by reloecocs i their
respective entircties. Other processes are known and bave
been used to propare siogle flaments of exceptiooally high
strenpth and modulus. For emample, A V. Savitsks et. al. To
Polymer Science USSR, 26, No, 9 2007 (1984) sepor
preparing 4 single polyetbyleos filament of 70 GPa (215
gid) streapil, In Japancse patent JIP-A-59216913 o single
filamemt of 216 GPa (2524 o) modules i reported.
Horwever, a2 is well knoern in the [Ther spmmng ans, the
difficalty of produsing sirong yams monsases with neress-
g mambers of filament:.

It i= an object of this invention to provide high waacity,
bigh modulus polyetbyleos muli-filument yares having a
unique and novel microstructore and very high toughness,
Soch muli-filament varme are excepliooally efficeat m
ahsorhing the costgy of & projectile in asi-ballisiic com-
posiles

Oiber objects of this invention along with i advantages
will become apparent from te following description.

SUBMARY OF THE TNVEMTION

The present inveation is directed 1o a method of preparing
a hiph woasity, high maodules mulu-filament yam compre-
ing the sieps of: extruding 2 solution of polysthylene and
solvent having an intrimsie viscosity (measured in decalin at
135% ) between about 4 dlig and 40 dl/g throagh a multiple
orifies spinnerst into 2 cross-flow gas stream to form a Ouwid
produsct; stretcling the fAuid product (abows ihe lemperature
at which a gel will form) ot a sirstch catee of a1 besst 501 over
a lempth of Jess fsan aboud 25, mm with the cooess-flow gas
stream velooiy ot less than sbout 3 mimin; qeeoching the
fruid product in a quench bath consisting of an mmiscible
Ligusd 1o form o gel product, steetching the gel produc;
remeving the sobvent from the gel produc to form a xerogel
procuct substantially free of sobvenl;, and siretching tbe
xeroge]l product, with a total stretch ratio sufficent to
product a polyeihylene multi-Alameat yarn charscierized by
2 tenactty of af keast 35 pid, o modiles of st fesst 1600 gid,
and a work-to-break of m least 65 Tig.

The methad further comprises the step of sireiching the
Ouid peoduct a1 an extenswo rate of more than abowt 00
mi .

The extruding step preferably is carried oot with 4 muli-
orifics spinneret wherein cach orifice possesses a tapered
entry eegion followed by a region of constanl cross-soction
and whercin Uhe ratzo of ibe lengihfiansverse dunsnsion is
greater than sbout 10k1. Furbee, the Jenpthiramsvesse
dimension may be groater than about 25:1.

The present invention funber includes 2 polyelbyloos
palii-flament yarn of abour 12 o shout 1200 flameois
baving a denier of abowl (L5 1@ aboat 3 denier per {ilamsm

-

2
{dpf}, 2 yaro woacity of 1 least abowl 35 ghd, 2 eodulus of
al lezst D000 g/d, and a work-io-beoak of at least aboul 635
Vg, The micrestrzcture of e mufu-filament yaro contains a
high strain oriborhombic copstalline componenl comprising
more than ahout 606 of 1be orhorhombic crpstalline wom-
poment and it may have & moneclmic erystalline component
grester than abowt 2% of the crysialline confeol. In 2
preferred embodiment, the yarn inchides shaat 60 1o ahout
480 polyetbylene filaments baving a denier of about 0.7 to
shont 2 dpf, 2 yarm ienacily of aboot 45 gid, 2 modulus of
abovl Z200 gid, greater dhan abent G0% of 2 high sirzio
arthorbembic crystalhos componsol, and 3 monoclinic erys-
falline compoenent greater than aboul 2% of the crystalline
Lelial Lo i

The presml meesiion alse inchdes @ compoesale pang
comprising & polvethylene mulu-filament yarn having 2
tenacity of at least about 35 2/d. a modulus of at least 1600
gd, a wark-1o-break of a1 least aboul 65 Jig wherein the yam
has greater than about 60% of a high strain orthorhombic
crystalling component and the yaro hes a monoclinie orys-
falling compoment geeater than about 2% of the orysialios
Qonlend.

The present invention funher inchides o ballistic resistant
compasile panel having an specific epergy absorplion of the
composite (SEAC) of al least aboul 300 J-m* /K apains 38
caliter baulleks usimg 651 procedare NILECT-STD-0101.01,

BRIEF NESCRIFTION OF THE DRAWINGS

F1G. 1 & a schematic view of an spparaius used 1o prepare
the products of the present mvention.

FIG. 2 is 1 cross-sechional view of an orifice of a spinoeret
im accordance with the presenl invention.

FIG. 3 shows ihe results from a wide angle x-ray diffrac-
fion sty wheee (3 is & pld showing 2 mendsonal scan
through the 02 diffraction peak of a commercial SPEC-
TRAG 1000 polyethylene yam al a wmperature of -60° C.
under mo load; and (6 is 2 phet showing 2 mecsdional soan
through the 002 diffraction peak of a commercial SPEC-
TRA® 1000 yarn at a temperatare of =607 C. under lensile
slrain just short of the yarn breaking strain. SPECTRA®
1000 i5 & commercal peoduct of Honeywell Inteenational
Inc., in Colonial Heights, Va,

FIG. 4 &= » plot showing the resulis from s wide angle
xeray dilfraction of & meridiooal scan theough the O
dillracton p:ak of a2 DYNEEMAS SKTT tli!'.‘.h mdulns
pedyetbylene yarn at a semperature of 00" C. under fensils
sirain just shoet of the breaking strain. DYMEEMAE SET7
& & commercial product of DEM HPF of The Meotbeclads,

FIG, 5 sheows the resolts from a wide angle xeray diffrac-
tion stody whess (3] i5 5 plol showmg & meridional scan
theough the 002 diffraction peak of 2 yam of Example & at
a lemperatwrs of —60° C. under oo load; and (B) is 2 plot
showing the same penk under tensdle strain just short of the
yarn breaking sirain

FIG, & depicts e projectiles after festing against largeis
of commercial SPECTRA SHIELIME malerial amd & ¢om-
posite pancl preparcd from yarm of Example & of U preseo
1wEntion,

DETAILED DESCRIFTTON OF THE
INWENTION

There are many applications that require load-beating
elements of high sirength, modalus, Wwughiess, dimensional
and hydrolytie stability, For cxample, marioe mopes and
cables, such 25 moosing lines wsed to securs lankers oo
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Inading <ations and the cables wsed o secure drilling,
platforms 10 ooderwater anchorage, ans presently com-
structed of matcrials soch a5 nylon, pelyvesicr, aramids and
steel which are subjoct 10 hydrolvis o comosive atlack by
aea water. Conseguently soch moosieg lines and cables are
consirocted with significant safety factors and are replaced
frequently. The greatly meressed weight and the need for
frequent replacoment greates substaptial operational aod
eeopomic burdens. High tenacity, bhigh modulos yarms arc
alss used in the coastnzction of anti-ballistic compasites, i
sports equipment, boat bulls and spass, high performance
military and sernspaceapplications, high pressoce vessels,
hospital equipment, and medical applications inchuding
implants and prosthetic devicss,

The presel vention i an impeoved metbod of Froparing
a hizh tenacity, high modulus yam. The polymer used in the
present invention & crystallizable polyethylens. By the term
“rrystallizable™ is meant a polymer which exhibits an x-ray
diffraction parern sscribable o a parfinlly crystallme mate-
rial,

Accordingly, the present imvention is dirscied 10 & methad
of preparing high tenacity, high modulas b=l
yarns that includes extruding a salation of polyethvlene and
solvent where the polyethybeme has an inirinsic viscosily
(measured in decalin at 1357 C) between aboul 4 dlp, amd
40 diig throwgh & multi-ordics spinnerst ink a crogs-fow
gas stream 1o form 2 muoli-Glament fuid product. Thee
sonilii-filament fud product is stretched, sbove the lempora-
are a1 which 2 gel will form, and at a strerch ratio of af kst
5.1, over 3 Jemgth doss than abont 25 mm with 3 cross-fow
gas sircam velocity of less than about 3 mymin. The fuid
product is gueoched in 2 gquesch bath comsmsiimg of an
immiscible liguid to form a gel product. The gel product is
stretched. The sobvent is removied from the gel produet 1o
[erm a xerope] prodict substantially free of solveat. The
xoroge] prodect is siceiched where tbe total streleh ratio &
sufficient 10 produoct a polyeilykac article having & IEnacity
of ul least 35 o, 3 modulus of at least 1600 gid, and &
work-io-break of a1 least 65 Ve

The term “xeroaed” is derived by analogy to silica gel and
a5 red herem means 3 solid matns corresponding e
solid matrix of 2 wet gel with the liguid replaced by a gas
{eq by an imen gas soch &5 pitrogen or by air). This is
formed when ihe seoond solvent is removed by drying onder
conditiops that leaves the solid petwork of the polymer
subsiantially miacl,

The imvention further meludes the yams prodoced by the
above progess. Such yarns and films have a unigue and navel
icposinociurs conlaining a hiph straio enherhombic coys-
talline compopent comprzsng more than about G0 of the
onborhomibic crystalline compenem andfor a mopoclinic
ervstalline compuncat excecding 2% of the crystalline con-
fend. As will be discussed in the cxamples below, such ¥arms
are exceptionally cfficient in absorhing the cacrgy of a
projectile in an anti-rallistic composite. 1t will be under-
ssood that a “yam” i defiped xs an elongated body comn-
prising multiple individual filaments having cross-sectional
dimensions very moch smaller than ther lengiih. Tt wall be
further widerstood Ut the term yam does ool imply 2oy
restriction on fhe shapes of the filsments comprising the yarn
of any restriction on the manmee i which the Glaments a:
incorparated in the yarn. The individual filaments may be af
peomelric ross-sections or mgular in shape, eatangled ar
Iying perallel fo one another withio the yam. The yarm may
he twisted or sllserwise depart from a linear configuration,

The polvethylens nsed in the process of this invention has
an inirinsic viscosiny (I} (measured m decalin at 135 )

5

35
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berwsen aboat 4 and 40 dlfg, Preferable, the polyetbylene
has an 1Y borween 12 and 20 dlis,

The polyethylene may be made by several commercial
processes such ax the Zeigler process and may contam 2
senall amount of sde braoches such as prodoced by incor-
poration of amwather 2lpha alefin such s propylene or
1-hexens. Preleeably, the number of side branches as moa-
sured by the oumber of methyl groups per N casbon
atoms, is less than about 2, Maore preferably, the number of
sude beanches & less than about 1 per 1000 carbon atoms.
Mozl preferably ihe number of sele branches & e bag
st (15 per 1000 carbon atoms. The polyethylene may akso
comtain mimor amounts, kss than 10wl % and preferabily
bess than 5 wi %, of flow promoters, smicxsdants, UY
slabalizess and 1he like.

The sobvent for the polyeithylene used in this ovention
should be nopoedatile upder the spinoing oooditons. A
prefrred polyethylens solvent is a fuolly salumicd whils
mineral oil witl sn initial boiling, poind exceeding 3507 O,
although oibee, lower boiling solvents such as decaly-
dronaphthales {decalin] may be used.

With seferencs now 1o FIG. 1, thers B shown a schematic
view of the appararus 10 used o prepars the products of the
present mvention, The polyeibhylene solution or mell may be
Formed in any suitable devics such a5 & beated mixer, 2 lomg
beated pipe, or 2 smghe of twin screw cxtruder. IL is neces-
sary that the devios be capable of delivering polyethylenc
solution 0 2 coostant displacement meleong, pump and
thence B a GpinneTet ab comslant coneeniration and Kmperi-
pare. A beated mixer 12 is showe in FIG, 1 for forming the
polvethylene solution. The concentration of polyethykne =
the solution should be at keast aboud 5 wi .

The polyethvlene solation is delivered to an extruder 14
containing a barrel 16 within which there is 2 soew 18
operated by 2 motor 20 ke deliver polymer sobUEIon U & fear
pump 22 a1 5 controlled fow rate. A motor 24 is provided 10
drive the pear pump 22 and extrude the polymer sohitica
throwph a spinneret 26. The semperature of the solulion
delivered 1o the extruder 14 and the spinnerst 26 should be
hepweon 130° O, and 530° . The preferred tempiratuss
depends upon the solvent and the concentration and molecu-
lar weipht of the polysthylens. Hhigher temperatures will be
wsed 41 higher concentrations and higher molecular weights.
The extroder and spinneret temperature shoubd be in the
game range of lmperatures and is preferably equal o or
higher than the selution Emperatuns.

With reference now to FIG. 2 amd contimuing reference 1o
FIG. 1, a cross-sectioml wicw of an orifice of the spinnercd
26 is showno. The spinneret holes 28 should have 2 Lapered
eniry repion 30 followsd by a capillary region of comslaol
cross-section 32 in which the lengthihiameter (1) ratio =
e 1hao abens 1061, prefesably more than slsowt 25:1 and
mies preferably more than about 401, The copillary dam-
pier should be 0.2 10 2 mm preferably 0.5-1.5 mm.

The polyethylens solution = exiruded from the spinncred
26 1o form 3 multi-filament Ouid product 33, the fuwd
product 33 passes through a spin gap 34 and inlo a gueoch
bath 36 1o form a el 37, The dmnension of the spin gap 34
berwecn the spinmeret 26 and the quench bath 36 must ba
bemes than alxowt 25 mm, prefecably bets than sbowt 10 man amd
mosl preferably, the spin gap 34 is sbout 5 mm. To obtain the
st unifonm yarn with the highest tensile properies, i is
comenlial that the spin gap 34 be constant and that perfur-
batien of the surface of e geench bath 38 be minimal,

The aps welocity in 1be spin gap 34 8 in a direction
transverse o the fnid produs, caused either by natural or
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loroed comvertion, and must be less than about 3 m/min,
pralerably b=z than about 1 evmin, The iransverse gas
velocity in this region may be measured by a directioml
anceometer sech as the Adata Multimeter Mode]l ATIM-
g6 mannfactured by Shonridge Instroments loc.,
Sooitsdals, Ariz

The sireich mio of 1be Luid product in the spin gap 34
{“jet draw™ is mexanred by 1he ratio of the surface welocity
of the first driven roller 38 1o the velozity of the Ouid product
33 isswing from the spinneret 26, This jet draw must be &l
Teast shout 51, and is preferably a1 keast sbout 1231,

Tl qusench Tiquid may be apy Lguid notl misels with ibe
solvent vsed to prepare ihe polyathylens solufion,
Preferably, it is watcr or an sgocous mediom with a freczing
point below 07 C., such 2= aqueous brines or ethylken: glycol
solutions. Tt has been [ound detrimental 1 1be properties of
the product for the quench liquid 10 be miscile with the
polyethylene solvent. The temperature of the quench bath
should be in the range of aboul =207 C. w 20° C.

The critical aspecis of the mvention are (he dimension of
the spinperel beles, the sineich ratio of the fluid product
the gap belween the die and the quench bath, by dimeosion
of the spin gap and the cross-fow velocity of gas in the spin
gap. These faclors are most important in sstablishing the
exieasion rae of the solution flements in the spin gap and
the quench rate in the quench bath, Tn tarn, these factors are
determinative of the resulting filameat microstructure and il
properties,

The extercaen rate of the fuid flameeis i be spin gap
may be calculsted from the dic cxil velocity, the pol draw
ratio and the dimerson of the spin gap as below. The die exit
wvelocity & the velocity of the fluid filaments at the exit of the
spimmeret holes (orifices).

Faiension Rate, min~'=Jat Draw Ratos(Die Exi

Welocity, mm/min~-1)Spin Gap, mm
The exténsion rate of the Huid Glaments in the Spio gap
should be ar lexst about 500 min~? and is preferably moers
than abhoug 10 min™t,

Opee the gel leaves the quench hath, the gel &5 stretched
maximally af room temperature. The spioning selvenl oy
be extracted in a Sohxled extracior by refluxing the gel in
irichloroiriflurcethans, The gel & thea dried and the xerogsl
it hol sireiched inm oar least tao slages al coperatares
betasen abont 120% O and abea 155% O

The lollowing examples are presented 10 mone partice-
barky illustrate the ievention and are ool 1o be construed as
lmmitations thereon.

EXAMPLES 1-5

Comparstive Examples A0 and Examples 1-5

An ol jJacketsd dovble hehesl (Helizooe) mixer ooa-
sirucied by Allantic Research Corporation was charged with
12 wt % linear polvethylens, 87.25 wi % mineral oil (Wilco,
“Kaydol™) and (.75 wi T antoxidant {Irganox B-2257). The

2l

=

a5

50
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Tinear polyeibylene was Himom UHMW 1900 baving ang
iotrinsic viscosity of 18 dlfg and Jess than 0.2 eyl
hranches per LK carbon atoms. The chargs was healed
with agitation o 2407 . 1o form a umifinrn sodution of the
polymer. The botiom discharge opening of the mixer was
aclapted 1o feed the polymer solution first to 2 gear pump and
then to o 16-hok spinperet maintained a1 2507 C. The boles
of the spmacret were each of 1016 mm diameter and 101
L/, The gear pump speed was set to deliver 16 o’ /min 1o
the che.

The exinded solulion [Hamens wers passed through 2
spin ap in which they were swewched and then into a waler
quench bath at 912" O Ao ar fow velocily exited
transverss 0 the flamenis in the spin gap siber as the resull
of natural convection of b5 maintined by a eearby blower.
As the solution flampents entercd the quench bath, they were
guenched 1o 4 pel varn. The gel filaments passed under a
free-wheeling roller in the guench bath and out w0 4 driven
grle1 which set the sireich ratio in the spin gap.

The gel yarns lesving the water quench bath whese
sireiched at room wmperanrg and collected ot cores. The
mineial oil was extracted from the gel yares i a Sohxled
apparangs by means of refluxing wwichlomirillorocthans:
{TCTFE). The gel yams were then air dricd to xerogel yaros
and kot streiched in bas stapes, first b 1207 . and then &t
1507 . The siretch ratios wees maximized in each stage of
siretching of e pel yarns and 1he xoroge] varms.

Table 1 presents for seversl comparative examples (A-0),
and Lxamples 1-5, the jet draw ratio of the fiuid filameats
in the spin gap, the length of the spin gap, the ramsverses air
velocily in the spin gap and the extension rate in the spm
pap. Table [ ako shows the solid state sirelch ratio {ogoal
ihe prodact of the seom emperatare gol sireich ratie 2nd the
hot stretch ratios), the overall stretch ratso (egoal to the jet
draw ratio fimes the solid state stretch ratio) and tbe fina)
yarn properties, measured by ASTM D256, mcorporated
herein by reference. In the comparstive examples Aoty
the spin gap cxceeded 25 mm, the et deaw was less han
Sak1, the tramsverse air velocily was greater tban 1 mmin or
the extension rae in the spin gap was bess than shoot 500
Imin. Also, 0 poae of these comparative examples dd 1he
average yam fenacity exceed 33 gfd nor did the aversge yam
mocinhes excee] 1840 gid

By way of contrasl, in Examples 1-5 all of the above
spinping conditions were satisfied. 1D will be scon thal m
Exampie 1, the el draa was 6.0, the spin gap was §.4 mm,
the: framsverse air veloary was 0,76 mimio aod b extension
rate in the spin gap was 968 min". As a resull of thess
spinning conditions, the yam lenacity was 35 gid and the
macduls was 2000 gid,

In Examples 2-5, the Irarsverse air velocily was main-
faimed 2 .76 mymin, the spin gap was fuber redwoed 1o 3.2
mm and the jet draw {ratin) was vaned o be 9.3, 15, 227
arel 338, respectively. It will be seen thal 1he yarn tenacity
increxsed 10 2 maximum of 53 gid and the yarm modulus
peaked at 2430 2id a1 a jet deaw of 22.7.

TABLE 1
Cunmprzilive Trassverse Pxbensing
Exangple ki Spin Als Feoa in Sahid
o Do i, elcky, Spinieg, Swie  Creemll Tecty  bodhs
Example oo Batie mm  mimin min ?  Semich  Sueck g Eid
A id &4 .74 12 10 54 3z (1]
B 1.1 b & 1% = &3 3 155}
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TABLE l-continued
Compenaive Treevsrns  Extersion
Exampie bt Spim Air Rale in Sarhad

i Devw Gap,  Velooky, SpinGap,  Smee Overnl]  Teracity  Modules

Examplk Mo Palin mm myrmin min © Becich  Si=cih wrd &
e 1 Tz iy ) LA L] e 13 Lt
] 1.1 7632 TG L4 6l GE e Lagn
E 3 4 LIk L A= 1LY n 1655
3 3 & i 7 ki 5 o 1550
) 3 341 fLiel L] 32 L] 51 fLh
[H] 1 4.1 Th ol 23 73 el FLAh
1 X L% 0L7s ] an Ll 33 1504
I 3 a1 T8 2 14 = = 1560
K & & T b 18 o8 7 1370
L 1 L LAl ] 18l P 1% 0 1650
M b -4 074 181 1l 116 31 130
™ 3 -] .74 =l 14 108 0 1460
0l b ™1 & &l m 120 31 1390
1 L1} b4 Ly Ll Iy 142 % kL]
1 3 32 0T 3400 4 ] az 150
3 15 332 [ 43a] ol ] 47 2400
4 T - [ &6 5 -] 53 2433
k- HnE i1 L 146 0 1% Sl 47 FEl

EXAMPLE & EXAMPLE 7

“arn Preparation and Tensile Proportics

A co-rotating Berstorfl twin screw extruder of 400 mm
dizmeter and 431 LA was fed with an 8.0 w1 % shamy
polvethylene in mineral oil. The polyethylens was of 27 IV
and had oo detectable branching (k=5 than 0.2 methyls per
1HE CC oapome), The polvethylene was dissolved in the
miniéral oil a5 it traversed the exmder. From the extrader,
the pobyeibylene selulion passed 10 & gear pump aod then
e a ﬁl:rﬁ_'lnmcursphmml maintzinsd 2l 3207 . Each bole
of the spinnerst was of 1 mm diameter and of 40001 LT The
volumetne b rae throweh cach bole of the spinered wis
i eo/min. The extruded sehstion filaments were passed
throwgh a 3.2 mun air gap in which ihey were sirstched 1501
and then ioio 2 water quench bath a1 %° O The ar Aow
walocily transverss 1o the filanesis in e apin gap &= the
pesult of oatursl comrection was 0.8 mimin. As the solulion
filaments erdered 1he guench bath, they were quenched 1o 2
gl yam. The gel filsments passed under a froe-wheeling

rodler in the guench beih and oul b & doven godet arhich ser 35

ihe sircich rabic in the spm gap.

The gl varo leaviag, the waice quooch bath was siretched
37501 at moom lemperalore, amd pasced mto washir cabinels
coapes-current (0 a sireem of tichlorotrifluroethane (CFC-
113} ai a tempersture of 45° C. The mineral ol was extracted
Troan the yarn and excharped for CPC-113 by this passage,
The gel vam wes streiched 1304521 in trversnyg The washers.

The gel compining CFC-113 was passed ioio 2 dryer
cabinet at & temperature of 07 C. It issoed from the dryer
i a doy coodiion and had been additionally stretched
131,

T day yarn wies wiound up into packages and transfenned
I 5 Tam stage stretch bench. Here ol was siretebed 501 at
136" € and 15:1 at 150° C.

The tensile propectiez (ASTM DX256) of this &0 filament
Arn ware:

09 depierfilamenl;

45 pid renacity;

21940 wid moduluss and

T8 Ve work-to-hreak.

A High Strain Crystalline Componcot
The microsimciure of prior ar vams and the yam of
Example 6 were subjected 1o analysis by wide angle x-ray
diffraction, FI4G. 3¢ shows a meridional scam through fhe (02
diffraction peak of a commercizl SPECTRAG 1000 yam
M manafacturcd by Hooeywell Insematinnal Tnc, af a femperas
ture of =60% umber no load. FIG. 36 shows the same peak
under tensile steain jost shor of e yam breaking srain. I
is seen that the (M2 reflection has shifted and =split. The
higher angle peak correspomds [ a low siram crysialiio:
v componsmd, whils the lower sngle pesk comesponds 1o a
high sirain crysialline componsnt. The proportion of the
I],i[_r.h; strain crysialline Componcni {measured by the relative
peak areas) is 58%.
FI4. 4 xhows a menidional scan through the 002 diffrac-
a tion peak of a DYNEEMAR SKTT high modulus polyath-
¥lene yam at =607 . under tfensibe strain just short of the
breaking rain. 11 & seen that proposson of 1bhe bigh sirain
cry=albine componeel & jusr over 5095,

FIG., Sa shows a menidional zcan tbroagh the 002 diffrac-
tion peak of the yam of Examgple 6 21 a wmperaturs of —60°
. umder oo boad. FIG, Sb slosaes ibe same peak under tensile
strxin just short of the yam breaking strain, The propartion
of the bjg_h sErain i:r:,rml'li:ru: compomnent = B3, Uiher yams
have not shown this high percenotage of the high =i
crystalline compoenent.

3 B. Mopoclinic Condent
The memoctinic crysialline contents of 2 ounmber of otluer
high modulus pelvethyvlens yams and the yarn of Example
i have been detemmined by wide angle x=ray dillraciion. The
results are shown in Table 1T,

=5
TaBLE 1T

Yeen Mossclink, &
SPECTHA & 500 <15

B SPECTHA ® 1000 74
Oryprsem & SETS 15
Drypesep & SK 7T 1%
Example & 4]

a5 I @ ssen thal b propomion of mencclinic crystalline
coatent of the yarn of Example & [br exceeded ihe other,
commercially available high modulus, polvethylene yars,
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. Ann-ballsne Propermics

Fear cods of the 60 filamant yam of Example § were plied
Lo eveate & 240 filament vamn. This yam was used 10 construct
a fexibles compesiie panels for comparative lesbing with a
stamlard commercially available SPECTRA SHIELDS
composite panel, for ballistic effectiveness agaies oo dif-
lerent projectiles. Both papels wers comtnicied with the
same fiber wolume fractiom and 1he same mainx resin. The
wzt with & 17 grain fragmoeot cmploysd & 22 caliber,
poa-deforming steel fragment of specified weight, bardness
and dimensicns {Mil-Spec. MIL-P 46553A (ORD)).The
fesls with 0,38 caliber ballets were conducted in secord with
test procedure MILECI-ETR-0101.01. The profective power
of a sructure i oormally expressed by ciling ibe impact
velocity a1 which 50% of ibe projectiles are stopped, and =
desionated the V30 value. Anctber useful measure of the
cllcetiveness of a hallisic resisdanl comoposiie is he ratio of
the kinetic enerey of 4 projectile 3t the VD velocity o the
areal density ol the composite (ADC). That mto 15 disig-
nated as the Specific Energy Absorption of the Compasite
(SEAC). The results of the balliste fnng twsis are shown in
Table 111.

TABRLE M
17 gr. Fegment 8 cul. Boblet
A = 70 Kaim® AT = 1.1 Eple®
WA RF..:'.I."'. w5 BHAL,

Coanposho [T =iy s I-mEg
SPECTRA e el vl T a5
SHIELTHE
Expemigile 6 1) B 103E Al
Yam Hhickd
T 32 75 44 a5
Fespodiiement

I will be seen that the composite prepared from the Example
& yarn was of remarkably improved anti-ballistic TEuprLicE
a5 compared o other commercial standards.

The 17 grain frngment = a bardened sieel projectile. FIG.
& i5 & photopraph ol the projectiles after they were fested
apainst the sbove targels. I will be seen that the projectile
stopped by the Example § yam composile was deformed by
the mopact. The projectile sopped by 1be olber commercial
standard product was undeformed. ‘This oo is indicative of
the muperior anti-ballistic poperoes of ibe yauns of the
imvenlion.

It will he readily undersiood by ibose persons skilled in
the arl ibat the present iovenlion & susecplible do broad
wiility and application. Many smbodimenis and adaplations

of the present mvention other tban ibose berein descrlssd, &2 -

well as many waristions, medifications and equivalent
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amrangeencul, will by apparent from or rexsonably sugpgesied
by the present iovention asd the foregoing descriplion
wilhoul depaning from the substance or scope of e present
inrention.

Acvordiagly, while ibhe present inventon bas been
described im delail n relaimn o s preferred embediment, o
i5 10 be undersiond that this disclosure sonly illustrative and
exemplary of the peesent invention and is made mesely for
purpases of providing a full and sosbling disclosure of the
invention. The forsgeing disclosure & ool mtended w0 be
consinsed to limil tbe presenl mvgsnson or sihenwise exclude
any oiber embodiments, sdaplations, vanatioos, modifios-
fions or cqeivalenl arangements, the present mventivn
being Lmited ondy by the claims and the equivalents thereof,

Whbal is claimed is

1. A polyethylene mulii-filament yvam having a tenseiny of
af bmast abour 35 gfd, 3 modulus of af least 1600 gd, 2
work-io-break of al beast aboul 65 Jg, &5 measgred by
ASTM D256, wherein said yam bas a microstruciure
conlzinmyg & lgh strain orifhorbombic crystallioe coompoment
comprising more than aboul S0 of the ohorbombie
crystalline component.

2. The muli-filament yarm of claim 1 wherin the yaro lsas
a modubs betwesn abouwt TA00 oid and shout 230 gid.

3. The mulu-filament yarn of claim 1 wherein thee yarn bas
2 tenacity between abour 35 oid and aboast S0 g,

4. A polyethylene multi-filament yaro baviog a woacily
af a1 leasr sbow 35 mid, o modulos of al leasy 1600 2id, &
work-lo-break of at Jeast aboud 65 g, as measared by
ASTM 2258, whercin said warn bas a microstructiuns
containing a monccliog cryvstalline component greates than
abowal 2% of the crystalline coment.

5. The multifilamest yam of claim 4 wheoreim be var s
a moduhes hetween abowt TR0 oid and sbout 2500 pid.

6. The mult-filasment yarn of claim 4 wherein the yarn has
a wenacily between about 35 gid and aboat 60 gd.

7. A polyethylens multi-filament yam baving a tenacity of
al Jeast abowt 35 g, 2 modolus of a1 keast 1600 g/, a
work-lo-break of af least aboutl 85 Iz, as messared by
ASTM D225, whersin saxl yarmn has & microstrucheore
containing o bigh sirin orthorbombie crystallios componen
comprismg moee than showl G0 of the onbochombic
crystalline component and 3 monoclinic arystalline compo-
pend greaser than aboul 2% of ibe coystalline contend.

%. Tise vam according o claim T comprising about &0
polyethylene filaments and baving a teoscity of shout 43 gid
and a moduhes of aboun 2200 g4,

9. A composite pansl comprising the polyethylens yam of
claim 7.




