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present invention relates to fibers for structurally

reinforcing matrix 5 materials such as concrete, and

nore particularly to non-stress-fractured, non-

fibrillatable short fibers having a substantially

uni formtransverse cross-sectional area while varying

in two tapering dinensions along their length, the

fibers preferBETAPERED REINFORCING EEBERSi n bot h

tapering di mensi ons. Background of the Invention 10
I\/brt | .1 51.Ng
I e e e S L ey
nortar, a fine aggregate such as sand, and, in the
case of concrete, aFickhofthedmyentiane such as crushed
gravel or small stones. If a structure nade from
O TRE [REsere Mab&ltion §el§ﬂépl t6CEiB&ks  for SéchRBRGRy LBRlforcing matrix
exceed its maximumtensile strength, then Ttracks can
magaialsnisu¢hatasd cometeisr apdgaose pattiedatly stor mopistess-fractired, non-
. r?ﬁE i.0n: |
ﬁbﬁ%&%l&%golg f%l'%?st E%J&ggggﬁﬁslt%rgmﬁlgﬂn?ﬁ&?h \\I/\%r?% El‘o?é—s?&xonﬁl area
while opoying gnaiwot tapeting imiendions elwdgsthsirdiength) éichfibers epreferably
r ckin Thi.s.i s neasured by
mod el BESog kb Ao KPR o gt he
"criti cal stress intensity factor") required to
initiate cracking fithe I jort he ability of
the structure to resist propagation (or 20 w dening)
k . r
h ouﬁlgbr{g%% %LH% Efeg&p?ﬂgzbergtag %’T:tgﬁg] {2 nér{sgﬁ’ %yk?ydratable cement
bméq:rrmkt, anébmsw: ¢fem9ctm‘r, ragfind aggregate rseglyias eand, aindefrothe case of
ef A e nc RC
con%geet% %:Lﬁgrg% ag%regs e Sue Caresa&kﬁ'{e gr gf(:)l { gxlnell %goé‘s% ki? % structure
maﬂdfl fromdmmax of c@fmfréte(ts subfectedi® dtreasts uhis etxoe@hmmame tensile
thﬁ{jfore terrgg b%‘gaéﬂlwdln the area under a
strqng T8 Jpiat IR G Y STUEEG  t he
| oathe 2bilagdifAbé s@edthRCbi reistOératld enitiiors ROEid¥Rdodh terms of
its cross-sectional area. Reinforcing fi bers deS| %lned

its {grengthy, o RhichyistpRoRIHERR) (1A thingarinam dead sus © structure

witRbQPGRERIRS. a{frﬁs kR R by 'a§§é§§x§g%é @mh@mﬁn]sgrzsff?e%d (lelé the

. 6,503,625 US 6,265 056; "US 6,592, 790; US 6,596, 210

critieg! $sss intensiyfgctophireanisddo dniiate Gocking cormon
asspgnefe Bee2Ohand, Nht Nk Paf qht %WB{LEQQB fkisfpropagation (or
di scl osed "m cro- di astropl%, pol ymer WO 2007 1p 2%§6
wideg@in)9f @O i gArackis descrlbed as “fracture toughness.” Such a property

is determined by simultaneously measuring the load required to deform or “deflect”

fiber-reinforced concrete (FRC) beam specimen at an opened crack, and also by

‘measuring the extent of deflection. The fracture toughness is therefore determined by

dividing the area under a load deflection curve (generated from plotting ‘the load
against deflection of the FRC specimen) by its cross-sectional area.

Reinforcing fibers designed to increase both strength and fracture toughness
properties are known and discussed in US 6,197,423; US 6,503,625; US 6,265,056;
US 6,592,790; US 6,596,210; and US 6,773,646, which are owned by the common

assignee hereof. In these patents, Rieder et al. disclosed “micro-diastrophic” polymer
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fibers having irregular and random di spl acenents of
pol ynmer material, stress fractures, and m croscopic
web@avmds ri dges. Subsequently, in US 6,529, 52BCT/US007/002471

6, 569, 526; US 6, 758,897; amd US 6, 863,969, al so owned

by the conmmon assignee hereof, Rieder et al. disclosed

5 polyner fibers having i nproved strength and fracture

t oughness while retaining dispersibility. By extruding
and slitting a flat polypropylene film and stretching

flbel"sh ‘ﬁavﬁlk' ﬁrré%d])zﬁf SnlS kAidoa dplacRdnys fgPoBinicet ainteril e stress
Ri eder achi eved fibers having a nopdulus of up
fracttmeszen@g@psa%tF slevased 2idgPti ng t he stress-fracturing

L@B&gerﬁmsorsﬁg@z%r oydi 8360006} CUS! 61758/8OMY and US
tec cb he structural integrity of the 10 fib

6.865RA%! B ovaser D dhe Srommgn| steasy | hereof; &ipdar e Al “disclosed
polxrlgg'eﬁgexlﬁhflacsnn 181 g\?ed'] [Rele rﬁﬂﬁ&ﬁcﬁ?‘g tbhi@leYd Qvhile retaining

ness in e are tcomercially available from

dls;ﬁ'salmht}CoBstemmﬂmymﬁ difting 9 flat Qatspropljene filn, andigretehiag the
R , t it
slit %ﬁ[)glg elmng mgﬁﬁ U>%1 Rl s&ht%hqgte ??ebepjefe 'a&ﬁévég f1f)a'§ having a

rs aV| ng
modakl | of S upato IEHiﬁxngﬁcglapasBjal zwomng ther etrpsseffreqtalbng/ of the

at least, 20 G fop i
soRb RSP RIS R tn BT e AR B or e
fiber£6dad b6 pesskrvedni ti ati on. Anot her Obj ecti ve | s to
prow de fibers that enha S fhtractlgl %é S é)gacmrc
t heS h‘eﬂqlmoﬁﬁlﬁé? reipf °rF‘t“§ MR RO IES;| gh f’ﬁ‘ r
toufned HEOIMNRGetOar® sbihiicidialy aﬁzﬁ&blérﬂﬁm Gﬁbd&r@@t&ﬁﬁmtlon Products,
Inventors nust, in other words  ngw consider how best

Carpbridasn M1 under thegade ame tHREX-"hi gh nodul us fi ber

Mat 8Lk e She HBiRtREOBE Y pFldSkt ROeRSisdRy &dpWy! fibers having a
respect to the situation wherein the fibhers

moa\udnasa leagsr S ckigapaseplen prd) mare tprefershly jak 1 e%tifﬁ%apamls and
mo*‘e, ber S ég\?f}lﬁz@@ Zéajrﬁt;y ML SR Anflirssd RSask P&{té’rﬁlwlr@ﬂﬁt crack

otrusions. These are made
mltmtnonng poI yet hyl ene having a nelt index of not rmre
t han t 0 n Bure ¢ £
ool 98?%% 8ﬁ’é%ﬁ§?/ %n&) 1er1 hf?érg etf)%;toémmn%ér(gle ek, ure tou oughness o
thetrhbﬁflﬁ liyatérdalphrg abﬂntjatmrestsu deflévsivon oy vedemshg of nd@kmgf:racks The

to 10. was _extrude u
preégﬁ dpyqné?]rg Iggsqt &n &rtnléeét \gorgl 1 g%\@/ pnside g’(‘:’e g‘\%ﬁ I, é:olﬁtrol pull-out
resisii@iBe SF MedIC Redlulh e gB&iemategialsheThisrfrapartyp botst lbsmmsn.dexled with
reme 30 nelt-fracturin

order to . achieve this ext
resperd (@ flersifuato PBFih reckiveay SRRSO P AP OR e § e matix

"malted@prtant that "the convexities and concavities of

HECCTEHTERCTTEN RN ol p—
protRisfond] Thert ey midiR€ pblye@fyfene having a melt index of not more
than 0.01 at 190°C under a load of 2.16 kg with polyethylene having a melt index of
more than 0.01, thereby to obtain a mixture having a melt index of 0.01 to 10. This
mixture was extruded under such conditions as to create a jagged surface, which was
then stretched to generate the surface protrusions. In order to achieve this extreme
melt-fracturing of the surface after the stretching treatment, it was important that “the
convexities and concavities of the extruded product should be as sharp and deep as
possible” (Col. 3, 11. 35-39). While no doubt making it more difficult to pull the fibers
out of concrete, these distressed protrusions and concavities are believed by the

present inventors to create potential breakage points or distressed features, which
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out of concrete, these distressed protrusions and
concavities are believed by the present inventors to
w@e@atiepeot ent i al breakage poi nts or di stresserCT/US2007/002471
features, which WO 2007/ 102956 PCT/US2007/002471 3
could lead to premature breakage of the fibers and
| owering the reinforcing efficiency for a certain
dosage. One of the concerns in steel fiber product
desi gn has been to increase fiber "pull out”
coulddgidbicpremantre baaakegd of theifitereaskloweningabe tainfpreing efficiency
fiber to defeat crack 5 propagation. In this regard,
for 3 gertain dp%228; 953, 953 of Marsden di scl osed fibers having

"J'oshepas esterdsan st fthdr odutt|depigh Hasbeenaondinetease fiber

However, such norphol ogy can create entanglenent
“pulb ] eepistanieg. Regause s Aingrepses dhe by (o1 15¢ ?fjm?aﬁ% defigpt crack

L5 P éf#ﬁl‘l d. Q5 &iphredt BYSB,9353WFMERAEA AisBlofk fibers havin
pn"kﬁ%géﬁtﬁgﬁﬁﬁé aped end§ are believed by thg present 5
“J-sinapedtands fororesisting ppH vk fione coraekalewayen fech morphology can

L L esSaRal i 1titBhandie ATHPRE;
i TR R ol e 0t eglad ol gy
unifendlyeithioa wét cducestd imiar sAlwoe thsupplansd ands see baligad by the

I n cross-section_tha h |l S: SEC
preseRb IYFRIRS g‘? “IRe Pr Efq]%nu}eenﬁmor g | %‘3“.3 gllrféé}roel?eéraklg‘gj ?%gtle folds
of th1e eipROAl icolsarol, lives F4-HEMaisden inglicperd that thetendipestion of
his Iflggxgl atég gtllgp%&t? Podliet: ia?gér\éggcﬁgﬁ?%ggt% E%l% § I:srf’rrxl ﬁés'rt%pés's—section of
the kRdrCofethd fapRERaGTivis HapgiérrddthiaperesepdPaoenof his fibers be

Application No. _JngiGSSlZAz f Kggina, who kaclose L1
largep it bethcthn dongaiyAinat ARG FantYeLte RIPRA FAPSeCH Y eVEG “Bront -
lincBBlubsgnds toward the central part of the fibers. The

geonetry of the Kajirna's fibers, which resenmble two
s| eAdumilen reerPnd appToass as) tAwEht4p Japriiese Fajsat Apglication No.

JPO%IS&S%% P RLEAYW LWRRShistloitd §emf&Rinehehdrt Bf¥erd Ahdegradually-

spersed Into a concrete or synthetic 20 matrix, such
taperbatfrath doghends favsed the ceptralapdry of Hipfiberse Tk geometry of the

resfiricted,.. i+SL ' .
L
desigied ftd howttensilh stramtan the fibehta badispdreed iptala cengrete or synthetic

concenfrated on, one..poi nt o.,th I [ ;
AR DR FLmgBRh) RS SRPURE A0phg, oy
resistifg tRickepehings gindhd matdve Mhtrintent @5Kafimaps ¢s distribute load on
i nventors bel.ieve that prior.art fiber uch S
the (R b6 A< AR OB WRdoRk T A Copgatpel oA bt o tar
prophédtineTeyackRRCRAUEE nfiuGR if pleetmediby Histrindingahe boreakhratghout
a narrowed md-section. In other words, the snal
they@ateik- or snal | est diameter will define the nmaxi mum

| 0aghe Fréskhh hveARAC bélievef thihpribmatt ¥ibdisalsudli Bethose disclosed in

Marsden and Kajima, lose reinforcing efficiency, because such fibers will tend to

break at a narrowed mid-section. In other words, the small waist or smallest diameter
will define the maximum load-carrying capacity of the individual fiber.

It follows that at the larger ends of such fibers, an excess of material in the
circumferential diameter provides anchoring of the fiber by radial compression of the
fiber ends during a crack-opening event in the surrounding matrix. However, this
excess fiber material at both ends does not contribute to the maximum load-carrying
capacity of the fiber, due to the fact that the breakage is designed to occur at the

smallest diameter.
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It follows that at the | arger ends of such fibers, an

excess of material in the 30 circunferential dianeter
w@e@vilawse anchoring of the fiber by radial conptEES100M002471

of the fiber ends during a crack-opening event in the

surroundi ng matri x. However, this excess fiber

materi al at both ends does not contribute to the

maxi mum | oad-carrying capacity of the fiber, due to

the fact that the breakage is designed to occur at the

s M8 inféicMEpefornifc? 00 Tcl RASS HRCThESIAR, pAPRAihal Lo the

The relnfO{ci g per%ornance of the fiber is not,

amoppiepfgngfcsa bﬁegdﬁlﬂﬂq PERt to the anount of materi al

US §chijima’ Uﬂ@pé‘récb EiberskAbildtlsH bepaTieslt ko hﬁih&famubd Iadjiea does
be dlfflcut t o manuf acture. Klgélrrad t de ri be

ot fewribn d1ovs ope iy TPARIRGIE Hecbtonc SBape. O $tpered
geombfry cdn tb@r}ﬁ%a& ctﬁre‘ae(ﬁ{@fc&ﬂtuﬁﬂﬁs l?ﬁsﬁ%@ %ﬁ?ﬁﬁi&:ﬁd WHil&it can be

conti nuous s at h speed can
surmgigedritlas dhe Hapered sonigple swec@ﬁu %Fn%iﬁatgﬁe Céﬁwgb@e%@é RQJymer

mat§ uLxltnpglmn@Ealxt R QT %hat {RhEL ??A)dcegy vibull® e pﬂaEuda? for high

U af’ such a process Wwo e practi cal
volthg hpplicatione sughpdsi foateinfoscing chnerstef oif th%Kﬁflmadﬂbﬁgs Were to be

s 58y M B S SESFHERE B e i e

or s&@tchadg hy ébg:rﬂd’eﬁ pblgmerie mamgnal&oodecs&asetthm mg.llah dlameter the

ext ruded pol mat eri al decr as
surffsc i BTinE SRR by VA BT PIIATE oFi s g RS At Blrpose of
Ka_)%zﬂmh@l@% diéthibite\Potdes aldmf eld béd‘},eoipt!hé [ﬁﬂb&ﬁ of Kajing,

fi bé?nrlng t oggllérgpterr IFbet © or o go axpgretﬁ\?fgﬁn%o gc?utfremgtance from

conbﬂéfer 836 btler %’Athx%ﬁteﬁﬁ?}' Sﬁ(ﬁ"&ﬁmfplé)rﬁ sif@yoid tfbe igldisclosed in
other matrix materials. For exa a sinusoi dal

US{5.98t, 63@, ofi Bendir¢tigh and illgsimt fss@,o"%‘fef%mvglgeﬁ profile
am@ rtud@NdglL ! @Bfe?ﬁqg @ﬁmg PEREOT 8 haneh UPTN684.£19 of Dill
? 8 robl em ?

cri ed fibers, as noted in
(SpEJSaEy Faamam,@),as that fiber bdling (cag; 9ggipmnvéwm jn congretp g difficult

to aao?f %HF lulsrt] %1?'&9) d%‘%g*eg{@&gé %augﬁnﬂlfc@g(ﬂ’ %ll'sﬁ\é'itﬁ each other

so:stseclmnqﬂeefself-eatangmtthe fibers with each ot her so

e -enta nt 0
di fé?‘é’& ;e g 51 DA E?‘B”ﬁ 7 1S|2be‘°“\}§§ Cgmlérp? does not
prodidesa Bpblly Qbﬁyl’aéieryaswﬂﬁbrh Yo sahdrefracpal yus cﬂswltama dfahe fibers.
éenhanci ng pull_ out resi tance of tg‘tﬁfl ber % 1 & S of a
Thipdg Reews8 - Frek 4968 3ohaP Wy \QE7eT 8t Ttpgigal mid-Section

giveP fiBkf. UThBabsuN - tﬁ@@éﬂhﬁﬁed)ﬁbérs @\ piliddesut dfhenerseibt other
I's that crinped fibers can be puIIed out of concrete
magx I@tsﬁg}eﬂllﬁﬁpfﬁxs‘i’queSI% #UP-of a "snake-1ike"

fasii @Rvel improved tapered fiber is needed which avoids the foregoing

disadvantages, and which can be manufactured both conveniently and economically

to achieve high reinforcing efficiency as well as controlled pull-out resistance.
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25 A novel inproved tapered fiber is needed which
avoi ds the foregoing disadvantages, and which can be
woraovafieassar ed bot h conveni ently and econom cal PET/USH07/002471

achi eve high reinforcing efficiency as well as

controll ed pull-out resistance. WO 2007/ 102956

PCT/ US2007/ 002471 5 Summary of the Invention In

avoi di ng the di sadvantages of the prior art, the

present invention provides substantially

non-stress-fractured, non-fibrillatable short

rei nforci ng fi ber Subauargof thve Investiome hand,

substantially uniformtransverse cross-sectional areas

al ong_t.hei r QeoH Pdvides

ot 51 uig @ SRl Beet B e hicn 1y, She losininv el Pidvid
subsf@han‘_eﬁbﬁ-tstrag; ﬁud:thfddunoﬂ-lfﬂ)mlllambl‘ﬁr&}m mnfotcnm flbalts ay( ing, on
ri ng capaci t

the B{]‘FI gt sOSAtAI: SPRPIR; Bt BRFL e BRA B8 1‘5 heic
1engﬁidb§ﬁ@r8d el Mhamhﬁr&r macmgsa 168€ two n@ermm@sm alch‘g their

fi | ength avoi di ng strg\?s fractures created by
lengﬂ@cfﬁlaW 8P PPgtqué ROy CORGHEtS 9, © Hly  ace

anonal i es such as protru5|on qi tles o sed €¥bem
meMaximag lpad-beaging PaRty BY r?Bf“éP@ Py aﬁﬁlérrgﬁ BePs™
are PLaBiR&d %?f' KaiaY esuﬁsﬂaﬁﬁﬂlyh ufiffolin 16ssneBcaibghl naess along the fiber
referably 10- nm per fiber; an aspect ratio
lengtle bysaveiding ﬁgm ff%pt‘erqa createsr iy mgehanigal flagenipg. %‘Hgby aygjding
surfﬁ%r %Pgﬁl?ifl@sr ablky LY ﬁﬂaﬁu&@ﬁ‘é} CorOlon@vitidd caud¥ad blyUsneltfracture

asticity 1n the range of 5-250 G gapascals, and
extrnoioe preferably in the range of 20- 100 G gapascal S; a
tensile strength of 400-2,500 Megapascal s; and a | oad

carExgimplerydrigapéred fkrspefrady heandaagtpef T8 mm g more
pret%qagbr }48'% R & HpdRtAS la ecf ey ?12 tEC ro?tlgn thh® equivalent

provr de Ance between anch oring
dlaxﬁdftdr ofil 10-500, mttbmcsrpapmfen@:la ior &@kra{nﬁatOfoaéﬁog ianmogglus of

matr.i X _mate a -

clasfeiey B fegpBe of Serah Crparefo il Horg sRIEARLP B feShtee of 20

100h@ighpacalsha tkhdiky suapanof mgoaacmm Metgapascahsc kmd peloat ecarrying
to pull out of the caoncrete while the other half of

capagiyy afiPed-80Q PEMIPRYPFHEEr ack shoul d break entirely

at the point whi ch the onct ete strucrur e .
o1 Wagn EETRIR SRR R TG ek ot Pty B TRy SRR provice
a biléndebiiwalis ahfitstingf irQiTpxﬁlh-eut WﬂEntsbmrﬁngtal«ﬁdclcdmcmmes in the

b 25 to def tastrophi c f
matpisGeriah o 1B (b Gar OF FHEHh CREU S es iy BIFFTARd Jhag Al GPRF be

des%ﬁ@@ Y& #far GhESSTthE @iﬂeﬁnﬂianﬂlh &crdﬁ&&ﬂé ciahﬁtopefdﬁe to pull out of
ross-sectional area of the f| ber bod q{u T(% vary
the ggnqq’gpévlpbaqhep@l%r halpfih¢ fbers spanning the crac reak entirely

at the point at which the concrete structure becomes pulled completely apart at the

crack. Maximum energy is thus absorbed, from the time the cracked concrete begins

to deform, until catastrophic failure of the concrete occurs.

The phrase “substantially uniform transverse cross-sectional area” means that
the cross-sectional area of the fiber body should not vary by more than 10%, and more
preferably by not more than 5%, along major axis Z which is defined by the shank or
elongated portion of the fiber body. A uniform cross-sectional area is believed by the
inventors to confer the highest reinforcing efficiency possible (unlike the thin-waisted

midsections of the Marsden and Kajima fibers mentioned in the Background). Fibers
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preferably by not nore than 5% along major axis Z
which is defined by the shank or el ongated portion of

wo b@7flodeee body. A uniform cross-sectional areBCT/5S2007/002471
bel i eved by the 30 inventoré to confer the highest
reinforcing efficiency possible (unlike the
thin-wai sted m dsections of the Marsden and Kajima
fibers mentioned in the Background). Fibers WO
2007/ 102956 PCT/ US2007/ 002471 6 of the present

of tlilé“;ﬂ?é%%ﬁtoﬁwgﬁt%rﬁaw *shdrfn i hgaist mb%yargrSel(ﬂ} ixﬁlﬂ nmllelrr]xgth and more
engt and npre prefera - mmin | ength,. an
prefembly 60 apmoinyongthe aah 1Ry clerly BV A PR o T terms of
lenghfRU iR Gin@b oot 10i5@pet er of 10-500. The phrase
"two tapering dinensions" refers to and describes two
di f'Iffh%r se Bl ARPEHNY dRRBAVORY Srefért tbind disvSbesl &Y different
of fiber. If the "body or shank portion of the  short
tapeping thebaviers withiara giseh hangth of §ibets dlf the bady ef shapkgpoztion of the
a2} 20fi i i AheR FHIABAGGUX Ahd Y are
shost BF BBk @tiefinds R BaPmafR R 7 el BRGD M v ar
definedaspapatdiorad to axisof ahe taeadhinghdr, ard thieitansyerse; crgps-sectional
i m.ni shes .gradual | v:. 10 . ' Ie bROLE AES afes X
pm@ﬁ ¢ f?'?},‘e E@%nlg(érf TR tﬁ?ﬂélgg%/%‘rg sggé@ggg i c‘?%eg %. g ea o
and NEreven as shesdmantnsakktoss-sedtioabnareh romaind syhstantially ypaform, from

,along.major axis Z. Jt. is ef.erabl e t s
poir B @it Slons AP 415 7 i wefezdiit Bl e BRKR dudant atong axis
axist?.eAE hbﬁfesagﬁaiagw\fﬁm fileifsi dag doer @mmigaﬂ&i prgc_:esphh_gcarx]nﬁtdrl]m@g of

0 the fi pers, lch 15, not _expect to dijmnish_t
the Blpompieiie A aBerd 14 SRR IE HegPmaRs. Hisay & Ptiie for

the BiBBLs, toHe! B, culr VB tr@ibtedlor@en ceimpeaqend Astce @R akisewill be
Z axis wll be deened to have lejch

ay eonetry far e e s
deeqped i 19 haven §_1|1Chp ﬂ?’%@‘&é e rc]gfw}t}or@ P pﬁef%ip)s obLE5agam it is
pref@fr@& Qe ik FiPab o) @r ShAR! pQBEYN belas ShaBkt fQdskidle. be as

strai ght as possifble. Thus, exenplary fibers of the

: ”Vfﬁﬁdé, Re RTHP{' iffiRre of ItRe inRad¥n RV t4VPibeP BR@S Bdving two

ends defini hg Therebetween an intermnmedi ate el ongat ed
oppbeetl eqds defiammg) thesehretween i ienmediaip stlapgated (bpdy (or shank)

por{i]&{] 'vw?'}i%l?f‘s'Jbrsﬁngiylﬁf ﬂoﬂ-@ﬂc@ﬁ%&ﬁfgdi ld Sibstantially non-fibrillatable
Aon-F1'Bril T atapbl e upon mxing into a matrix materi al
upocauntixing troren tMdtiip usatewiah osich eas, cempartitiqus, cprpposites, concrete,
hot cr et mor.t.at,, sp . or efd.C y E‘t’irlh&f'
Shof%%tﬁ’ prgPﬁ?rOnas A |ithi %rg s%%egulct lfgﬂlg%m n%aﬂjeo r%gbg i @ 7 and e
longiwginalsimafpr ( Mis & anbscanpiisihg WA)na fsobstratiadlys waiferm transverse

cross-sectional area that devj at n t 9
croSFeRgRe HPLNEE SR POt Ee PRba0 Bt i Pfertiing more
thalti)fS%,_f'&:iotgg ﬂﬂ?ﬁhgﬂi\ sothe e_ﬂﬁxﬁgzdtﬂh bgﬂ'lj}' gbﬂiﬂm{ whiegh defines longitudinal

ongitudinal _major axis Z, and (.B) .a transverse .
majop o%gs secfnd (& ibr%?qu%rsﬁanPﬁsgsetc\gwg?laB‘éqfﬁ% ayiIg’ two tapering
dinfnSRAS ifef pufl Wut Pevidtariel the Sirgt@apatng Bimgersions beduaying iing first

dimension occurring in a first trapsyverse ninor.axjis .
trangvelsa Miper Hds Peiiat Suneapendirulasite azfsﬁﬁée §%°88H] aarzeaw&rﬂi*ﬁﬁnsmn

occilifE '’ £8cond transverse minor axis Y that is perpendicular to both axes X and

Z; the first and second tapering dimensions having inverted tapering behaviors
wherein, as one moves from point to point along axis Z, (i) the first tapering
dimension along axis X increases as the second tapering dimension along axis Y
decreases, (ii) the first tapering dimension along axis X decreases as the second
tapering dimension along axis Y increases, and/or (iii) both aforementioned tapering

characteristics described in (i) and (ii) herein are present.
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occurring in a second transverse mnor axis Y that is

per pendi cular to both axes X and Z; the first and
wa@ewanas@per i ng di mensi ons havi ng i nverted taper/usm07/002471

behavi ors wherein, as one hoves from point to point

along axis Z, (i) the first tapering 30 di nension

al ong axis X increases as the second tapering

di mension along axis Y decreases, (ii) the first

taperi ng di nension along axis X decreases as the

Seq@p ﬂﬁmﬁe@p&’f uAgs v SeE Bids ©Bectionalg peofilss 6fi ther fibeseare possible,

and/or (iii) both aforenentioned '

{
inclyding hut vy Limited to@diicle @2k SIS %ﬁgg{ei’ 4659 rqctangls,shapgs, other
quadgpgt%ﬁﬁtshaffg 208 Hol{biRabsipts, Uad0an ROdditle batwel WA these

transverse cross-sectional profiles of the fjber
shapes.e Plos profile, can modubita getiren b £irst; fhape pavingaa it XY ratio
va ; r
(measunJ: erﬁoaill é{( ﬁxﬁ‘lo?rélg sedw gEd 5?%@%&%&3@15%613@2@ Yaﬁﬁl'ikg aa%(ls) and a
becdiliﬂd sHapt chbangwee aeczm;i X!Y tiatig ethats fig éffcremmh &ropr dk¢ [fiastc prpfile.

Pref{goﬁr% %&e @%ﬁ@ﬁﬁ%ﬂeﬁg felr gﬁtduﬂ{ rﬁnetﬂ‘%\ré{l ra}%lsgalg(li (Efé‘lg/ %/)?’ ratios at

leastiRAGE Midanbregrefegably mvu o flﬁmrsmmaﬂd Itanaygbe pnsjsitgh tmhave up to
havi a second X/Y o th dlff reni fr he
mwg?u%ﬁw epondipg opdp twe §P8% it o
| at es het ween f|r t econ
Sieet AR LR PEFERAET P ’?Q{e‘fm&‘%’t 188lsRing hydratable
cemlehnﬁ&)s Retefiabdotanihg ﬂk&lﬂlﬁerkl,msthell ashinethypdsrfmtuhalting e fibers.
dependi ng on the nature of the fiber and matrix
mat@frihk advaidia emﬂ feqars of dueinyentioredre Fupkertdescribedan detail
matri x materials, including hydratable cenentitious
hergipaftss; a) s containing the fibers, as well as nethods
for making the fibers. Further advantages and
features of the invention are further described in
detail hereinafter. WO 2007/102956 PCT/ US2007/ 002471
8 Brief Description of Drawi ngs An appreciation of the
advant ages and benefits of the invention may be nore
readi |l y conprehended by considering the follow ng
witten description of preferred enbodinents in
conjunction wth the acconpanyi ng draw ngs, wherein 5
Fig. 1Ais an illustration of an exenplary short fiber
of the present invention viewed along the Y axis
(which is perpendicular to the indicated X and Z axes)
wherein a first tapering behavior is shown between
first position ZlI second position Z2;
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Fig. 1Bis an illustration of the fiber of Fig. 1A

viewed along the X axis 10 (which is perpendicular to
wo b@7itmdscat ed Y and Z axes) wherein a second PeEpesiony002471

behavi or is shown between f§rst position Z1 and second

position Z2; Fig. 1Cis an illustrative representation

of the fiber shown in Figs. A and | B wherein the

cross-sectional areas at first position Z1 and second

position Z2 are shown overlapping; 15 Fig. 2Ais an

illustrative repﬁsgﬁatio of ;ﬁothw exenpl ary fi ber

of the present i Seribio o rv%.ﬁgtheYaxis

(which is perpendicular to the indicated X and Z

axes) appreciation f fthe sdvantgees iang bontfityiofthe invehtom mayi kg more

is another Jillustrative represen ' : j
readfy etpienseizdnp §orn . BrcORo SR RleR yeRluabiibh bt BRéferred
emlj%ghﬁexﬁﬁl irgbtbrijﬁndtﬁ)rihgh 'tlghmhdcaﬁx@dnydﬁgﬂch@ngsged)ewﬁler ein a
second tapering, behavior is shown; Fig.. 3A is an. .
156 PAcs 8 TEHrEih oLt realad et ioasi (5e FF5eft yption
viewd bitRig deegentis i(WHEEH i Peipepdiedan tonle tihdicated XX sand Z axes)
(which'is perpendicular to the indigated X d Z .o
whesgias figsh dansringbetyaviar is éb%‘?’i‘ r'i’ﬁt"bf'(?ﬁaﬁﬂsb pojidon %gvﬁﬁ?‘”}ﬂ position
Z,; 3B is another illustrative representation of the fiber
"of Fig. 3A viewed 25 along the X axis (which is )
perFigndBcisl am illestration; efgtheafiber of Kl 1A anegd gingethg X axis
C ; . ;
tFiF R P bRAEN0 S IRE e ? AR afid Witk f Spgond taperine
behiavioe ist shownftetweernfiist gofitibe Zs and setoRd gosisiopnoan

il .ion.Qf fib : ;
opphiEedC 3R el et T Elch e 1 ohE: BARREh PRLYPRnd 15

rons in their
wheéreinctataysestétionad ardaaaefrst positiop Zij hind gecond madiviin Z; are shown

taggiri.ng or bi-tapering features on the fiber. WO
oveslgpRiNg 2956 PCT/ US2007/ 002471 9 Detail ed Description

OL ngele?_r g@%ﬁl?@d%ﬁwi@ré@nfmbhi efatbther than@argréibyr of the
above, fibers of the pregsent invention are .o
Presanb §1EAEPANIGoHOBE it £ s CYFR & BiTEe e i tog ipgioated X
and 28z dsh WHeldidbdhbErapdii@SBetavor fid i¥wn;char act eri stics

are _defined, for exanple, in US Patent 6,569, 2F6 O%A )

Ri eHigr 28 isapnothey Hlystrativaprpgesgytating of dhendibenSLilgaegd viewed

- 28y (AR Rl S&Epsidi PY &N herei

s YE0K B (AR 8 SERRAGIE! 08 pLIpAPY S i i
secoid tiperingbehayseranishewhy free of internal and external

st rﬁlsg‘?’ 'of/{ St ﬁﬁxstrﬁﬁsg representation of another exemplary fiber of the

present invention viewed along the Y axis (which is perpendicular to the indicated X
and Z axes) wherein a first tapering behavior is shown;

Fig. 3B is another illustrative representation of the fiber of Fig. 3A viewed
along the X axis (which is perpendicular to the indicated Y and Z axes) wherein a
second tapering behavior is shown;

Fig. 4 is an illustrative diagram of an exemplary method of the invention for
making fibers; and

Fig. 5 is an illustration of a fiber material being shaped between opposed
rollers having undulations in their circumferential surfaces for imparting a gradual

tapering or bi-tapering features on the fiber.
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as mght be created by grinding nethods, nechanica
flattening nethods (Conpare e.g., US Patent 6,197,423
wo@booRiledss et al.), or by extrusion methods whPChus2007/002471
di stress the 10 surface of ¢he fibers (See e.g., US
Patent 4,297,414 of Matsunoto). The general intent
here is to maintain integrity of the individual fiber
bodi es, not only in ternms of structural fiber
integrity, but also integrity and uniformty of the
total surface area which contacts t he surrounding
mat ri x natketaidéd Des i sz pf Buoéflervedt Emboiimenise
behavi or can be nore carefully controlled by the

migcgf ?gtn m a ik %lﬁmfﬁ LRERhER, Chiydr® dfeNSéhent 1i5iv§¥tlon are

atabl'é,™ the "present inventors nmean and
subsftaftmllytxmnl-mss/-mdmlred ik substrodiially noheibrillataide. These two fiber

conS RS0 b 4 Sk OB, BN i 2 25 M Riger o st

owndihyi the bo@niBAldsbignéonggesf.t i on to the extent necessary
to achi eve substanti gl é unlforn1d|5§ersal ﬁf {iQensd..duﬂ
inBn en‘h‘?'ﬁmsﬁtﬁaa‘giﬁrr&‘ PreyBhMVRRIOGHIERY 2R e O v
fibe%ulfﬁ mtﬁﬁﬂe%lub&kiﬁﬂihl%sfré@ BE [if¢rfal WM Glterpaldtfdss Sradthires, such
sand and stone aggregates, the fihers_of the i ntion
as mightibg qreated by grEding Hleéliﬁﬂsb grechanigpl ﬂﬁ”&f”%ﬂﬁ%? 5 (Compare
€8+ FﬁrS' m%ﬁt%elé’f 4% 6@@1*&11519& 49 or'B X‘é}ﬁﬂlsidﬁ%&hb&i ﬁ'hﬁdh(?d"istress the

ey are evenl IS erse in the concrete.
surface of "the fiberntSes ¢. g s m@a 4897 stiiof )Mh‘é“‘?‘ﬁlé’)p hTB% general

mteBP ﬁgreslg %7 mtglli)%{e# 1?)d of afédindl%) aﬁ I E bdALARIE only in terms of
acture of ers or mxing

stru?.ﬁlrﬁlf flbelsremtagmy,sbutrﬁtlsp ctpgrityt gld uqung‘upb efithg totplosurface area

sur f shes. or

wthﬁ 6:P6t§8t8 s%% in ma%nx rqaper af ds\?\l/ﬁ}é Fhea? ?HE-%?P Bis?stg}cg behavior
cm@étxhbhféﬁﬁréfﬁmﬁb&)tfﬁlfedtby:ﬂle }mﬂrmﬁmtureﬁfrom miecﬁibm'(b@pnhdo the next.

phenonena erfections in th
e B s RS bR e S e e
bod&éke tifdtbgs il fideRnaRINGeaudd o siiaMérn@iben or fibril units when
aggr egat e-cont ai ni ng concrete, Such njcrosco

meghpeially mived, infg and deiagdcwibing Bt RBBPaPB g thp exten
neceisafy %ofﬁc%"é%ér b\.ﬁﬂtd?ﬂhaﬁy biidikdrat idXpetsal tofefib&dS® the mix. For

cont’enpl ated by the inhventors. 2007/ 102956
exaR@I¢,UBROD MIOBINGTd intp0a TRASTIK dRAEriAlasaRyasgenerFig| Which contains
sani HHaUdGR %%é HRNEfeRforMBE Sivedtisn khGHd @0 rétfice into smaller

rernforce i bers, I ncluding adhesives, asphalt,
fibuikareidies dmmgpbstm@ reatierd for gnigingghe fibpisgpek hat they are evenly

a iC oners such as rubber, and structures

dlsﬁ% r%‘ﬁf&ﬁgé% materials. Preferred matrix materials

of The uemaemu‘bstrammiu Ude uspdr for amodifyimge e pheages “pon-stress-

Qsi ti.ons ~ast e - i , ..

fra“c‘ é npp-at ﬁ&@gfa%i OnErars HR{]‘%? cre E‘ﬁ,@g%%%ﬁ}e, fibers or mixing

of el faeds irgy RettReka el pesiblefor sofeuminfaas beomplassi ¢1 hneads to be

seeiloart amglcl:r;)sbc%%gcdls Zrel particularly where the fiber are extruded from synthetic

polymer. Such microscopic phenomena are due to imperfections in the polymer or to
the extrusion process and/or due to roughening of the fiber surface on account of
mixing in aggregate-containing concrete. Such microscopic events, then, are not
considered manifestations of stress-fracturing or fibrillation in the sense contemplated

by the inventors.
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gypsum and/or Portland cenent-based fireproofing

conposi tions, waterproofing nenbranes and coatings,
w@pe7a039e6 hydrat abl e cenentiti ous conpositi oNBCT/NB20011002471

can be supplied in dry or 1wet mx form 10 Fi bers of

the invention are used in the paste portion of a

hydratable wet "cenent," "nortar," or "concrete."

These all have' pastes which are m xtures conposed of

a hydratabl e cenentitious binder (usually, but not

eX CiHéSieal ‘}fnatﬂarmhaﬂdls” dachedds, a ressinrapge effendteriags that can be

. nortar cenent, ude 1. nmestone
ceinfygepdp e HooT Hieling AaHas VoS AR L B e iR g gterials (o8-
resifs) aﬂastﬂfézélﬁétﬁﬂﬁers AR 28 irhibbed, dodstruetured Made ﬂx‘fmﬂﬂib&r matesials.
commonly used in such cenents) and Z? 61 are
padtreteriedameirih Matgrials oF |theyiln "F‘Pﬁe’\ﬁg]g‘;‘a?é’g}' aablg fefpegtitious
comdRtonSRA &8¢ §§st§r1ﬁoff&" telay-mpdiddceaa! pit-dasCéaitidig, shotcrete,
oar se aggreg such as sfmal |l stones and_ crushed
growgy asmted "Eypsemthased u@oncmSWpdgliqhu @mseomppositipns; fQreAyallgppards),
t hus & n I r r n
svpait sl o PEREal BB st MeebROILE ERpO oy apigtproofing
merﬂbnanag and qoatings, ambotheshydrableceamesititions cempgsisons; (ydHch can
b g%(fra abl e enent .tious binder, water, and fine
es&ﬁﬂ arse 844 eg‘&t es, as may be desired, with the
f i bEibersdes elid eknkion eira. usEd enpﬂxaryastd pertipnopf tahhydratable wet
.._lnventjon mpy co| r i s st eel r
cemste syMt O p f"s se e@% eié}9 fask P& égsg r%gl iclf"ar® ' mixtures
conffoRed of hﬂ@drz&ﬁble tvéfneﬁﬁtlmhsi Bﬁhﬁ&d(u‘sﬁally, ok ot ev;dluswely, Portland
al cohol , pol yet hyl ene (i ncl udi

cenjeat, mww:éﬁ%memow FOFE] fmers, ?ﬂﬂg pay al}f’éﬂ‘g“d%ﬁﬂ‘eaﬁ"f‘? Jrydrated

limf & Hhhtedeblaftt iRfhocetiay] poLlolad0lanar siiyd €ome or other
poléoxme hyl ene, pol yam de andtherrmtr0|clleg dg 1
materiglstcgimmenly meed In smé ceplents ARG W alfE o MPTErs A pasfes Fdfisionally

il ifludi
i R R TR T T —

coassgi tagigtagateesiuchoms | m‘)ak}) asfopeyi sndercrasheflogravel t hilegpagntitious
cor%%r{%?tgé)nsf I(Qe l:.he H{Ue}mo\g use)x(&gplaﬁd 1h 'd¥' AUk thi kiﬁfegomg For

es may conprise confi'nuous fine carbon or
examplmaet cmmitynm ad»m;(orsmmmnhy bk fiotmecdaby KEM.HAR@@)Hed amounts of
eri al.

Ce% éﬂ?tela F,y 8?% |a% gbni]ecce%rle lt]IO(JQ mxg&]er &'L”a?lﬁ fm? and/or

even I anent
coay@raggmg&snaﬁuiaysaem@ﬁmd wﬁﬂgmb fﬂmmkmscmb@mdrem by

ol i B RGBSR P85 B one o
mo?@@?ﬁtﬁ&?@%@ly%g% \dieRd/ B64hE grodp rceﬁﬁ'stﬂ@ofmdlﬂlnm laniged to,
strength., Other possible terials, from h.t low densit
polyyiss} SleohalpeolysByivae Grrrdie fﬁ@% Aegsity, pg! yeﬂ%ga ow density
pol?&lﬁ&ﬂ:lngssarﬁi eQltch. h'1 rﬁ@ﬂ:’cﬁla(‘ev@ightgb@@%thyq?@feampb)%ropylene

drawi ngs DTOVI | ustration of various exe Iary
polypbgpgﬂwk;npad}quqrmdg and thermotropic liquid crystal polymers.” The

preferred geometry can also be obtained with a composite material such as a bundle of
fine filaments or fibrils bonded together by a suitable resin or inorganic binder to form
a thicker “macro-fiber” unit. For example, individual fiber bodies may comprise
continuous fine carbon or aromatic polyamide (commonly known as KEVLAR®
material) or glass/ceramic or ultrahigh molecular weight polyethylene or even metal
fiber filaments of very high modulus and strength bonded together by resins such as

nylon, epoxy, polyolefin, and others, to provide a composite fiber possessing the
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conprehension of the present invention. They are
presented to enphasize the tapering 5 concept and are
wmea7domdsm to scale. The fibers have two opposPamyUsId®002471

whi ch define therebetweenilan internedi ate body or

shank portion which coincides wwth and defines a

| ongi tudinal and centrally | ocated major axis Z. Thus,

if the fiber is bent, curved, or twsted, it nust be

physical ly strai ghtened by hand or held by other neans
required théduliiend Stirdigith.c@thebpossibdp aratgrials fraedwhivl the fibers can be

consi dered i.n three di nensi onal, space.for P S

forrgat SR PSSR (- EndEr PR ERD, IRESEYS Y s Sethuieh
Whiale dfavBREP PReViael|iBasttatioh el vaBgW@r eﬁempla@ Vﬁiblefs tve facilitate
designated the axis X (and this wl|

compeheB b, ROPEER YSILD. B8 SresapiraGieBiehatipe g dopering

conééé)b Ghd cﬁ’a%oce anlter Qﬁé \¥jeSehdUeWVo éﬁﬁo‘ém\gfﬁrﬂb which define
rpen ar to both the m nor axis nd

therbbmg'ﬁcrudn nabnmqme bady o Fhagk| portien “de@ gqmeéas With apd defines
a loaglgudqlgaltagd%gmv{% 1¥ Yb%ﬂ%ldlrga_]gpﬂlﬁfﬂooﬂ%st & TI]Q €ibkNis HERE Thrved, or

mensit on as an oval rect angul ar ,
thsmsd ot inestibesphysicullyctraightaned tbydrald ogﬂv@bcbbb pthep mesfans &9 | that the

t t
o] 5 PRS0 SHPEERR 8 Db S
of e Cbrésh:ﬂt iventiah. (Qr@strarswerse apmlor mglsdwﬂmimsopgpm@qﬂgmo the

i BSSER b1 e S S R I R B 0

widtB R Wibler diniepRion0bf W fitker); el destcand uimsveesmpioe ax@ wich is
de ree angl e W

b SRS X S RS LEBSE .2 i ve

des&hgéarﬁs Jum! et thiRONAN Bfuallyt corfes &Ld €y @k tiiakndia dimgnsion
an approximately 90 degree angl e fEaendl cul argmafl S{)ape or

wherhdheifibes dgs anv@val afretangglagi ?Feﬂ@ieaﬁee t fpys-secti
é&gvenlent As shown in Fig. 1A an exenplary short
tapered fiber 10 of the present 25 invention has a
f i r'Ehe pegsent inyehiohaepriemplate Hiat dt isepossitile toiere WaGdban two

dlf%%erng garpt plgglcfg# Fg' Xﬁ%saﬂflrﬂxﬁ%e Yt f&?ékﬂzw%@ﬂn% %hmensmns need not

ransverse m nor s and
nechﬂ;ﬁgl}t biel a0 dem]ee) angles with resfieet toegagh others Izis@oissibled thgrefore,

d d th
to layg mgjz teaﬁéritsnﬁecﬁﬂegglf)n f%“%h eevsvled%ﬁ af %‘é} e)gaéxq&gya Eﬁ rdteéﬁg aglgfe with
respiRs itgiaé secdnidr ipeing idimeamsicfil, Fandmaliefiptrhers @ntbmplatedfin the

I s desi ghat as second posi,tion, 30 7Z2. This_ f
pre§ea)‘5épy IOBeE‘Q\WeBFr 1L 15, Bl eve&h%lﬁt H’%‘\,}P% gant ﬁpepréxxéﬁsatgl& 90 degree
andl€{ferpshdidudat) fOf thk Aeleadtltvoshpeaingalimeasions grmdsl abnvement

narrovmng of the vvldthfro tho e
of #fiehormply Figy 1453 P frede 20 G o S present

invERRGT 1HAY PR kfferia Eé]ﬂ{fmt&r thiracieiftid Meheneximeldaslyng the
bi -tapered fiber illustrated |lg Fi g. 1AV\,henrotatS(d d
tragpyerse JRISS Yasis Which wpoperdianantsthecansEsse figge A74xis an

longitudinal major axis Z. The major axis Z coincides with and is defined by the
elongated body portion (or shank) of the fiber 10 between one end, which is
designated first position Z,;, and the other end, which is designated as second position
Z». This first tapering behavior is seen, when moving the eyes from left to right of the
illustration, as a gradual narrowing of the width from Z,; to Z, along the length of the
fiber 10.

Fig. 1B illustrates a second tapering behavior or characteristic of the

exemplary bi-tapered fiber illustrated in Fig. 1A when rotated 90 degrees about its
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12 longitudinal major axis Z. The fiber, as shown in

Fig. 1B, is viewed along transverse mnor axis X,
wovkioeho19se per pendi cul ar to the transverse m noPCEXSB0O¥002471

and | ongi tudi nal major axil® Z. The second tapering

behavi or is seen, when noving the eyes fromleft to

right of the illustration, as a gradual thickening
fromZ to Z2 along the length of the 5 fiber 10.
Fig. 1Cis a-conposite illustration of the transverse

lonéitrugﬁfai &ﬁlﬁ»‘%ri XL FlfmfﬂizﬂdiSasf sﬁoﬁkﬁiﬁl Fip. fE,riswti)epm@i aliong éﬂ'nsverse

_and second position, Z2 of the exe ar i. - e o

minpi §Ki5 55 OVHIF 1S RETPRRUGER (G- dFeng Vg Tanor, g1, Yo Pt B gimdinal

maj8t 2007 ONGH {deGhd dpelizWeha¥ibs isseeh] Whén niovaiisiterees from left
axi's X is designated In the horizontal dzzr qctltohn of

to righyof theillughiatianmsriosradiplithickenig fiomn4) to 42 4lgng the length of the

ﬁbeggé.i gnated in the vertical direction of Fig. |I.C

nce, the cross- sectional profiles of the exenplary
bi -Figpé€eid o cdraposi® Hluszatiem af e HpRSVErR§ FIOSSssegtional profiles,

overd i ' iy |1 usd i ]
R ARAELTRAE syl b 2, B0 TREmBIR] 1 perca e 10
illustegédy o Fig. dsardXk, (heoatieded aldngelongitediodl magoryvaxixiZs) Minor
and OXR (J,aqcated to.t.he, nright 0 he. i . .
wandusre Suii <o desieangd g steonll ehfigh & Fle G while minor
trarsVerbd18xik D & debprbiedsinaht ivegicat dirédtivin ofdtigt 1@n Hedhcanilie cross-
progressi ng_towards second | ogation.Zl., Th hade
secfil PERTLET B HEGRAPRIRG DHEDFER ooy LA Z1afE Zaeagrds =
oveRSppiNg cohiposfed1aRaven! NEheXshaddd pbriasid locatBd Gloagathe dninor X
be?owthe X axis) represent the ch

ange I n
axig prsh designatedoasad Xa (logated de (e Jefigof e ohaxis] B At Jgsaled to the
1ot ' ' ' i arda0scthir@iy #2the fib
ngl{h?g%%f{lf%g{)eﬂﬁgggﬁlg?&gé%aﬁgr}s%ﬁfnﬁt otC z;I ofﬁlr KXL .and AXR o
10 sthusinigcht Biest hocation Zotand progressing tpwagdyencend josppipn gy Thg,shaded

% { i | : e the
porﬁﬁléselo%gtga a o{?gg tglfa r[ﬁﬁlg)r SE T AhdldeSknfed 2826 {Beatt§b&Ve the X

urpose present invention is to achieve
axif)i dnelr 8Y h flotated helowbgieaX taxis) rgprageint drenghapge frs grosseectional area

cross-sectional area al ' ' [ .
oo 0 bR A o 2, e
difﬁfet?iﬁeibﬁaﬁ?&ftlne rsimgtocaflrbftt‘_@éL dﬁd ar?fﬁ'zshmgld be ao amzmkal);?e I150%, and

W e follow ng rel ati onship: 0C [ Q
morg prefgrably; RO nepse '%@’ﬂr §eﬂ?2hec ﬁ‘gmctﬂgaﬁgog/ ‘gg? v%‘gng‘tehe(mg of the
purpBids bffth@presbn@iiehtiéh o &hRvatfibbls hiviligreesubstantally uniform

wi dt h/ t hi ckness); "AL." represents.the | ength al ong

Biidigal
trapsypEse ZIosp-sgriipnak preaginneden ‘ﬁ’éa §*!S 4he di st ance
bet yeaRiél pRFeréd embolingshts dfheNfveitibn, tHe ani@it @F efpesing can

fiber tensile strength, "A' represents fiber
be detowningd it peseEdange @4th thg follgspinggelatienshiR i per
conpressi ve nodul us; "n" represents the nunber of

modul ations AR fAAJE" oc (ce A)/(ee*n*Lyp

wherein “AR” represents the change between the ratio R at Z; and the ratio R at Z;

(wherein R = width/thickness); “AL“ represents the length along axis Z of one
modulation (e.g., the distance between Z, and Z, in Figs. 1A and 2A); “0* represents
fiber tensile strength; “A” represents fiber cross-sectional area; “E" represents the

fiber compressive modulus; “n*“ represents the number of modulations per fiber

length; and “L¢* represents the total length from end to end of the individual fiber.
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l ength; and "1,?' represents the total |ength from end

to end of the individual fiber. WO 2007/102956
wERO/WeR807/ 002471 13 The softer the fiber nmaper/ustop7/002471

the larger is the tapering1dr anplitude in the

profile dinmensions, e.g., along transverse axes X and

Y. Another exenplary bi-tapered fiber 10 of the

present invention is shown in Fig. 2A. The fiber 10,

which is viewed along transverse mnor axis Y, has a

gr gihdadofted thé @bl Meateridie thev laegexdisf thermperfitg b0 amipyihtdeoin the

the illystratio between fir | ocation ZI and

profile dinensionses- g| long;EARSYerse axfs a‘ailggual narrowing in

Wi i hhRet MReTH Qﬁct rbd BRver |10Catt thénpréé’erﬂl’iﬂvéd‘niohdis shown in
fiber Iocatlon e sane fiber 10 i s shown ’?I
Fig. CanTbe fber Mashiciis giewvecrplpng traneyerseymings axis ¥ has-a gradual

& € Qﬂd&léwe& AfdRF HRAP D f e ﬂlﬁ}h&h&ﬁﬁ%eb%éwmst fiber
ISt ocat| on and a second | ocation Z2, and

Jocation rZesszdmhcmgfl fiberytogation Zxnatdagsadus! DATERES B w&%ﬁwe“«n
seconfel lo a 1on l%?n&%xﬁ{]ﬂbéhbf:ﬂlclrpz %%e fx r RPERASWh&long

Re cross-sect | ona t aken at
tranﬁle,rseZﬂnnGmdxﬂ?X irhEig. 2B.eviéchasna tChGequnémg gmdgplodgcrease in

thic 8 A o s O b P B R OrRioE 75 ! AyRRgponding

gradufl fisgcrga38Sinbthickinbat bétheenhséémrdetdcatm tngarslediurdommlon Zs. A

profi l be used for ZI ul d ent
compppie {SHafoR pEiths S S EmH SrOer apRPLA Ao iy 2o when
viewdiOMthe RifecG6n a]%ﬁg&ﬂéjoﬁ Bxis &) &y sakmbleothBaveposite overlapping
nodul ations (i romZl to Z2 dfrom%itgotﬁélff ¢
llluSWPé‘Oéers@esPé‘éﬁﬂ%ﬁhPWBr‘BfFlgeé or Whi a‘bé“’spﬁis f thafhs lifferen
cros%l rs@cﬁ&ﬁtl PRes BOkeltfol 2, RAETSEHRE VeliRtferehe s 3 Rstqretétable.
and distance fromZ2 to Z3 be approxinmately the

sarffahe bistaperehdibarkd) shayer in Figss 2npnd 28 cambe spigpto have two
tdan [

mocﬁ?&%rﬁ dfu? éffrch?] Zo;cg % %Ha %ﬁl ﬁ};)ﬁ}?’e%%} a’?@e Eﬁ{stk-gg%t?félap pfdffes or

shapSaster]l&lcsz tahfetlpr e tandriy é preferreds thaw dhen disancgiZy o Zp and

dxstgqxc&ﬁﬁo 3%,] g(r?'se ¥0)&19‘fat \f?lﬂ%{}sirﬁ dvéu%ﬂptﬂat' e Fﬁ&:r(}%s said to

nor radual eni ng
havé tWwonddulaiofi? o pde éompief@nbdu]ﬁﬁoa pdnad gr etliepf modulation.

P ?L‘é?fwitggr %\%]Fé?v:lﬁ)lg’ity tég%egﬁ er. 1 t r ansve preseslp 1%7'énu§£‘ ?s §210wn in

rSé m nor
Figd.BAagd 333, Thagiber 40f whsqoisdiiaged rimd‘-h@IBAi eatmrgalsmswnrse minor

LCT N NUCTEMIR R YRR

narowing i fveidaP om thao Z0asd Z@lezyla'fhepﬁilﬁérl l(ESwh)én Zvaxddalong
Z4 are the sane, while the cross ctlo L‘g‘iﬁOfll %hkn
trangpersy miger agnd Pigr 1S SeATEFSPARInE BEAGAL fdHreasg i thickness

frorgezglvi%% dold frorz%3 tg% aéta %g@uﬁ%é}&ﬁsetlﬁ th&&ﬁﬂ%s fﬁim@lZ/z to Z3 and

hat the exenplary fi ber as shown in Fig an
Z4 @%: Prefably; thetasdesretpRAlPraRkes 0B L2 R Z9 10 Wc? ‘omd While the

crof20RtiEhA &Bfﬂéls YrANZPEIHI0fAS 2@ the same, and the distances between Zj,
Zo, Z3, Za, and Zs are the same, such that the exemplary fiber 10 as shown in Figs. 3A

wi d%r

-

and 3B can be said to have four modulations or two complete modulation periods or
cycles of modulation.

While the exemplary fibers of Figs. 1A-1B, 2A-2B, and 3A-3B were shown
with fiber ends coinciding with extremest cross-sectional profile dimensions (i.e., of
largest or least dimensions along axis X or axis Y), this was intended for illustrative

purposes only, because the present inventors do not believe it necessary that the fiber
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30 cycles of nodul ation. Wile the exenplary fibers of

Figs. 1A-1B, 2A-2B, and 3A-3B were shown wth fiber
wer@s/1ems6ci di ng with extrenmest cross-secti onabCpusiont/an2471

di mensions (i.e., of largdst or |east dinensions

along axis X or axis Y), this was intended for

illustrative purposes only, because the present

inventors do not believe it necessary that the fiber

WD 2007/ 102956 PCT/ US2007/002471 14 length be cut so

lengﬂf @@I &ﬁ| 8 Peeciselycas neicdincide wigr geeneest widdit poxpiont (oraxis) or

t hi pnest.. porfion (Y _axi.s
thmqewépexag)él %?’flﬂ: u Flvvll\%ﬁ' é-f“’e c?ﬁqénw%ﬂleﬁ)l%ulnﬁrefﬂlg m&wﬁ%al fiber
bodlta@Ha\e&ma&embmneaumm @odiydiad bbA®AGRLtion) Cl es of
nmodul atlonﬁyo Accordin Iy, exen%)la y fi bersdcan hay ve at
| odscordineto BHBRRBEOHA SRR IRYE Allcost BYeERUHpRy Hhetein the

crosBisQdtdie 11é be t}fe' i*’i’l?é’r ihBEAR3 508 RBFLaSRCInORRIES cofespotdifg to a
correspondi ng t decrease and increase in

decmhﬂecmcbwreﬂsmm hlemkmserrauaﬁhyr EReFEPLArY. SibersiAn have|at degst four
moc{ux it f'ilxt @ FodSERI pf&ge OF e f’fb £k B iREREdel @n@ftwice
aeqrxs tWi ce Thereases and tw ce ecreases In .
decrehshshin mdﬂe&ﬁmﬂomgng,rremuwlvetwtwq dearepsegiard b mpreases in
nd two increases in thickness. 10 Due to the unique
thic Bfretry of the fibers, a single fiber can be obtained
by Déditd kigudiqué poinetry pdi the Siteksyngsiaglesfiler can be obtained by

Theoretical |l t here i.s_n or _even
Ut TR QIO B8 FRin T CHBPHGHIN S 3 T RO R (Fregyen 2
fractiBn dfP b AHaRirhhd &unitfer lo® A daation &eqmdaththsmglmefﬂRr as long as
ratios (X/'Y) are differe

the et Biskacss e GHYD HE Slessit ondioth Rides phareiomnes BoipLgn the

Z atis Q)?rtﬁe Yokt PRYSE (ib&RHillHAOe rﬁ@ﬂ’éﬂsﬁbm@ﬂmdﬁﬁtmn and preferably
preferably 15 no nore than _thirty nodul ations
no fridse rthige dlyirtyTmesiplatipng per filer di%g’s s asqi?% GReps in the

urrgﬁ;g& in%(atxtmtnggt%ﬁ&l’ ndB ﬁbfillsb@{tﬁmvﬂﬁ: hhﬂ:ht (Iﬁefﬂgﬁ'g QIE'ecPfor tfeatmg the

ers used for treating the matrix material, wil
mathiavieaterieh avitlchave ar duinee tccmcsk ceaskrinegingagandiess of ghether the

Craﬁagﬂgﬁé%t %E?l lﬂherer%f eéll fl'fe]? eg)z tﬁ%ﬁxdmlﬁﬂl ?1b9fs near

il Ei“gt Haik lavlalldsmrvammgramnofeam apéraplyuymtettuml QﬁthB tiwvention for

I nvefﬂgﬁ 3 O{rml;é?ca‘rsr? lélg Egmfhteﬁcg rp%&f]ig%bg%t the I%ﬂsﬁmglf material is

excﬁaaEa wslad lar 20 of office eAOusIGn AEVieE pﬁex&musn iara mendftlement 8 or
referably in a rmnofl{zirrent 8 or heet

sheBoray 10 S0elstP S ey BhAHE HBSh it GPUbgt Retgreen chil

roll@etlﬂ\ﬁl%rbo@ b} is ih @héet fornh, tho® itBbUIEGe 17 ihid iabiedual fibens after
hen it should be slit into individual fi beréﬁafte

thlSt enadinggstgen g hetindiziduh Bbemgrandy g5 thenRsfentady d&fe‘&fl%d) in the
longﬂ&ﬂnglr IRELER, {PincRlabEeh ?ﬁ%uﬂgk)t AR déhis! sM@adtitgiyhaOptionally,

Irection to i ncrease the (Young' s) nodul us of
thisecars thecdone byysirawing the polymer between opposed rollers 26, through a

thermal softening zone 27 (using an oven, hot air blower, or other heating device),

and then through another set or sets of opposed rollers rotating at a much faster rate
(e.g., 5-10 and more preferably 5-25 times faster than rollers 26). After the optional
orienting/stretching stage, the polymer strands 8 are shaped to have a modulating
profile by drawing the polymer between opposed rollers 30 having outer
circumferential surfaces having periodic undulations therein for deforming the
polymer and create a tapering feature in at least one dimension. The present inventors

believe that it may be possible for one set of rollers (such as designated at 30) to
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this can be done by draw ng the pol ynmer between

opposed rollers 26, through a thermal softening zone
wQ@700006398¢) an oven, hot air blower, or other heet/Usm07/002471

device), and then throughlanother set or sets of

opposed rollers rotating at a nuch faster rate (e.g.,

5-10 and nore preferably 5-25 tines faster than

rollers 26). After the optional 30

orienting/stretching stage, the polyner strands 8 are

mdlﬁ:‘éQﬁi%i‘lﬂanBdMﬁn@ndeoaimﬁgsmm Woith axisyx dmmmg{ tilrections) of
bet ween, opposed rol | ers

aV|
the éitheé Li%t%‘i*%lnt Optioglly o &8Comd\ P OgefPH mamgawmerennal
surfaBe 'ilﬁﬂ\'i‘lafleﬁs defopdreAfp léﬁﬂ BOLY ﬁﬁéughndaw rd%@bﬁng\ rollers having

tapering feature in at | east one dinension, The
outeyrarsumfeientialrusiases with peviadie prgulafiopn grerefssied; 1§ ixpessible to

B0 s RS 80| hheh Wcns n

the mﬂdanl with @isulan mmmtﬂﬂ:rnmts iAdtesngtivsly) both golerarpanahe of vircular

di rections. e er i al onal Ly, ~&; :
circIfersAcH A ‘}h o%mtagﬁl g}a%n %g{l/l é}%eam rcu% edrag t)ga?S%mated with
confidlléd amplindid aid frequenay nba direptiory perpefitientar ho tyhfibarcxis and

Oﬁ\e"?gl n rol | ers having outer circunferenti al
the g S er i odi ¢ undul ations are preferred, it

IS PigsSi Bl fimshadaht bﬁ‘d Gﬁlﬁaesniteﬂalr &Sbelrthslfapemb@tWe;enom;mosed
of theroller(f havi n odi ¢ undul at.i f P
rollgisp3) having waqulgions A erenial R % 9f “BB?"I‘\‘“g a

modRhle@ tBp &Rl Qﬂe&forﬁﬂ{ecﬁlbérlo C(ARSINEL E@NSEthekd Follers having the
sui tabl e dianmeter and one of them can be oscilla

ed
samgj meelemm@lpwsmmctwoma? the pespragiGularky angled rollers 32
shothlﬁCﬁlgofﬂ PRE PRV ﬁf*’#% 5t1§ietnlﬁﬂ18‘ei' Y ﬁn@ﬁ‘l'aﬁo&nﬁl pérhifich (or cm),

el ng st ati onar . is an illustration
the gimaunt jof eurvesensr ¢fathe &nﬂglangnsﬁap eg@p et weemthspiodlsed0 surfaces,

and’ ?he N n%?nggl%t QV})P Ynd! nﬁlﬁgrats'foor S efvaflbn! Gp'témﬁ%rgt\.}re abéwe room

ciTcunfteren sur faces i nparti
tendpepeuren gis efdesirdblen #heahé | pelynk@ i¢ Amot hbeatsét inf thehegptional

| | t.h
ST e T S e P .
thesleovéd gradirdlgapeding. As shown in Fig. 5, the nurber of
undul atl Qns 3

i
cur (&A1 4t 812 lli’fgpﬂ?? Fé?lat‘}h‘fvetth% :E’é é&? \r/%geﬁE tdﬁ%cnbed above
mefedy B usilg Sotlef 86test oppired troHertsewherea tfor exﬁxhpleh elifpldvement of
(sone elevation of te re above rop nger ature x
PolyEIop i RGBS DRSNS deie] SR GF o aRP TR £ 2is X).
FoxOQ;Edrﬁ’;Ble' theol!iﬁcﬁmatticﬁhglﬁt seitehiongrsS @ Ged u@écstcahémwtthe fhickness
the control of the skilled artisan to achieve

taperdng fiadhe dieeiaem ph¥eriingvhidothegealymer dispiaged ef%%? the gvideh-
W1ste°tag?xhﬁ% & fH2CdiPdctibARS thB Ik &g Ct Ogﬁé&ﬁl}b %ﬂoﬁﬁp\é@t of opposed

usi ng one set of opposed rollérs where, for
rollexsadd lae sh@qvg ph i rfegan byf used, this time aligned with their rotational axes

perpendicular to the rotational axes of rollers 30 to achieve an accurate tapering

feature in the dimension perpendicular to opposed rollers 32. The curvature of the
undulations on the circumferential surface of this other set of opposed rollers 32 may
be slightly different than the undulation curvature on the first set of opposed rollers
30, in order to maintain a substantially uniform cross-sectional area along the length
of the fiber body.

Preferably, each of the rollers used in a set of opposed rollers has undulations

that are evenly spaced around their circumferential surfaces, and each of the rollers
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pol ynmer is achieved primarily in one of the transverse
axis directions (e.g., axis X). For exanple, the
waoraaliedvsons 31 of the rollers 30 are used to PONUSINT/002471
the thickness tapering (inéthe direction of Y axis)
whil e the pol ymer displaced provides the width 25 w se
tapering (in the direction of the X axis). Optionally,
anot her set of opposed rollers 32 as shown in Fig. 4
can be used, this tinme aligned with their rotationa
witliil @Sgivére E&fodbﬂéﬂs dire hﬁ:chﬁkﬂczﬂl%l Biiked) shchoxey géars Odulch tisat they

30 to achi eve an, accu t ape featur
rotag AlethEisamedaiearl lt?‘fn t& s [?él@%s et liss COW@E with the
undﬁHﬁl\Sﬁi uf ﬁlletpﬁbiBﬁ roﬂefjél’l!u’x’ﬁg Qs the circunferenti al
surface of Is other set of opposed rollers 32 may 30

be Ahj gremplogy f peacess  ehathet PECSERuMNERtRD cthetelets éoafwrlses
corﬁréa}gssidﬁr g‘lne?aqtoig %fog‘mw breﬁil/%e?lr o%h rdlférsol'i% Ei?cumferentlal

na su y uni cross sectlona area
surfabemlyavuﬂrg nlateigtiundolatione whitke petiadigallsPrepeat wbidgnticsd patter on

rolle e a se I
o305 RS 90 A, CRBFRE A e cch o
twd:dramsu&%e dﬁﬁ&ﬂs #ns rﬁeﬂﬂ&mlarao meaanglnaﬂmalhaa_)bo hkis KJ£ thadiber.

200 6 PCT/ US2007/002471. 16 hi n
A, FERERRA AR 11 i ok AT RS e ioer

corﬁpfcslas ta@ﬁldtrrgexa pbBinddric @hatéagl SATerTh i emaﬁdfx]ambht tfitet body,
the undul ati ons of each rolhgr coingide with t

optigrally sirriehineshe pakymss o cBEnt B Pttty 1S 1B 5 ooy paterial

usifX 8 TbedeY of ro%‘faﬁ§e$i Rflle?dqﬁa\ﬁﬁg%ﬁﬁﬁnﬁéwﬁiﬁl|Lﬁﬂuldﬁ©h§fc@ﬂ%rmed to
conpri ses conpressin netal or polyner fibe

lmméﬁsv%éﬁpe@ﬁﬁo%f&ft Apio thesfl %*I ngiec PPRAsRE apHes; can be operative to
crea d rté&‘?ﬁ@ dFRktsN éﬁ@ﬁ Oredo RN S @i@ﬁ'en‘émng hwhRhl R6ipegkhdicular

i'n 1dentical patter on each sai d oppose
to ¢a<;h|c1§hfg (ot helaabty43 degreen gpart) anskta Wy lgnglmdo@zrl Rjoe pxig|of the

flbs% he If ﬁgb ﬂ?&{n 23{ twngpﬁ\é%&ﬁ sg{ 8}#0%?& OV Y ?:Eﬁj bE ?&k&f whith are

oNngi ]or axis o er I'n a further
arrmgedpb as yo pavecthes rofativha qxeeaenpt:ndmwlan td twe rbtionalkaxpg)of said

first SP T oRRBNGE IR 2 B rirsag Srhie SRk ip Tt E Himehsion
Th$ ftgatﬂﬁi mpabxlthgcﬁflﬂ_i‘@ tolldieanthictliet adts shamdd dealesizgged hech that the
| ber terla

us) a first set f opposed. rol |
Cropsa¥RHgnRY 360 0f She FPR oA FUbs Al S R 3 if.o 10% or less)
aloh@PicS¥erdedgtiper i ng effect into the fibers. The opposed
roll ers can be operative to create tapering_effect

i n Inéwrther exgeplary ragRadimens (pl e dreentiph; e Hpers can “comprise
twd HPEGORH Eéil; I ﬂlalvtl&haff FRrOt WRErelrOh Akt k&ast ﬁ‘ﬂ)'éf]sd%ﬁﬁ@ébs the

apart) and to the |ongitudinal major axis of
abqvietstascribed h‘oﬂapeﬁeﬁefwe'&%taéﬂnaaﬁ?@éﬂyﬁebog &bstrdcgaprisss fiber bodies

haii® %%ﬁﬁeﬂéﬁll Hi68: D IR RS DYy dimBh§ond ' F@J@@gnp‘i@ tRS second
to have their rotational “axes fer pendi cul ar to the

setraft fibéro maky apt soufairs hi-thpered bodies, but may otherwise have different

geometrical shapes, such as flat ribbon (quadrilateral), round, oval, rectangular, or

other cross-sectional profile shapes. The second set of fibers can also be bi-tapered

but having different taper dimensions in terms of modulation distance (e.g., between

Z, and Z,) or distension (change in width or thickness) when compared to the first set

of fibers.

Moreover, the fibers of the present invention, though having elongated bodies

(or shank portions), do not necessarily need to be straight, since some bending,



first set of opposed rollers, so as to achieve a

tapering effect in a second dinension. The rotation
ware7apmeé ng of the rollers and roller sets sheol/usive7/002471

desi gned such that the 20 dfoss-sectional area of the

fi ber remains substantially constant (i.e., 10% or

|l ess) along the fiber length. In further exenplary

enbodi ments of the invention, the fibers can conprise

two different sets of individual fibers, wherein a
curilnhQSttwﬁ%éOforfé&ﬁf)ﬁlgCW inS@Fally) ®ccaP Aende e nkfifacture or

bi -tapered fibers, and a second set of fibers

packegipg Prssss | ber bodi es 25 having a different fi ber

body geonetry or body dimensions. For exanple, th

secBhel present Brventioreis nehyo kst ligdisd dih th fftfﬁ%@ﬂécﬁxmples and

f geonetrica
i FPALES, with aRERoP ARt AR ARl 7 Tound.

oval, rectangul ar, or other cross-sectional profile
shapes. The second set of fibers can also be
bi -tapered but having different taper dinensions in
ternms of nodul ation distance (e.g., between 30 Z1 and
Z2) or distension (change in width or thickness) when
conpared to the first set of fibers. Mreover, the
fibers of the present invention, though having
el ongat ed bodi es (or shank portions), do not
necessarily need to be straight, since sonme bending,
WD 2007/ 102956 PCT/ US2007/002471 17 curving,
twi sting, or crinping may naturally occur during the
manuf acture or packagi ng process. The present
invention is not to be limted by the foregoing
exanples and illustrations, which are provided for
illustrative purposes only. 5 WD 2007/ 102956
PCT/ US2007/ 002471 18 It is clained. 1 . Fibers for
reinforcing a matrix material, conprising:
substantially non- fractured, non-fibrillatable short
reinforcing fibers have substantially uniform
transverse cross-sectional areas and two tapering
di mensions along their lengths for 5 resisting
pul | -out fromconcrete or other matrix material. 2.
The fibers of claim1 wherein said fibers have a
| ength of not less than 5 nm and not greater than 100
nm
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3. The fibers of claim2 wherein said fibers have a
l ength of not less than 10 nm and not greater than 60
womn00740294 The fibers of claim1l wherein said PChEs®07/002471
have an aspect ratio in tenss of |length to equival ent
di ameter of not less than 10 and not greater than 500.
5. The fibers of claim1 having a nodul us of
el asticity not less than 5 G gapascals and not
greater than 250 G gapascals. 6. The fibers of claimb5
havi ng a nodul us of elasticity not [ess than 20 15
It isGlgpaical s and not greater than 100 G gapascals. 7.
The fibers of claim6 having a tensile strength not

| ess thap..400. M scal s_and not. .greater. L.h
Megapas cgp’.erSBf.or Wg&%%gé raﬁ%tflxcrfl%leﬁ?ll “Habi lsn'aé'a g‘lﬂ?)sgaal ity non-
fract@edy | iigh-Gouilahbly  eliorfoteinfdscing hfibersSBahevdubstnpielly uniform
fi ber and not gx eat eram&han 5,000 Newtons per fi berI 281 P
trang Versf STqss1§esHon3t agses iapf {WRHEPERRE dHmensiqns A opg fsylensths for
resiSHi@S pulb8ht froMPdondfcbor fbr md@BSMARLiaKary by nore than
10% al ong the length of the fibers. 10. The fibers of
clapm 9 WherBeR dMi@aifd PRrdlA4RidXikdrO hsveSL fdnk el nciNes than
that does not vary by nore than 5% al ong the | ength
5 mpp andhpot grpatexthan A00THE. f | bers of claim 1 having a body
portion defining a longitudinal 25 major axis Z, said
fibdrs habefpersrofiddaiat 4 avhereipsaigdhddherkhayrp length of not less than
10 RSL RENALCHEALr fhdn 88inSm. Z and to each other, wherein
sald transverse cross-sectional profile of the fiber
| nCjeaseqneibdi B tiane s WhdaemMaid fibfks Hade dh agsdct Pdifo B terms
m nor axes X and Y, even as the transverse
of lengsb 4o sawivilendiametes of eaklepsthen B Orand mohgrepter Hiamot0e
" frompoint to point along axis Z. WO 2007/102956
PCTAUS200ne Gbzas of clagmip having 4 impdudusoef elaghigityigot less than 5
. ' | ati on wherein the
Gl%‘ %gscg?ﬁ’s%tgtlilogg?ég}eg?%n g@%]]:ét agg%l% ér increases and
decreasesy.i =W r in .
i mcPoase The HHAFERE fBh SERARE o o BIREHERT BoPls than 20
Gigapusaaly aid rog gstaternieamnt@uGagapescalsherein the 5
cross-section profile of the fiber once increases and
onc@. decMhasfilsers wfveldithn 6 bevingspdedilngitrengthpsoet lese|than 400

t d ' I,.n thick . 14, Th
MepfiRras 678 BEGP R ChBor 1oy MEEREEE o (uo modul ai i ons

223 §n 0 qrh%eﬁbeegs E)p glgir}x | ﬁ%&{ng‘%%ﬁ&r%ﬁg %gf)aélf)p@f not less than

50 Newtons per fiber and not greater than 5,000 Newtons per fiber.

9. The fibers of claim 1 wherein the fibers have a cross-sectional area that

does not vary by more than 10% along the length of the fibers.

10. The fibers of claim 9 wherein the fibers have a cross-sectional area that

does not vary by more than 5% along the length of the fibers.

11. The fibers of claim 1 having a body portion defining a longitudinal
major axis Z, said fibers having transverse minor axes X and Y perpendicular to axis
7 and to each other, wherein said transverse cross-sectional profile of the fiber
increases or diminishes gradually in the directions of minor axes X and Y, even as the
transverse cross-sectional area remains substantially uniform, from point to point

along axis Z.
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15. The fibers of claim1l conprising fiber bodies
havi ng two opposed ends 10 defining therebetween an

WO paoenomwdsé at e el ongat ed body portion which i s PCT/US2007/002471
substantially non-stress-fipactured and substantially
non-fibrillatable upon mxing into a matrix nmateri al
such as concrete, shotcrete, nortar, grout, or
synthetic polyner, the body portion defining
| ongi tudi nal major axis Z and conprising (A a
subgs ant i@k ibersnaff Q4im 11 hamg% $&us€ 098 FuaREt nodalktin Sherein
that deviates no nore than 10% al ong the | ength of the,

the empsaiseefipn rrafiloelthp Siber Bicreanps and drergasessing widyr corsRanding to

a ddBLRE 28Y iferdase M cthiliBles@ transverse cross-sectiona
profile having two tapering dinensions for pul

out 1§ esi §haNfkrs bP1dild $2 halBRCA REstdigHRNAb@MNation wherein the
occurring in a first transverse mnor axis X that is .
crogresqotingi puoifide afo thea fibsr 7onqeh énaseasen cendapaes rfipcreases in width
| axi s
corlfsPERSREI RIS o RoREEEHN bACRREGIER FloRALee?
.f : r?& anq‘th%ef?!?errlg 0% i 19 h‘lk; 56 P43 tﬁgn I@\@X'rﬂgdulati ns and no
i nvéerted tapering behaviors erein, as one noves from
grepter titanttbirfyonodulatiomsgper &ibesbady.(i ) the first tapering
di nensi on along axis X increases as the second
t ap&$.i ng Theifiberssofoclaial begmpxisingfie bodigs bgyingitvp appesed ends
i.r st, tapering._ dinmensi al,ong. axi s, X cr .
defiiis Ince SR p P e 1TER R B DR R o 8BG RER Iy Bhstantially
nora§tedsesfrdchired dndt bubsaintianHyremdn-fibtathbip eviporg mixing into a matrix
characteristics described inggb and (ii) herein ar € ¢ bod
maigrial speh 25 gongreter;shoierqle, MOFAL, grapt, of ssyRHiFHL polymer, the body
por€ibAYefiaRE! loAZitldiRil Ghdjbeaxie Ml doigprisngt LM swubstdntiatly uniform
shape having_.a first X/Y ratio (neagrre qnt alg&g X
tranfvREe CA9SSsectignal geeg thit drvintes apiere aar@e sralong ke lepsth of the

1oAEMed b8 &F BOHioR N AMEH Y INRS 16hsHRAMA maf¥raxis?li shd irfnsverse
eod?%?erenfgfrbn1the first pré??le. T?%kThe fibergﬁ%}r e

crogs-geqonal mRElediayingive wpering dimersinmafespybeyersiskare the first
tapg’l?rﬁ% gﬁﬁ%%@ in’¥ ffrsf BhhQRrAGnBoe Qﬁif@ i AR getbdddicular to

Ibers of claim1 being fornmed froma
axis@}, ahhe sgcopd t3preing dNDeRHOR OLONDBE IP@TYeCIRD URNOGLE ARInop @xis Y
thag'lg' J hgrgll%lﬁglr o ﬁéthczlx@é R &m? ¢. g fiPsrt 'E? SE& ﬁﬁpﬁ@lllé/ dfthensions
sl REPed ' Fromthe grodp condisting of polyvi hy
havihg adnadrtedpapersighydhanors dneredenasi one molgefrhyl poiet taypeint along

oo B SPaTBOST S R BR B bR ot gpeond oerin

dinkdiRIcIDhIoNR 4xi$ iYW Wetreasess () tipo lfiysreraperify Admeildien faldmy axis X
of claim1 wherein said fibers_conpr.i .pol ypropyl eng..

decgqasey s thq BRAOED JRPREINg SHPISTIRB UORE BB o ANGEFES CON Q) both

afoRGth¥idiel tadetidlg Gharac@gistidd\@estiibed i @ arel @) Ferkimbrerpresent.
said fibers conprise smaller fibril units

16. The fibers of claim 15 having a cross-sectional profile modulating

between a first shape having a first X/Y ratio (measurement along X minor axis
divided by measurement along Y minor axis) and a second shape having a second

X/Y ratio that is different from the first profile.

17. The fibers of claim 16 wherein said profile modulates between said

first and second X/Y ratios no greater than thirty times.

18. The fibers of claim 1 being formed from a metal or polymer.
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bonded together by a binder or resin. 23. The fibers
of claiml1 further conprising: 10 a length of not |ess
wo b@n/162986n and not greater than 100 mm an aspeCT/USBN7T/002471
internms of length to equival ent dianeter of not |ess
than 25 and not greater than 500; a nodul us of
elasticity not less than 5 G gapascals and not greater
than 250 G gapascals; 15 a tensile strength not |ess
t han 400 Megapascal s and not greater than 2,500
Megapas cghe fibeidofclhimad leding YormgedcRomca pylyaier nelecledSsom the
t han 50, Newt on er. fiRer and no reater .than 5,000
EroWR fPBHStinge PT PP Pt altohghe bty pBs lonl gy é‘FH%l%Pglé(FWé{Pene’ and
ultrh Oh 2b61e0Blad! waiht Npyiyethyléheh,e Solyriopyless) PoByoxymethylene,
nmodul ati on and no greater than thirty nodul ations in
polyamisls. andcthepnetronie apidecryyahplymeis per fiber. 25. The
fibers of claim23 being formed of a polynmer sel ected
f r o2t he The fibays af slimst whgrein sad fiperssamprisedipdypropylene.
pol yet hyl ene (i ncluding high density polyethylene,
| owebiensiThy fqb@rsyﬁtqwmeﬁ wheggig saifl (1T GaspPIiS] igyl alcohol.
wei ght 25 pol yet hyl ene), pol ypropyl ene, ) o
pol 3dxyndbRyfibereof glainy dnvaercimasadd fibersnenmprisecsopgllen ifipril units
bon%@§§+§éthé?@gymgﬁér Sakdnfibers having no less than two
nodulat1 ons an

no greater than eighteen nodul ations

in gf0ss | AP Elrehed| ifas per fiber. 26. A
nat??x ngﬁgﬁﬁgﬁﬂ%%% al ni ng tﬁgﬁgﬁbegz of claim1l. 27.
A_Ph RGP of 0t 168I6h4I0S b BhE nof BHBRLCE BldAGioocaRPI essing a
netg r °§%&p%§yn§?5%PEer ggt en opposed rollers
havingeeif GHETETER] Ahesiih IQE | ¥R 8PRFY 1LQ2R56 25 and
TR S A i e BT ERERH Dl SPRGS a“
notgeedterghemnb0§; repeat in identical patter on each of
said opposed rollers, thereby creating a tapering of
f i barmoditles phElasticityantt lofs then 3 Gigapeseale and|inot gedatarghan 250
(ﬁ$pr§%ggicular to the longitudinal major axis of the
PBEF> 28. The process of claim27 wherein a fiber is
extryded to form 5 nof | nt_fiper body
opt P J5ey e bt 15 PR DRERbpssofrdnd o8 grgater than 2,500
Mepapstalaj andand thereafter tapering the fiber using a
first set of opposed rollers having circunferentia
undallatd carsying chpacitg df not lexptiessSG Nespens pry fdfek @od not greater

tharll Igt,O%Ot IG gonlnks) %rers fiber.

24. The fibers of claim 23 being formed of metal and having no less than
one modulation and no greater than thirty modulations in cross-sectional profile

dimensions per fiber.

25.  The fibers of claim 23 being formed of a polymer selected from the
group consisting of polyvinyl alcohol, polyethylene (including high density
polyethylene, low density polyethylene, and ultra high molecular weight
polyethylene), polypropylene, polyoxymethylene, polyamide, and thermotropic liquid
crystal polymers; said fibers having no less than two modulations and no greater than

eighteen modulations in cross-sectional profile dimensions per fiber.
26. A matrix material containing the fibers of claim 1.

27. A process for making fibers, comprising: compressing a metal or

polymer fiber between opposed rollers having circumferential surfaces having
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29. The process of claim27 further conprising shaping
the fiber using a second set of opposed rollers which
wae@7aomanged so as to have their rotational arR€wFUSHO7/002471
per pendi cul ar to the rotati2énal axes of said first set

of opposed rollers. 30. The fibers of claim!]l
conprising at least two different sets of i ndividual
wherein a first set of fibers conprises the bi-tapered
fibers of claim1, and a second set of fibers have a

mafdhB@ rundatlitioge GFHtH Yefibdieanly epedniai identichl ffaaeenn dachnof said
said first set of fibers. 15 31}‘ The fihers qf claim
oppgsed st thargby creating g tapsringrofiihss material dn ga ‘g%‘fﬂfé verse

dinfins{cRB %Eﬁk'n@iédla@% thgaong-ﬂﬂﬁhrfldl Re4jér #iis 6f @lefibze. Wher ei n

said second set of bers comprises bi- tapered_bodies
havPRg difhreprasesst aﬁé‘rlaxng 20 meeseiana fibery iy gxtrpded to form a

moliBH ?ﬂegﬁé&}ﬂ?ﬁﬁo%ﬁf %%ﬁ%h%&%@%&% &k tlterial, and

sal I rst set "0 ers of claiml
thewdafteetapering thsofiberqisifg & Sirst set bEeppasce rojtens hayipg ¢gumferential

unc?tflat‘fcﬂs%%f‘drmed to impress a tapering effect into the fibers.

29.  The process of claim 27 further comprising shaping the fiber using a
second set of opposed rollers which are arranged so as to have their rotational axes

perpendicular to the rotational axes of said first set of opposed rollers.

30. The fibers of claim 1 comprising at least two different sets of
individual, wherein a first set of fibers comprises the bi-tapered fibers of claim 1, and
a second set of fibers have a fiber body geometry or body dimensions different from

said first set of fibers.

31. The fibers of claim 30 wherein said second set of fibers does not

contain bi-tapered bodies.

32. The fibers of claim 30 wherein said second set of fibers comprises bi-
tapered bodies having different tapering dimensions in terms of modulation distance

or distension when compared to said first set of fibers.

33. The fibers of claim 1 wherein the bodies of said fibers are bent, curved,

or crimped.



